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About the Guide
Teacher’s Guide editors William Bleam, Donald McKinney, Ronald Tempest, and Erica K. Jacobsen created the Teacher’s Guide article material. E-mail: bbleam@verizon.net
Susan Cooper prepared the national science education content, anticipation guides, and reading guides. 

David Olney created the puzzle. 
E-mail: djolney@verizon.net 
Patrice Pages, ChemMatters editor, coordinated production and prepared the Microsoft Word and PDF versions of the Teacher’s Guide. E-mail: chemmatters@acs.org
Articles from past issues of ChemMatters can be accessed from a CD that is available from the American Chemical Society for $30. The CD contains all ChemMatters issues from February 1983 to April 2008. 
The ChemMatters CD includes an Index that covers all issues from February 1983 to April 2008.

The ChemMatters CD can be purchased by calling 1-800-227-5558.

Purchase information can be found online at www.acs.org/chemmatters
Student Questions (from the articles)
Keeping Cool, Staying Warm: How Animals Survive Temperature Extremes
1. List three ways camels have adapted to their environment.
2. Why are almost all large animals warm-blooded?
3. Explain the role that shape has in determining whether an animal is warm- or cold-blooded. Give examples.
4. According to the author, how has the human species adapted to environmental conditions of temperature?
5. List one disadvantage and one advantage of being warm-blooded.
6. Since the internal temperature of cold-blooded animals approximates that of their surroundings, how do they avoid freezing to death in very cold surroundings?
7. List four examples of insulation in warm-blooded animals.
8. Explain the countercurrent heat exchange process.
9. How does sweating help a person maintain a fairly constant internal body temperature when the body gets hot?
10. List three ways animals maintain their body temperature in the heat.
Why Cold Doesn’t Exist
1. What happens when an ice cube is added to a soft drink?
2. What is the rule about how energy is transferred between two objects that are in contact?
3. (T-F / Explain) All particles of a substance have the same kinetic energy.
4. What is the definition of temperature?
5. Name the three kinds of motion that a particle can have.
6. Describe the results of collisions between faster-moving particles and slower-moving particles.
7. What term is applied to the situation in which energy has been transferred from faster particles to slower ones and as a result the particles end up traveling at the same speed?

8. Explain why evaporation of a liquid from our skin makes us feel cooler.

Sports Supplements: Helpful or Harmful?
1. What are some of the benefits claimed on sports supplement labels?
2. Which three frequently used sports supplements are highlighted in the article?

3. What is an argument for using whey protein powder?
4. What is an argument against using whey protein powder?
5. What is an argument for using creatine?
6. What is an argument against using creatine?
7. What is an argument for using L-arginine?
8. What is an argument against using L-arginine?
9. What is some advice for how to decide whether or not to take a supplement and which sports supplements are useful and safe?

The Fracking Revolution
1. What is the meaning of the word “fracking”?
2. What is involved in the new technique called fracking?
3. What are the several steps that are followed when fracking takes place?
4. When the fracking fluid returns to the surface from a gas well, what new chemicals are found in it besides methane gas?
5. How is fracking wastewater processed after it returns to the surface from a well? 
6. If methane gas contaminates well water (drinking water), how can the source of the methane be determined, i.e., that it came from a natural gas well rather than from bacterial action in the soil around the water well?
7. What is the concern about injecting waste water from the fracking operations into so-called injection wells?
Nuclear Fusion: The Next Energy Frontier?
1. List three reasons that fusion is considered the ultimate energy source.

2. What form of energy does the fusion reaction produce, and what will be the ultimate form of energy we use from the fusion reaction?

3. What constitutes “success” in the race to achieve fusion?

4. What is binding energy?

5. How many protons and neutrons does tritium have?

6. Why do scientists have such a tough time getting deuterium and tritium nuclei to get together to undergo fusion?

7. Name the two approaches currently being used to create fusion energy.

8. Describe the difference between these two approaches.

9. What is plasma?

10. How does the heat of fusion become useful energy?

11. What is the difference between the plasma in a plasma TV and the plasma of a fusion reaction?

Answers to Student Questions (from the articles)
Keeping Cool, Staying Warm: How Animals Survive Temperature Extremes
1. List three ways camels have adapted to their environment.
Camels have adapted to their environment in the following ways:

a. Camels have large patches of thick, leathery skin on their knees that protect them from burning their legs when they kneel on the hot sand (think, OUCH! when you walk across hot sand at the beach),

b. Their normal internal body temperature is higher than ours (93 to 107 oF), so their body temperature has to be higher before they sweat, thus minimizing water loss through evaporation, and

c. They have spongy bones in their noses that absorb excess moisture that would normally be lost through exhaling.

2. Why are almost all large animals warm-blooded?

A large body volume makes it difficult for external heat to reach the internal body organs to warm them up. In cold temperatures, a large cold-blooded animal would be very sluggish and would be prime prey for a warm-blooded carnivore. 
3. Explain the role that shape has in determining whether an animal is warm- or cold-blooded. Give examples.

Like size, shape affects whether an animal is warm- or cold-blooded. A round body shape, e.g., a mouse, minimizes the effect of outside temperature on internal body temperature, while a flat body shape, e.g., a fish, or a cylindrical shape; e.g., a snake or worm, allows outside temperature to affect internal organ temperature (or vice versa) very quickly and efficiently.
4. According to the author, how has the human species adapted to environmental conditions of temperature?

People living in cold climes typically have a more rounded, plump shape, thus better preserving their internal body heat; while people living in hot, dry regions tend to be thin, allowing them to dissipate body heat more quickly.
5. List one disadvantage and one advantage of being warm-blooded.

Disadvantage: More heat energy (food) is required to keep internal body temperature at its normal levels than for cold-blooded animals.

Advantage: They can stay active at lower external temperatures; e.g., in winter, than cold-blooded animals.
6. Since the internal temperature of cold-blooded animals approximates that of their surroundings, how do they avoid freezing to death in very cold surroundings?

As the temperature approaches freezing, the fluid surrounding cells freezes, but fluid inside cells does not freeze. As the fluid freezes, water is drawn out of cells to help equalize the increased solute concentration in the remaining unfrozen fluid. As this occurs, glucose enters the cells. The combined loss of water and gain of glucose increases the concentration inside cells, resulting in a freezing point depression inside the cells. This prevents cells from freezing, which would be deadly to the animal.

7. List four examples of insulation in warm-blooded animals.

Modes of insulation in warm-blooded animals include:

a. Warm clothing in humans

b. Wool or other types of hair

c. Fluffed feathers

d. Fat or blubber
8. Explain the countercurrent heat exchange process.

The heat exchange process prevents excessive heat loss from an animal’s extremities. This is accomplished thusly: “…arteries that carry warm blood away from the heart are positioned directly against the veins that carry cool blood to the heart. So, the warmer blood leaving the heart through the arteries warms the cooler blood entering the heart through the veins.”

9. How does sweating help a person maintain a fairly constant internal body temperature when the body gets hot?

Sweating moves warm water from inside the body to the surface of the skin. There it can evaporate into the air. But to do so, energy is required (remember that evaporation, the process of changing a liquid to a vapor by means of breaking bonds between the liquid molecules, is an endothermic process). The energy required to effect the phase change comes from the body, thus removing heat from the already too-warm body.
10. List three ways that animals maintain their body temperature in the heat.
Animals maintain their core body temperature in varying ways:

a. Dogs salivate, rather than sweating (although they do have sweat glands between their paw pads). When they pant, the saliva evaporating off their tongues helps to cool them.

b. Cats have sweat glands on the pads of their feet and on their tongues.

c. Cats and kangaroos (along with other animals) lick their fur. This provides water that evaporates off their fur, resulting in surface cooling.

Why Cold Doesn’t Exist
1. What happens when an ice cube is added to a soft drink?
When an ice cube is added to a soft drink, heat is transferred from the soft drink to the ice cube and so the soft drink gets colder.
2. What is the rule about how energy is transferred between two objects that are in contact?
As the article states, energy is always transferred from the object with the higher temperature to the object with the lower temperature.
3. (T-F / Explain) All particles of a substance have the same kinetic energy.
The statement is false; all particles of one substance do NOT have the same kinetic energy. In a given substance, the particles are all moving but at difference velocities. Therefore, the particles have a range of kinetic energies, since kinetic energy varies with the square of the velocity.
4. What is the definition of temperature?
Temperature is a measure of the average kinetic energy of the particles in a substance. Since the particles have a range of kinetic energies, the best we can do is determine an average.
5. Name the three kinds of motion a particle can have.
The three types of motion of a particle are translational, vibrational and rotational. “They can vibrate (wiggle about a fixed position), translate (move from one location to another), or rotate (spin around).”
6. Describe the results of collisions between faster-moving particles and slower-moving particles.
When faster-moving particles collide with slower-moving particles, the latter speed up and the former slow down. The net effect is that energy is transferred from faster-moving particles to slower ones. We call this transferred energy “heat”. The transfer continues until the two particles are traveling at the same speed.

7. What term is applied to the situation in which energy has been transferred from faster particles to slower ones and as a result the particles end up traveling at the same speed?
The condition in which all particles are traveling at the same speed is known as thermal equilibrium.

8. Explain why evaporation of a liquid from our skin makes us feel cooler.

Evaporation occurs when liquid molecules leave the liquid state to become vapor. Only the fastest molecules have enough energy to leave and become vapor. This leaves the remaining molecules moving more slowly than your skin, so heat is transferred from your skin to the remaining liquid. This results in your skin feeling cooler, since the molecules on your skin are now traveling more slowly than they were before the liquid evaporated.
Sports Supplements: Helpful or Harmful?
1. What are some of the benefits claimed on sports supplement labels?

Some of the benefits claimed on sports supplement labels are that they “… increase muscle size and strength, enhance stamina, and even improve focus and cognition.”
2. Which three frequently used sports supplements are highlighted in the article?

The three frequently used sports supplements highlighted in the article are whey protein powder, creatine, and L-arginine.

3. What is an argument for using whey protein powder?

Possible arguments for using whey protein powder are:

a. During exercise the protein in muscle tissue becomes damaged, and consuming protein right after a workout might help repair muscle tissue. Whey protein powder is a fast and easy way to supplement protein consumption. 

b. Whey proteins are rich in “essential” amino acids the body cannot make on its own. 

c. Whey proteins are water-soluble, so they are easier to digest than less-soluble proteins.
4. What is an argument against using whey protein powder?

Possible arguments against using whey protein powder are:

a. Research shows that people get enough protein in their diet, so people who add extra protein are merely adding calories and no additional muscle growth.

b. Too much protein has been linked to kidney problems.
5. What is an argument for using creatine?

A possible argument for using creatine is that studies have shown that these supplements seem to give a slight benefit in sports where athletes need to produce energy in short spurts. 
6. What is an argument against using creatine?

A possible argument against using creatine is that it has several possible side effects: muscle cramping, small muscle tears, dehydration, headaches, nausea, diarrhea, anxiety, and depression. Long-term use of creatine may lead to kidney and liver problems.
7. What is an argument for using L-arginine?

A possible argument for using L-arginine is that since it is converted into nitric oxide, a compound that dilates blood vessels, it could in theory increase blood flow and help athletes to improve athletic performance.
8. What is an argument against using L-arginine?

Possible arguments against using L-arginine are:

a. Studies have shown little or no evidence that L-arginine boosts energy and muscle strength, or improves stamina or workout intensity.

b. Use of L-arginine has a long list of potential side effects, including nausea, diarrhea, hives and lower back pain.
9. What is some advice for how to decide whether or not to take a supplement and which sports supplements are useful and safe?

When deciding whether or not to take a supplement and which to take, it is recommended to consult a physician or a registered dietitian. 
The Fracking Revolution
1. What is the meaning of the word “fracking”?
The word fracking comes from two words, hydraulic fracturing. Fracking is the composite word, so to speak.
2. What is involved in the new technique called fracking?
Fracking or hydraulic fracturing consists of injecting a mixture of water, sand, and chemicals into the ground through deeply drilled holes to break up the shale where the natural gas is to be found. 
3. What are the several steps that are followed when fracking takes place?
The steps involved in fracking are:

a. First, companies drill downward and then horizontally about a mile or two into the ground.

b. After the well hole (bore) is drilled, the drill is removed and the bore is encased with piping that is cemented together to seal the well.

c. Then holes are blasted through the horizontal piping (and pipe casing) with explosives.

d. Then they pump the water, sand and chemicals into the well until the pressure exceeds the weight of the rock above, creating more cracks in the already fractured rock. 

e. The multiple cracks created provide pathways through which the natural gas or oil can flow into the well bore and all the way up to the surface along with the fracking mixture. 

f. Thereafter, only gas or oil flows into the pipes.
4. When the fracking fluid returns to the surface from a gas well, what new chemicals are found in it besides methane gas?
About 20 % of the original water initially injected into the well returns with not only the methane gas but also some new chemicals including salt, naturally occurring radioactive material, and heavy metals including mercury and arsenic.
5. How is fracking wastewater processed after it returns to the surface from a well?
The wastewater is either stored in lined pits (done less often now), reused, or injected into specially-designed deep wells called injections wells.
6. If methane gas contaminates well water (drinking water), how can the source of the methane be determined, i.e., that it came from a natural gas well rather than from bacterial action in the soil around the water well?
Methane gas, with the formula CH4, can be analyzed for the type of carbon contained in the molecules. Methane contains two isotopes of carbon, C-12 and C-13. Methane from bacterial action contains less carbon 13 than methane in fossil fuel. The same type of analysis for the hydrogen in methane reveals that there are two isotopes of hydrogen possible—hydrogen-1 and hydrogen-2. Bacterial methane contains less hydrogen-2 than fossil fuel methane.
7. What is the concern about injecting waste water from the fracking operations into so-called injection wells?
The concern with injecting waste water from fracking into injection wells is that there is the possibility that the injected waste water can initiate earthquakes.
Nuclear Fusion: The Next Energy Frontier?
1. List at least three reasons that fusion is considered the ultimate energy source.
Fusion is considered the ultimate energy source because:

a. It uses the same process that powers the sun,

b. It’s environmentally friendly, 

c. There’s “little danger from radiation”,

d. There’s “no long-lasting radioactive waste”,

e. There’s “zero chance of a runaway chain reaction,”

f. If anything goes wrong with the reactor, it simply shuts down.

2. What form of energy will we ultimately use from the fusion reaction?

Energy from the fusion reaction will be changed to electricity for our use. 

3. What constitutes “success” in the race to achieve fusion?

Success in a fusion reaction is “…defined as measuring more energy going out than coming in.” (In other words, more than breaking even)

4. What is binding energy?

Binding energy is the energy that holds a nucleus together. In the fusion reaction described, between a deuterium nucleus and a tritium nucleus, it can be calculated by measuring the mass difference between the sum of the masses of the individual nuclei and the mass of the final larger nucleus, and converting that mass into energy using Einstein’s equation E=mC2.

5. How many protons and neutrons does tritium have?

Tritium, hydrogen-3 or 3H, has 1 proton (this is what makes it hydrogen) and 2 neutrons, for a total mass of 3.

6. Why do scientists have such a tough time getting deuterium and tritium nuclei to get together to undergo fusion?

Deuterium and tritium nuclei don’t easily come together to fuse because they are both positively charged, and their electrostatic force of repulsion forces them apart.

7. Name the two approaches currently being used to create fusion energy.

The two current approaches to creating fusion energy are:

a. Inertial confinement fusion and

b. Magnetic confinement fusion.

8. Describe the difference between these two approaches.

Inertial confinement fusion heats a compressed target pellet of deuterium and tritium, while the magnetic confinement fusion process uses magnetic fields to contain a plasma of deuterium and tritium nuclei.

9. What is plasma?

Plasma, the fourth state of matter, is “… an ionized gas consisting of positive ions and free electrons in proportions resulting in no overall electric charge.”

10. How does the heat of fusion become useful energy?

“The heat from the nuclear fusion reaction will be passed to a heat exchanger to make steam, and the steam will turn turbines to produce electricity.”
11. What is the difference between the plasma in a plasma TV and the plasma of a fusion reaction?

The plasma in a plasma television is room-temperature gas that has been ionized by free-flowing electrons from an electrical charge, while the plasma in a fusion reaction is “…superhot—10 times the temperature inside the sun.”
ChemMatters Puzzle: Fluster for Chemists
A paper and pencil word game called FLUSTER features a 4x4 grid populated with 16 alphabet letters , with duplicates allowed. See the grid in puzzle 1 as an example. The object is to make as many words as possible by moving between adjoining cells… horizontally, vertically, or diagonally ,within an agreed-upon time limit There’s just one rule: all letters of a given word must be in different cells. If a given word has two R’s in it, you must have two different squares supply them. But you may use an R in a given cell in more than one word. We’ll adapt the format to chemical vocabulary sets, in three puzzles.

Puzzle #1:  Here are 16 letters. You can find in it FIVE SI metric prefixes ( most in common use, but a few not so familiar). For example there is a K in the lower right corner Through vertical and horizontal moves leftwards you can spell out KILO, ending in column 3, row 4. Can you find the other four? It is fair game to use a text book or reference that gives all the possible prefixes.

Hint: All 16 letters get used at least once, most more than once.

	R
	C
	I
	M

	O
	G
	E
	C

	A
	D
	L
	I

	N
	N
	O
	K


Puzzle #2:  This puzzle deals with the IUPAC naming system for organic chemicals. These base names show how many C atoms are in the longest chain. For example the base name OCT implies 8 Carbon atoms (as in OCTANE, C8H18 ). You’ll find OCT in the Fluster grid, along with seven other base names for carbons 1 through 7. Again, every letter is used at least once, often more. Here is the grid:

	O
	R
	P
	T

	C
	P
	E
	H

	T
	U
	X
	M

	B
	N
	E
	P


Puzzle #3:  This is the toughest one. Hidden in the grid are five last names of famous chemists. Can you find all five? Here are five hints on his/her main achievement, one for each name: isolated Polonium, covalent bonding,  pV = a constant at constant n and T, hydrogen’s electron energy levels, isolated several alkali metals. 

	S
	I
	R
	U

	W
	E
	L
	C

	A
	V
	Y
	O

	D
	R
	H
	B


Answers to the ChemMatters Puzzle
PUZZLE #1

	xxx
	a
	b
	c
	d

	1
	R
	C
	I
	M

	2
	O
	G
	E
	C

	3
	A
	D
	L
	I

	4
	N
	N
	O
	K


mega:   cell d1 to c2 to b2 to a3

kilo: d4>d3>c3>c4

micro: d1>c1>b1>a1>a2

deci : b3>c2>d2>d3

nano: a4>a3>b4>c4

PUZZLE #2

	xxx
	a
	b
	c
	d

	1
	O
	R
	P
	T

	2
	C
	P
	E
	H

	3
	T
	U
	X
	M

	4
	B
	N
	E
	P


METH : cell d3>c2> d1>d2

ETH: c2>d1>d2 

PROP: c1>b1>a1>b2

BUT: a4>c3>a3

PENT: d4>c4>b4>a3

HEX: d2>c2>c3





        HEPT: d2>c2>c1>d1  or d2>c2>b2>a3





        OCT: a1>a2>a3

PUZZLE #3

	xxx
	a
	b
	c
	d

	1
	S
	I
	R
	U

	2
	W
	E
	L
	C

	3
	A
	V
	Y
	O

	4
	D
	R
	H
	B


CURIE (Marie and Pierre, named for her homeland.): starts in cell d2,>d1>c1>b1>b2 

LEWIS (G.N., emphasized the shared pair of electrons): c2>b2>a2>b1>a1


BOYLE ( Sir Robert, of Boyle’s Law fame.): d4>d3>c3>c2>b2


BOHR ( Niels , links quantum theory to spdf subshells in H spectra: d4>d3>c4>b4


DAVY (Sir Humphrey; uses electricity to decompose salts); a4>a3>b3>c3

National Science Education Standards (NSES) Correlations
	National Science Education Content Standard Addressed

As a result of activities in grades 9-12, all students should develop understanding 
	Chilling Out, Warming Up
	Why Cold Doesn’t Exist
	Sports Supplements
	Fracking 
	Nuclear Fusion

	Physical Science Standard A: about scientific inquiry.
	
	(
	(
	
	(

	Physical Science Standard B: of the structure of atoms
	
	
	
	
	(

	Physical Science Standard B: of the structure and properties of matter.
	(
	(
	(
	(
	(

	Physical Science Standard B: of chemical reactions.
	
	
	
	(
	

	Physical Science Standard B: of the conservation of energy and increase in disorder
	(
	(
	
	
	

	Life Science Standard C: of the cell.
	(
	
	
	
	

	Life Science Standard C: of matter, energy, and organization in living systems.
	(
	
	
	
	

	Earth Science Standard D: of geochemical cycles
	
	
	
	(
	

	Science and Technology Standard E: about science and technology.
	
	
	
	(
	(

	Science in Personal and Social Perspectives Standard F: of personal and community health.
	
	
	(
	(
	

	Science in Personal and Social Perspectives Standard F: of natural resources.
	
	
	
	(
	

	Science in Personal and Social Perspectives Standard F: of environmental quality.
	
	
	
	(
	

	Science in Personal and Social Perspectives Standard F: of natural and human-induced hazards.
	
	
	
	(
	

	Science in Personal and Social Perspectives Standard F: of science and technology in local, national, and global challenges.
	
	
	
	(
	(

	History and Nature of Science Standard G: of historical perspectives.
	
	
	
	
	(


Next-Generation Science Standards (NGSS) Correlations
	Article
	NGSS

	Chilling Out, Warming Up: How Animals Survive Temperature Extremes
	HS-PS1-5.

Apply scientific principles and evidence to provide an explanation about the effects of changing the temperature or concentration of the reacting particles on the rate at which a reaction occurs.

Crosscutting Concepts: 

· Structure & Function

· Scale, Proportion, & Quantity

Science and Engineering Practices: 

· Constructing explanations

Nature of Science:  

· Science assumes the universe is a vast single system in which basic laws are consistent.

	Why Cold Doesn’t Exist
	HS-PS3-2.

Develop and use models to illustrate that energy at the macroscopic scale can be accounted for as a combination of energy associated with the motions of particles (objects) and energy associated with the relative positions of particles (objects).

Crosscutting Concepts: 

· Systems & System Models

· Energy & Matter

Science and Engineering Practices: 

· Constructing explanations

Nature of Science:  

· Science assumes the universe is a vast single system in which basic laws are consistent.



	Sports Supplements: Helpful or Harmful?
	HS-LS1-6.

Construct and revise an explanation based on evidence for how carbon, hydrogen, and oxygen from sugar molecules may combine with other elements to form amino acids and/or other large carbon-based molecules. 

Crosscutting Concepts: 

· Cause & Effect

· Structure & Function

Science and Engineering Practices: 

· Asking questions and defining problems

· Analyzing and interpreting data

Nature of Science:  

· Science and engineering are influenced by society and society is influenced by science and engineering.

· Many decisions are not made using science alone, but rely on social and cultural contexts to resolve issues.



	The Fracking Revolution
	HS-ESS3-2.

Evaluate competing design solutions for developing, managing, and utilizing energy and mineral resources based on cost-benefit ratios.*

HS-ETS1-3.

Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics as well as possible social, cultural, and environmental impacts.

Crosscutting Concepts: 

· Cause & Effect

· Stability & Change

Science and Engineering Practices: 

· Asking questions and defining problems

· Analyzing and interpreting data

Nature of Science:  

· Technological advances have influenced the progress of science and science has influenced advances in technology.

· Many decisions are not made using science alone, but rely on social and cultural contexts to resolve issues.



	Nuclear Fusion: The Next Energy Frontier?
	HS-PS1-8.

Develop models to illustrate the changes in the composition of the nucleus of the atom and the energy released during the processes of fission, fusion, and radioactive decay. 

HS-ETS1-3.

Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics as well as possible social, cultural, and environmental impacts.

Crosscutting Concept: 

· Energy & Matter

Science and Engineering Practices: 

· Asking questions and defining problems

· Planning and carrying out investigations

Nature of Science:  

· Technological advances have influenced the progress of science and science has influenced advances in technology.




Common Core State Standards Connections for all articles:
RST.9-10.1 Cite specific textual evidence to support analysis of science and technical texts, attending to the precise details of explanations or descriptions.

RST 11-12.1 Cite specific textual evidence to support analysis of science and technical texts, attending to important distinctions the author makes and to any gaps or inconsistencies in the account.

In addition, the teacher could assign writing to include the following Common Core State Standard:

WHST.9-11.9 and WHST 11-12.9 Draw evidence from informational texts to support analysis, reflection, and research.

Anticipation Guides

Anticipation guides help engage students by activating prior knowledge and stimulating student interest before reading. If class time permits, discuss students’ responses to each statement before reading each article. As they read, students should look for evidence supporting or refuting their initial responses.

Directions for all Anticipation Guides: Before reading, in the first column, write “A” or “D” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

Chilling Out, Warming Up: How Animals Survive Temperature Extremes
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Birds are warm-blooded animals with an average body temperature of 95 (F.

	
	
	2. Cold-blooded animals tend to be long, slender, or flat.

	
	
	3. Within a given species, warm-blooded animals tend to be larger in warmer climates and smaller in colder climates.

	
	
	4. Warm-blooded animals require more food energy than cold-blooded animals of similar size.

	
	
	5. Cold-blooded animals are found in a wider variety of environments than warm-blooded animals.

	
	
	6. When many cold-blooded animals hibernate, the water around their cells freezes.

	
	
	7. Trapped air is a good insulator for warm-blooded animals.

	
	
	8. Warm-blooded animals living in water need less energy to stay warm than animals living in air.

	
	
	9. Evaporation is an exothermic phase change.

	
	
	10. Cats and dogs have sweat glands on the pads of their feet.

	
	
	11. Hummingbirds eat 2-3 times their body weight every day.


Why Cold Doesn’t Exist
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Energy can be transferred from a colder to a hotter body.

	
	
	2. At a given temperature, all of the particles in a liquid have the same kinetic energy.

	
	
	3. In a sample of ice in a soft drink, the water molecules in both the ice and soft drink have the same kind of kinetic energy.

	
	
	4. Energy transfer is called heat.

	
	
	5. At thermal equilibrium, the number of molecular collisions resulting in energy gain is the same as the number of molecular collisions resulting in energy loss.

	
	
	6. When water evaporates from your finger, the water molecules with a lower average kinetic energy are left behind, so your finger feels cooler.

	
	
	7. The intermolecular forces between molecules of oil are less than the intermolecular forces between molecules of water.

	
	
	8. Cold is an adjective used to describe a lack of heat.


Sports Supplements: Helpful or Harmful?
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Sports supplements are regulated by the Food and Drug Administration.

	
	
	2. Whey protein comes from milk.

	
	
	3. Whey proteins contain amino acids that the body cannot make on its own.

	
	
	4. Your body requires less energy to break down fats than proteins.

	
	
	5. Creatine is produced naturally by the body.

	
	
	6. Creatine plays an important role in producing energy.

	
	
	7. Creatine has been shown to benefit all athletes, including those involved in endurance sports.

	
	
	8. L-Arginine can be produced by the body.

	
	
	9. L-Arginine has been demonstrated to boost both energy and muscle strength.

	
	
	10. Marathon runners and weight lifters have similar nutritional needs.


The Fracking Revolution
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Drilling for natural gas using hydraulic fracturing has produced economic benefits in several states.

	
	
	2. Hydraulic fracturing (“fracking”) involves drilling horizontally and vertically through shale rock formations.

	
	
	3. The water used in fracking returns uncontaminated to the surface.

	
	
	4. Fracking could introduce methane into aquifers used for water wells.

	
	
	5. Some water in the Appalachian Basin naturally contains methane.

	
	
	6. The Environmental Protection Agency (EPA) will release a report on the potential impacts of fracking in late 2013.

	
	
	7. It is possible to determine if the methane in drinking water comes from naturally occurring bacteria or fracking.

	
	
	8. The International Energy Agency (IEA) predicts that the United States will produce more oil than Saudi Arabia in less than ten years. 


Nuclear Fusion: The Next Energy Frontier?
Directions:  Before reading, in the first column, write “A” or “D” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Scientists have created a fusion reactor that will produce more energy than is put into it. 

	
	
	2. Scientists from several countries are currently working on nuclear fusion experiments.

	
	
	3. In nuclear fusion, energy is produced because mass is gained when the smaller nuclei fuse to create a larger nucleus.

	
	
	4. Two of hydrogen’s three naturally occurring isotopes are used in fusion experiments.

	
	
	5. The strong nuclear interaction can overcome Coulomb forces that cause protons to repel each other.

	
	
	6. Nuclear fusion can occur at room temperature.

	
	
	7. One experimental nuclear reactor depends on plasma being contained by strong magnetic fields.

	
	
	8. The ultimate goal of nuclear fusion projects is to produce heat that can be used to produce steam to drive turbines to produce electricity.


Reading Strategies  
These matrices and organizers are provided to help students locate and analyze information from the articles.  Student understanding will be enhanced when they explore and evaluate the information themselves, with input from the teacher if students are struggling. Encourage students to use their own words and avoid copying entire sentences from the articles. The use of bullets helps them do this. If you use these reading strategies to evaluate student performance, you may want to develop a grading rubric such as the one below.

	Score
	Description
	Evidence

	4
	Excellent
	Complete; details provided; demonstrates deep understanding.

	3
	Good
	Complete; few details provided; demonstrates some understanding.

	2
	Fair
	Incomplete; few details provided; some misconceptions evident.

	1
	Poor
	Very incomplete; no details provided; many misconceptions evident.

	0
	Not acceptable
	So incomplete that no judgment can be made about student understanding


Teaching Strategies: 

1. Links to Common Core Standards for writing: Ask students to debate one of the controversial topics from this issue in an essay or class discussion, providing evidence from the article or other references to support their position.

2. Vocabulary that is reinforced in this issue:

a. Surface area

b. Kinetic energy

c. Amino acid

d. Protein

e. Binding energy

3. To help students engage with the text, ask students what questions they still have about the articles. The articles about sports supplements and fracking, in particular, may spark questions and even debate among students.

Chilling Out, Warming Up: How Animals Survive Temperature Extremes
Directions:  As you read the article, complete the chart below to compare warm-blooded and cold-blooded animals using information and examples from the article.

	
	Warm-blooded animals
	Cold-blooded animals

	Body temperature
	
	

	Body size
	
	

	Body shape
	
	

	Energy needs
	
	

	Metabolism requirements
	
	

	Range of environments (habitats)
	
	

	Hibernation
	
	

	Insulation
	
	

	Evaporation
	
	

	Preventing water loss
	
	


Why Cold Doesn’t Exist
Directions: As you read the article, use your own words to describe or draw the molecular motion for each process listed in the chart.

	Process
	Description

	Vibrational kinetic energy
	

	Translational kinetic energy
	

	Rotational kinetic energy
	

	Energy transfer
	

	Thermal equilibrium
	

	Evaporation 
	

	Intermolecular force of attraction
	


Sports Supplements: Helpful or Harmful?
Directions: As you read, use the chart below to help you analyze the information regarding the benefits and risks of the sports supplements discussed in the article.

	
	Benefits
	Risks

	Whey protein powder
	
	

	Creatine
	
	

	L-Arginine
	
	


The Fracking Revolution
Directions: As you read the article, use your own words to complete the chart below describing fracking.

	What is it?
	

	Where is it being done?
	States:

	
	Shale formations:

	Why is it being done?
	

	What are some benefits?
	

	What are some risks?
	

	How are the risks being assessed?
	

	What questions do you still have about fracking?
	


Nuclear Fusion: The Next Energy Frontier?
Directions: As you read, use your own words to complete the two charts below, describing nuclear fusion and comparing the two nuclear fusion projects described in the article.

	Nuclear Fusion

	What is it?
	

	How does it produce energy? Where does the energy come from?
	

	Why don’t we have nuclear fusion electricity generation stations?
	


	
	National Ignition Facility
	International Thermonuclear Experimental Reactor

	Location
	
	

	Process
	
	

	Fuel
	
	

	Short description
	
	


Keeping Cool, Staying Warm: How Animals Survive Temperature Extremes
Background Information (teacher information)
More on thermoregulation


In order for an organism to maintain its normal cellular metabolic function, it must also maintain its normal core body temperature. How it does that determines into which camp it falls—warm-blooded or cold-blooded. We’ll pursue this argument later. In order to maintain its normal core body temperature, an organism must have a thermal equilibrium or balance. Thus this maxim: Heat in must equal heat out! 

If the organism absorbs more heat than it radiates, its core body temperature will rise; if this continues for long, the organism will overheat (suffer hyperthermia) and quite possibly die. If heat flows out of the organism faster than it absorbs heat from the outside, its core body temperature will decrease; if this continues for long, the organism will suffer from hypothermia (become too cold) and quite possibly die. Either extreme is highly undesirable, hence the need for a heat balance.

Here are some of the problems at the cellular level that arise in organisms exposed to high temperatures:

· Denaturization of proteins

· Structural and enzymatic

· Thermal inactivation of enzymes faster than rates of activation

· Inadequate O2 supply to meet metabolic demands

· Different temperature effects on interdependent metabolic reactions (“reaction uncoupling”)

· Membrane structure alterations

· Increased evaporative water loss (terrestrial animals)

And here are some problems associated with low temperatures in organisms at the cellular level:

· Thermal inactivation of enzymes faster than rates of activation

· Inadequate O2 supply to meet metabolic demands

· Different temperature effects on interdependent metabolic reactions (“reaction uncoupling”)

· Membrane structure alterations

· Freezing

(http://www.indiana.edu/~nimsmsf/P416/Powerpoint/TemperaturePART2.ppt)

More on cold-blooded vs. warm-blooded (endotherms vs. ectotherms)
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Warm-blooded animals are said to be endotherms; that is, they generate from within their own bodies the heat they need to maintain metabolic processes that keep them alive. They are thus somewhat independent of the ambient temperature in terms of their level of activity. But in order to maintain their core body temperature, endotherms must expend a large portion of their energy on doing just that. Theirs is a “high-maintenance” lifestyle.
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Cold-blooded animals (ectotherms), on the other hand, rely on their surroundings for the heat they need to maintain metabolic processes for life. And because external temperature varies considerably, even throughout the day, the temperature of ectotherms also varies as the external temperature—far more than that of endotherms, as the illustration to the right shows. Such animals’ level of activity also varies with their surroundings; they will typically be more active when the temperature 
is higher and sluggish when the temperature drops. 

Both as a result of utilizing external heat rather than their own metabolic energy and by varying activity level with temperature, ectotherms use far less energy to survive than do endotherms.


As mentioned in the article, there are advantages and disadvantages to being an ectotherm or an endotherm. The following succinctly summarizes the pros and cons of each:

Ectothermy – low energy approach to life

· Pros

· Less food required

· Lower maintenance costs (more energy for growth and
· reproduction)

· Less water required (lower rates of evaporation)

· Can be small – exploit niches endotherms cannot.

· Cons

· Reduced ability to regulate temperature

· Reduced aerobic capacity – cannot sustain high levels of activity

Endothermy – high energy approach to life

· Pros

· Maintain high body temperature in narrow ranges

· Sustain high body temperature in cold environments

· High aerobic capacity – sustain high levels of activity

· Cons

· Need more food (energy expenditure 17x that of ectotherms)

· More needed for maintenance, less for growth and reproduction

· Need more water (higher evaporative water loss)

· Must be big
(http://www.indiana.edu/~nimsmsf/P416/Powerpoint/TemperaturePART2.ppt)

More on environment & animal adaptation 
Mammals and birds (endotherms) employ the following adaptations and strategies to minimize heat loss in cold environments:

1. using small smooth muscles (arrector pili in mammals) which are attached to feather or hair shafts; this non-shivering thermogenesis [generating heat, in this case by bodily motion] distorts the surface of the skin as the feather/hair shaft is made more erect (called goose bumps or pimples)

2. increasing body size to more easily maintain core body temperature (warm-blooded animals in cold climates tend to be larger than similar species in warmer climates (see Bergmann's Rule)

3. having the ability to store energy as fat for metabolism

4. have shortened extremities

5. have countercurrent blood flow in extremities - this is where the warm arterial blood travelling to the limb passes the cooler venous blood from the limb and heat is exchanged warming the venous blood and cooling the arterial (e.g. Arctic Wolf or penguins)
6. undergoing torpor or dormancy—inactivity, such as hibernation 
(http://en.wikipedia.org/wiki/Body_heat_dissipation)

Birds and mammals use these adaptations and strategies to maximize heat loss in warm environments:

1. behavioural adaptations, like living in burrows during the day and being nocturnal, or moving into the water (reptiles)
2. evaporative cooling by perspiration and panting

3. storing fat reserves in one place (e.g. camel's hump) to avoid its insulating effect

4. elongated, often vascularized extremities to conduct body heat to the air

(http://en.wikipedia.org/wiki/Body_heat_dissipation)


Ectotherms adapt to cooler temperatures in the following ways:

1. To keep warm they can undergo voluntary muscular activity, such as flapping wings

2. Some ectotherms can shiver to keep warm

3. They can move into the sun, basking in its warmth

4. Exhibit signs of torpor or dormancy—inactivity

To adapt to warmer temperatures, they can do the following:

1. Change their body posture so that less of it is exposed to the sun, while maximizing exposure to breezes

2. Move into the shade of a rock or their burrow or deeper underwater (fish, amphibians)

3. Change body color so that it absorbs less of the sun’s radiation

(http://www.umassk12.net/ipy/sess09/Thermoregulation%20article.pdf)

More on hibernation vs. estivation

Some endotherms survive cold temperatures by hibernating, during which time their body processes slow down, allowing the organism to sleep through the cold temperatures until spring returns and temperatures rebound. Ectotherms also slow down, although they don’t have any choice, as their body and cellular functions slow down with the decrease in external temperature which causes a similar decrease in their body temperature and a general slow-down of bodily functions.


But in warm temperatures these ectotherms bounce back and regain their normal activity—unless temperatures get too hot. In very hot, dry climates, some ectotherms will bury themselves in the sand (in desert regions), or in the mud (in other hot locales), which may dry and harden in arid regions. Some reptiles and amphibians may exhibit this mechanism of self-preservation, known as estivation. Crocodiles and salamanders, and some frogs and toads are known to estivate when food and water supplies run low. Very few mammals estivate—among the ones that do are groundhogs and specific lemurs.
More on camel adaptations to desert life
The article mentions several adaptations camels have made in their evolution to minimize water loss in order to control their core body temperature; however, camel adaptations to living in the desert are not limited to minimizing water loss. Here is a more complete list of adaptations that camels exhibit:

· A hump (or two) that stores fat [not water]:

· When metabolized, fat produces water while also producing energy (although much of that water is lost via exhalation)

· Storage of fat centrally (dorsally), outside the body core, minimizes the effect of insulation that would occur if fat were stored throughout the body, which would prevent heat loss from body.

· Red blood cells are oval, not round, as in almost all other mammals,

· Allowing the cells to pass through arteries, veins and capillaries more easily when the camel is dehydrated (and tubular structures are smaller).
· Helping them to withstand intense osmotic pressure differences without rupturing when camels drink their fill (up to 50 gallons of water in 3 minutes!).

· Countercurrent blood flow system around brain helps to keep it cool. (Humans and most other mammals don’t have that.)

· Sweat doesn’t happen much, until the external temperature gets to 106 oF or above (because of their higher normal body temperature), but when it does, the sweat evaporates directly off the skin, and doesn’t get absorbed by their heavy fur coat and then evaporate from there; this takes heat directly from the skin (and cools it down), rather than from the hot surroundings. Camels can lose up to 25% of their body weight through sweating, compared to 3–4% for most other animals.

· Nostrils trap most of the water vapor exiting the lungs and reabsorb it before it can be lost via exhaling.

· By eating local green vegetation, they can, under normal conditions, get sufficient moisture to meet their water needs.

· Mouth has a tough leathery lining, which allows them to eat tough and thorny desert vegetation.

· Thick coat: 

· Insulates them from intense heat radiated from sand; they sweat 50% more after shearing.

· Transitions to lighter color in summer to reflect more of the sun’s light and heat.

· Long legs keep their bodies farther from sand surface—farther from sand’s radiated heat.

· Leathery patches: 

· Knees have thick patches of tissue that prevent skin burns when they kneel in hot sand.

· Sternum has a thickened pad of tissue called the pedestal (only on Dromedary camels) When they assume the normal resting position of sternal recumbency (sitting on all fours), the pedestal keeps much of the underside of the body up and away from the hot sand, and allows air flow under the camel, thus helping to cool it off.

· Congregate (huddle) when resting to minimize exposure to sun and hot surroundings

· Long eyelashes, ear hairs, and nostrils with flaps that can close—all help to prevent sand from entering the body during sandstorms. They also have a transparent third eyelid to help them remove sand particles that do get into the eyes.

· Wide pads on their feet keep them from sinking into the sand.

· Kidneys and intestines are well adapted to desert; urine is a thick, syrupy fluid (not much water leaves the body); feces emerge so dry they can be used as fuel for camp fires.

(http://en.wikipedia.org/wiki/Camel)

More on avoiding freezing—nucleating proteins

As the article mentions, some proteins in extracellular fluid in living organisms serve as nucleation sites upon which liquid water molecules can undergo freezing. It is this freezing of water outside of cells that allows the cells surrounded by the ice to remain liquid. If water freezes inside cells in an organism, it expands and ruptures the cell membranes (or in plants, the cell walls). Then, when this organism thaws out as the temperature warms up again, it cannot survive the cellular damage and will not revive. 


But as the extracellular fluid containing these nucleating protein freezes, the remaining unfrozen fluid becomes more concentrated—it still contains all the solute particles (except the nucleating proteins) that were contained in all the fluid, now concentrated into the leftover liquid. This hypertonic fluid then draws water by osmosis out of the cells it surrounds. Those cells thus also become hypertonic and they draw in glucose from the remaining unfrozen fluid and surrounding tissue, thus increasing the concentration (osmolality) of the intracellular fluid. This lowers its freezing temperature and prevents the cells from freezing, unless the surrounding temperature decreases significantly.

There are undoubtedly many more species of insects that utilize nucleating proteins than any other type of ectotherms. Animals that can survive sub-freezing temperatures utilizing nucleating proteins to prevent cellular freezing are said to be freeze-tolerant. 

(http://www.bio.davidson.edu/people/midorcas/animalphysiology/websites/2011/Crouser/index.htm)

“Freeze tolerance is defined as the conversion of 50% or more of an animal’s total body water into extracellular ice.” (http://flynnthecat.hubpages.com/hub/freezing-strategies) Insects are the most freeze-tolerant animal and, as a result, they are able to survive at lower temperatures than most other animals and can exist in the coldest regions, where temperatures may reach –70 oC. 

Freeze tolerance is one of two mechanisms for coping with sub-freezing temperatures. The second is freeze avoidance. This process allows animals to preserve their bodily fluids in a liquid state at extremely low temperatures—in effect, supercooling these fluids. These animals survive in part by avoiding all ice nucleating agents. Here is more information on both freeze avoidance and freeze tolerance: http://flynnthecat.hubpages.com/hub/freezing-strategies. (Avoid the “Start Download” button—the entire article is there to read just by scrolling down the screen.)

More on nucleation sites in chemistry

Everyone knows that water freezes at 0 oC, right? Well, it does if it has nucleating sites on which to begin crystallization. These sites can be tiny dust or pollutant particles, tiny air bubbles¸ or even tiny ice crystals themselves—anything upon which water molecules can begin to crystallize. These particles are nucleation sites, required for freezing (or condensing) to occur, even in ectotherms in winter. Once crystallization has begun on these “seed” particles, it proceeds rapidly. Without these nucleation sites, it is much more difficult for ice crystals to form. Freezing with impurities serving as nucleation sites is referred to as heterogeneous nucleation.

The pure liquid water (without impurities to serve as nucleation sites) must be cooled far below its “normal” freezing temperature before it actually freezes—it must be supercooled. Pure water doesn’t freeze until it reaches –42 oC. When it reaches this temperature, however, it freezes very quickly, since the first crystal that forms is surrounded by all the supercooled water molecules that quickly bond to the crystal and become solid. Under normal circumstances, we don’t encounter truly pure water (because it’s such a great solvent, so it almost always contains impurities—even drinking water), and that is why we observe that water freezes at or very near 0 oC. Freezing without impurities as nucleation sites is called homogeneous nucleation.


Water, of course, is not the only pure liquid that must have nucleation sites in order to freeze at its normal freezing temperature (or must be supercooled if it doesn’t contain nucleation sites). It is, however, the only liquid that we normally experience undergoing the freezing phase change. And all beverages we consume contain a very high concentration of water, with some impurities, so they all freeze at roughly the same temperature. Of course, with higher concentrations of solute dissolved in the water, the freezing point of that solution decreases (freezing point depression).


Supersaturated solutions—those that contain more solute dissolved in the water than the water can hold at that temperature—also involve nucleation sites (or to be more precise, the lack of nucleation sites). Supersaturated solutions are usually made by heating water and continuously adding solute until the solution is saturated and can hold no more solute, observed by having leftover solid solute remaining in solution. Removing the solute by decanting off the hot solution yields the saturated solution. The solubility of most solids usually decreases with decreasing temperature. So, when the solution cools, if it remains undisturbed, the extra solute that should precipitate out of solution may remain dissolved in the cool solution. This is what is meant by a supersaturated solution. 


Without nucleation sites on which to begin precipitation, the excess solute molecules cannot easily come out of solution and remain dissolved. This solution condition is somewhat unstable, though, and with some disturbance, or with the addition of a single crystal of the original solute, solidification (precipitation) of the excess solute occurs very quickly. To demonstrate this, teachers typically make a supersaturated solution of sodium acetate (although sodium thiosulfate can also work) and seed it with a tiny crystal of the solute. The entire solution quickly becomes solid. Another example of this is rock candy, made from a supersaturated solution of sugar. This example is not useful as a demonstration, since it occurs very slowly (over days), and requires rather high temperatures to prepare the supersaturated solution (but the end product, rock candy, is tasty).


As an aside, boiling and condensing also involve nucleation sites. Boiling and condensing without homogeneous nucleation sites requires superheating or supercooling, respectively. This explains why a glass of water heated in the microwave oven may not boil even though its temperature is higher than 100 oC, and then boils almost explosively when you add sugar or powdered cocoa, or merely drop in a spoon to stir it. The relatively pure water was superheated in the microwave without boiling. Adding impurities of any sort will provide the nucleation sites needed for boiling; and the water molecules, being hotter than their normal boiling temperature, will all boil almost simultaneously. Water droplets in the upper atmosphere can be cooled way below 0 oC and still remain liquid. When they encounter dust particles in the atmosphere, they will quickly freeze to solid, in the form of snowflakes or even hail. Formation of fog and clouds from water vapor (condensing) also depends on particulate impurities serving as heterogeneous nucleation sites for water vapor condensation. 

De-gassing of solutions containing dissolved gases is also aided by heterogeneous nucleation, such as the process of rapid evolution of carbon dioxide gas bubbles forming in an opened bottle/can of soda. Another well-known example of this is the Mentos and Coke demonstration that results in a geyser of soda erupting from the bottle as the carbon dioxide de-gasses almost instantaneously. 

The examples in the preceding paragraphs are just a few of the natural phenomenon in the physical world that involve nucleation. So you can see that nucleation sites are involved in many natural processes that we encounter every day.

More on varying “normal” body temperatures in animals
The Food and Agriculture Organization of the United Nations provides these normal body temperatures for various domesticated animals:

	Animal
	Normal Temp. °C
	Normal Temp. oF
	Animal
	Normal Temp. °C
	Normal 
Temp. oF

	Cattle
	38.5
	101.3
	Calf
	39.5
	103.1

	Buffalo
	38.2
	100.8
	Goat
	39.5
	103.1

	Sheep
	39.0
	102.2
	Camel*
	34.5-41.0
	94.1-105.8

	Llama, alpaca
	38.0
	100.4
	Horse
	38.0
	100.4

	Donkey
	38.2
	100.8
	Pig
	39.0
	102.2

	Chicken
	42.0
	107.6
	Piglet
	39.8
	103.6


Body temperatures may be 1°C above or below these temperatures. 

* The camel's body temperature will vary with the time of day and water availability. When a camel is watered daily its body temperature rises from 36.5°C in the morning to 39.5°C at noon, if the animal has no water, the temperature range is 34.5°C to 41°C.
(http://www.fao.org/docrep/T0690E/t0690e04.htm Food and Agriculture Organization of the United Nations – “A Manual for the Primary Animal Health Care Worker”, 1994)

Other selected animals and their normal body temperatures include:

	Animal
	Normal 
Temp. °C
	Normal 
Temp. oF

	Rhesus macaque
	36-40
	96.8-104

	Hamadryas baboon
	36-39
	96.8-102.2

	Cetaceans (including Whale)
	35.5
	95.9

	Rabbit and Cat
	39.0
	102.2

	Bat
	37
	98.6

	Hippopotamus
	35.6
	96.0

	Elephant Seal
	36.7
	98.0

	Sloth, Opossum & Platypus
	32.0-34.0
	89.6-93.2


(Data on Rhesus macaque and Hamadryas baboon came …”From 1987 The Care and Management of Laboratory Animals Trevor Poole, ed. Longman Scientific and Technical: Harlow, Essex”, while the remaining data came … “From 1991 Environmental and Metabolic Animal Physiology 4th edition. C. Ladd Prosser, ed. Wiley-Liss: New York. pg. 111 (from Table 1)”)

(Above data in table and sources listed all were found here: http://www.aquaticape.org/bodytemp.html.)
The above data shows that there is a considerable variation (32–41 oC) among animals’ normal body temperatures. Note that the camel has the highest normal body temperature among larger animals. The fact that it typically exhibits a normally higher internal body temperature means that it will take even higher temperatures (desert-like temperatures) for it to feel stressed. This makes the camel an ideal choice for desert life. It also explains why it doesn’t sweat much until it experiences extremely high external temperatures.
More on variation in human body temperature—diurnal rhythm

It is typical to hear people say the normal human body temperature is 98.6 oF but, in truth, this number varies somewhat due to myriad factors, such as time of day, level and type of activity, external temperature, etc.

In healthy adults, body temperature fluctuates about 0.5 °C (0.9 °F) throughout the day, with lower temperatures in the morning and higher temperatures in the late afternoon and evening, as the body's needs and activities change.
Normal human body temperature varies slightly from person to person and by the time of day. Consequently, each type of measurement [e.g., oral, anal] has a range of normal temperatures. The range for normal human body temperatures, taken orally, is 36.8±0.5 °C (98.2±0.9 °F). This means that any oral temperature between 36.3 and 37.3 °C (97.3 and 99.1 °F) is likely to be normal.
(http://en.wikipedia.org/wiki/Normal_human_body_temperature)
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The graph at the right shows the normal variation in human body temperature. Note that the lowest temperature occurs in the late night/ early morning—just a few hours before awakening—when we’re probably in our deepest sleep, and the highest temperature occurs sometime in the late afternoon/ early evening.
(http://en.wikipedia.org/wiki/File:Body_Temp_Variation.png)

More on ways we control our body temperature
Physiological adaptations (primarily neural responses and long-term acclimation)
· Vasodilation is the process of dilating arteries, increasing blood flow to the extremities, thereby maximizing heat flow from the body to the surroundings—done when exposed to hot external temperatures, to prevent the body’s overheating. 

· Vasoconstriction is the process of reducing the size of veins carrying blood—especially arteries and arterioles, restricting blood flow to the skin and extremities, thereby minimizing the amount of heat loss from the body to the surroundings—done during exposure to cold external temperatures. It is interesting to note that vasoconstriction is often followed by a cycle of vasodilation, with the two cycles alternating. This is referred to as the hunting reaction or the Lewis cycle. It is a way for the body to minimize heat loss by cooling the extremities, yet maximizing the duration of time the extremities can be exposed to the cold without succumbing to frostbite.

· Sweating occurs when we are exposed to hot external temperatures. The process of sweating produces water on the surface of the skin. From there the moisture evaporates into the air. Evaporation is an endothermic process that requires energy. When perspiration evaporates off our skin, it uses heat from our body to make that physical change happen; the removal of heat from our skin lowers our body temperature.

· Insulation provides a layer between the body core and the external temperature. Insulation generally protect from cold external temperatures. Several different types of insulation occur in the human body.
· Piloerection—“Goose bumps”—occurs when the muscles surrounding hair follicles contract as a response to cold external temperature. This results in the hairs standing on end which would, if we had more body hair, result in trapping air between the hairs as a way of insulating the skin from that cold temperature. In most humans (with very little body hair), this reaction is bound to be a failed attempt to stay warm, as little insulation ensues.

· Subcutaneous fat also provides a layer of insulation between our body core and the outside world. The larger the amount of fat the body contains, the greater degree of protection it offers the body core. It is best suited to protecting the body from cold temperatures, where the fat insulates the body’s core and prevents heat loss to the surroundings.

· Skin and skeletal muscle also provide some insulation and therefore protection to the body core, although not much can be done to change the amount of these two materials within the body, unless you become a body builder.

· Non-shivering thermogenesis (NST) is a cellular process wherein brown fat cells (Brown Adipose Tissue, or BAT) containing many mitochondria are able to increase metabolic rates to increase energy production. This occurs in response to exposure to cold external temperatures. As a response to exposure to low temperatures (35-36 oC or lower), thermal receptors in the skin are stimulated and transmit a signal to the hypothalamus (the body’s thermoregulation center). In response to a signal from the hypothalamus, norepinephrine is released in the BAT, which initiates metabolism of the fat, generating energy. This process bypasses the normal synthesis of ATP that occurs in the metabolic process. Thus, energy produced from this process is dissipated as heat, rather than producing ATP molecules, which would store the energy within cells.

The heat produced in this process is then transferred by the circulatory system throughout the body, raising core body temperature. The process is limited by the amount of brown fat stored in the body. Prolonged exposure to cold can deplete this source, possibly resulting in death.

As an aside, BAT and non-shivering thermogenesis is seen as playing a significant role in diabetes. Until the early 2000s, the scientific world believed that humans had no BAT, unlike many other mammals. But studies since have discovered areas of BAT storage in humans, preferentially in the shoulder and neck region, and perhaps other areas as well. One study reports that people diagnosed with diabetes have very limited supplies of BAT in their bodies. 

The report also suggests that BAT may play a significant role in normal metabolism in humans. The study has shown that non-shivering thermogenesis can involve mitochondrial uncoupling in skeletal muscle, as well as in BAT. “More recently, we showed that human nonshivering thermogenesis in response to cold exposure is accompanied by and significantly related to mitochondrial uncoupling in skeletal muscle (140). Recent experiments from our group confirm these findings and additionally indicate that both BAT and skeletal muscle play a role in human NST [nonshivering thermogenesis].”

Studies are being done to test whether exposing human subjects to cooler environments might facilitate NST, thereby utilizing fat cells to their fullest extent and thus reducing fat within the body, resulting in weight loss or, at least, limiting weight gain.
(http://ajpregu.physiology.org/content/301/2/R285.long)

Behavioral thermoregulation involves anything we do voluntarily to regulate our temperature. This could be as simple as moving to a warmer spot; e.g., into the sunlight or a warm room, if one is cold, or to a cooler spot; e.g., into the shade (or air conditioning), if one is hot. Other behavioral changes include sitting rather than standing to protect the legs from cold temperatures, tucking our hands into our armpits to keep them warm, blowing warm air over our hands to warm them, adding or removing clothing layers, etc. All animals utilize these mechanisms (OK, not all have access to air conditioning or a warm room or clothing) to help regulate their body temperature, especially ectotherms, which rely primarily on migration to warmer/cooler climes.

· Shivering is a repeated contraction and relaxation of skeletal muscles as a result of exposure to prolonged cold external temperature, resulting in skin temperatures between 38 and 40 oC. No useful movement is produced because antagonistic muscle pairs are activated simultaneously, at about 4–10 tremors per minute. As a result of this movement of muscles, cellular energy is expended and this warms the body. It’s been estimated that shivering can as much as double the basal metabolic rate.

Shivering can increase metabolic rates by 2–5 times the normal basal rates, thus increasing energy/heat production to warm the body. Interestingly, though, if the body experiences prolonged exposure to cold, shivering stops, as shivering ultimately requires more energy than it produces. So shivering is only a short-term “fix” for exposure to cold. Once shivering has stopped, only an external source of heat, such as body-to-body contact can restore warmth.
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Huddling together (kleptothermy) is another example of behavioral thermoregulation. It is one way that humans (and other mammals) can stay warm in cold external temperatures. Being in close contact to others exposes less of the body’s surface area to the cold temperature, thereby minimizing heat loss. It can also be used in hot climates to reduce the amount of surface exposure to the sun’s rays, thereby helping to keep cool; e.g., camels do this to try to stay cooler).

More on mechanisms of heat transfer to regulate body temperature


There are essentially four ways heat can be transferred to/from our body from/to the surroundings. They are: radiation, conduction, convection, and evaporative cooling. The diagram below illustrates all four mechanisms.

Radiation is the process whereby energy is emitted as electromagnetic radiation and propagates through space. By moving away from the emitting object; e.g., a fire, we can avoid the higher external temperature and maintain our normal body temperature. Similarly, we can move to a shaded area to avoid the radiant heat of the sun. 

Or we can be the radiative body (radiating infrared or heat energy), if our core temperature is higher than ambient temperature. In this case, objects around us will absorb the heat that we radiate. At ambient temperatures which are lower than core body temperature, radiation is actually the main mechanism used to regulate body temperature. At room temperature or below, radiation alone is a sufficient mechanism to maintain our core body temperature. In fact, at room temperature, an unclothed person will lose enough heat to the surroundings that he will feel uncomfortably cool. 

At higher temperatures, radiation is much less significant in terms of our overall core body temperature regulation—and actually works against reducing body temperature, as we will absorb energy from outside sources and become warmer, when our body is trying to cool off. We still radiate energy, no matter what the external temperature, but when the external temperature exceeds our body temperature (when it’s hot) we’re absorbing more heat than we emit. So, radiation is only useful to us in cold temperatures.

Conduction occurs when a warm object transfers heat directly to a cooler object. We can avoid this method of heat transfer by avoiding hot objects; e.g., don’t touch a hot burner on a stove, or don’t walk barefoot on hot beach sand. Or we can use it to our advantage by deliberately touching cooler objects to transfer heat from our warmer body to the object; e.g., we can jump into a swimming pool or the ocean to allow the cooler water to come in contact with our body, allowing heat from our body to flow into the water, thus reducing our core body temperature. Or we can sit on a warm rock to help us warm us, transferring heat directly from the rock to our body. So, conduction can be useful to us in either hot or cold external temperatures. However, conduction is usually not a significant contributor to our core body heat-control.

Convection occurs when a fluid transfers heat by flowing, so that the warmer parts of the fluid move into the cooler parts. We can use a fan to blow air over our body, allowing heat to flow into the air and moving away from our body, thereby lowering body temperature, or merely allow ambient air to pass our body, which would have the same, albeit smaller effect. Or we can add or remove clothing to/from our body, to decrease heat loss by convection to the air in a cold environment or increase heat loss by convection in the air in a hot environment, respectively. The clothing serves as an insulator, preventing the exchange of heat between our body and the air. The “wind-chill index” reflects wind speed as a contributor to the removal of heat from our body in the wintertime. The faster the wind speed is, the greater the rate of flow of the air and the greater the rate of heat loss by convection from our body to the air. Convection, like conduction, is not typically a significant contributor to bodily heat-control.


Evaporation occurs whenever we sweat or exhale. Our breath contains much moisture in the form of water vapor, and when liquid water evaporates in the lungs, it absorbs energy from lung tissue, thereby decreasing body temperature somewhat. That warm moisture, usually at a higher temperature than the air outside, then leaves the body, taking its heat with it, again leaving the rest of the body at a slightly lower temperature. And, as our skin is not totally impervious to water, evaporation also occurs via water vapor leaving our skin in the process of transepidermal diffusion, even though we do not detect it. The water vapor leaving our body by both exhalation of water vapor and the loss through our skin (when we’re NOT visibly perspiring) is referred to as insensible water loss, insensible because we don’t detect that it’s happening and therefore is very difficult to measure. (Perhaps it should be called immeasurable water loss.) It’s estimated that we lose about 300–350 mL per day by exhaling moist air and a similar volume by diffusion through the skin. Both these processes result in the cooling of our bodies, although not by much.

When we sweat, though, our perspiration absorbs energy from the skin as it evaporates into the air and carries that heat with it, thereby reducing our core body temperature. If the temperature of the surroundings is lower than our body temperature, we can lose heat to the surroundings by radiation and conduction alone, without the need for (and hence, without the process of) sweating. But if the surroundings are warmer than our body temperature, we actually gain heat from radiation and conduction of heat from the surroundings, thus warming our body. In these conditions, evaporation is the only way we can lower body temperature, and sweating is required. Thus sweating is a significant means—in fact, essentially the only effective means—of bodily heat regulation in hot temperatures above core body temperature, or about 
35 oC.

In the hot conditions mentioned above, anything that prevents adequate evaporation of sweat will cause body temperature to rise as we absorb heat from the air and objects around us. Since humidity reduces the amount of moisture that can evaporate from our body, it affects our ability to regulate body temperature. Humidity is the main reason we use the National Weather Service’s Heat Index table (see below) to reflect “real-feel” temperatures in the summertime.

	NOAA national weather service: heat index

	 
	temperature (°F)
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	40
	80
	81
	83
	85
	88
	91
	94
	97
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	80
	82
	84
	87
	89
	93
	96
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	81
	83
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	84
	86
	89
	93
	97
	101
	106
	112
	117
	124
	130
	137
	
	
	

	
	60
	82
	84
	88
	91
	95
	100
	105
	110
	116
	123
	129
	137
	
	
	
	

	
	65
	82
	85
	89
	93
	98
	103
	108
	114
	121
	128
	136
	
	
	
	
	

	
	70
	83
	86
	90
	95
	100
	105
	112
	119
	126
	134
	
	
	
	
	
	

	
	75
	84
	88
	92
	97
	103
	109
	116
	124
	132
	
	
	
	
	
	
	

	
	80
	84
	89
	94
	100
	106
	113
	121
	129
	
	
	
	
	
	
	
	

	
	85
	85
	90
	96
	102
	110
	117
	126
	135
	
	
	
	
	
	
	
	

	
	90
	86
	91
	98
	105
	113
	122
	131
	
	
	
	
	
	
	
	
	

	
	95
	86
	93
	100
	108
	117
	127
	
	
	
	
	
	
	
	
	
	

	
	100
	87
	95
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    Caution

    Extreme Caution

    Danger

    Extreme Danger
“To find the Heat Index temperature, look at the Heat Index chart above. For example, if the air temperature is 96°F and the relative humidity is 65%, the heat index—how hot it feels—is 121°F.”
(http://en.wikipedia.org/wiki/Heat_index, from the National Oceanic and Atmospheric Administration)

The Heat Index Chart shaded zone above 104°F (dark orange or red) shows a level that may cause increasingly severe heat disorders with continued exposure or physical activity. The Heat Index reflects problems that arise from conditions that are a) too humid to allow sufficient evaporation of sweat to allow proper cooling, or b) so hot that sufficient evaporation of sweat can occur, but this process occurs too rapidly and results in severe loss of electrolytes or dehydration, possibly resulting in heat stroke or even death.

More on sweating and evaporative cooling

Keeping in mind that at temperatures above core body temperature, three of the mechanisms of heat exchange described above—radiation, convection and conduction—all result in heat gain to the body—primarily because energy flows from a warmer object to a cooler object. (See “Why Cold Doesn’t Exist” in this Teacher’s Guide for more information on heat flow.) Therefore, the only remaining mechanism left for cooling the body is evaporative cooling. And cooling by evaporation of water through exhalation through the mouth and nose is insufficient to do the job. Thus, sweating must kick in as soon as (or even before) external temperatures reach body temperature. 


Of course, it is not the liquid water itself produced by sweating that is responsible for the cooling effect but, rather, the evaporation of that liquid water into gaseous water vapor. Evaporation is an endothermic process that takes water from the skin to warm the liquid water enough to change it to vapor. As the skin is cooled down, heat from the interior of the body rushes out to equilibrate body temperature, thus cooling the interior and keeping the body in a state of homeostasis. 


As liquid water warms, the kinetic energy (temperature) of the molecules increases. This kinetic energy is contained in their translational, rotational and vibrational motion—they move faster. This increased motion pushes molecules farther apart and results in the stretching of and eventual breaking of bonds between molecules, eventually freeing them from the intermolecular forces that had surrounded them, allowing them to escape into the air as vapor. Of course, all the energy that effects this phase change has come from the skin, with the result that the skin temperature has decreased. Note, though, that this discussion has focused solely on the water undergoing a phase change. 

Sweating also includes the secretion of other minerals through the sweat glands, e.g., salt. Interestingly, the water loss we experience through insensible loss (evaporation through exhalation and through skin loss) is pure water, with no mineral content, unlike water loss through sweating.


Sweat contains mainly water. It also contains minerals, lactate, and urea. Mineral composition varies with the individual, their acclimatisation to heat, exercise and sweating, the particular stress source (sauna, etc.), the duration of sweating, and the composition of minerals in the body. An indication of the minerals content is sodium (0.9 gram/liter), potassium (0.2 g/l), calcium (0.015 g/l), magnesium (0.0013 g/l). Also many other trace elements are excreted in sweat, again an indication of their concentration is (although measurements can vary fifteenfold) zinc (0.4 milligrams/liter), copper (0.3–0.8 mg/l), iron (1 mg/l), chromium (0.1 mg/l), nickel (0.05 mg/l), lead (0.05 mg/l). Probably many other less-abundant trace minerals leave the body through sweating with correspondingly lower concentrations. Some exogenous organic compounds make their way into sweat as exemplified by an unidentified odiferous "maple syrup" scented compound in several of the species in the mushroom genus Lactarius. In humans, sweat is hypoosmotic relative to plasma (i.e. less salty). Sweat typically is found at moderately acidic to neutral pH levels, typically between 4.5 and 7.0.
(http://en.wikipedia.org/wiki/Perspiration)

The loss of the minerals mentioned above as we sweat can become a major problem in extremely hot regions. Excessive sweating to cool down the body results in the loss of large volumes of water, but it can also result in loss of salt and other minerals necessary for normal cellular function. In cases such as this, drinking water to rehydrate does not effectively replace all that is lost through sweating, as water alone does not replenish the lost minerals. In cases like this, drinking sports drinks or other liquids that contain these necessary electrolytes is a better solution. This is also true for athletes who lose large amounts of water through sweating. For most non-athletes not exposed to excessive desert temperatures, however, drinking water is probably sufficient to replenish the water lost through sweating; other nutrients can probably be replenished through normal food intake.


Another way we can use evaporation to cool us down is by using a wet bandana which has had sodium polyacrylate sewn into the inside. The sodium polyacrylate polymer absorbs several hundred times its weight in water, and that water slowly evaporates from the bandana as we go about our normal tasks, cooling our skin and helping to maintain our core body temperature..
More on the amount of heat loss by sweating and evaporative cooling

Below is a series of equations that describes the amount of energy involved in the process of evaporation of sweat.

According to the equipartition of energy theory,

The average kinetic energy = ½ mv2, which also equals 3/2 kT


KEavg  =  ½ mv2  =  3/2 kT,

Where m = molar mass


v = velocity of molecules


K = Boltzmann’s constant, 1.3806 * 10-23 J/K/molecule


T = absolute temperature in kelvins

Thus, solving for v,

[image: image37.png]e

Thermoregulation

Solar Band
Radiation

Infrared
Radiation
Exchange

M

Evaporation

Convection

Conduction Perspiration

Vasodilatation

Metabolic Activity,
Circulation, & Shivering

Vasoconstriction

Convection

Conduction

— Perspiration

Mass Transfer

Reflected Solar

Muscle  Skin  Sock Pants



v = ( 3kT / m

So, for water, at 0 oC, 
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v = ( 3 * 1.3806 * 10-23 J/K * 1 kg-m/s2 * 273 K * 1 mole * 6.022 * 1023 molecule * 1000 g


                                          _______________________________________          ___________________
                    ________________       ______________________________________________            ______________


         1 molecule
     1 J

       18.01 g 

1 mole

  1 g


v = 614.88 m/s

Note that this calculation assumes all the kinetic energy in the water is a measure of its translational motion—movement from place to place. Rotation and vibration are treated separately.

From the velocity of water molecules at 0 oC, we can calculate the amount of energy contained in water at 0 oC.

KE = ½ mv2 

KE = ½ * (18.01 g/mol) * (614.9 m/s)2 * (1 kg / 1000 g) * (1 J / 1 kg-m2/s2) = 3404.8 J/mol

3404.8 J/mol * (1 cal / 4.184 J) * (1 mol / 18.01 g) = 45.18 cal/g

Doing the same calculation for water molecules at 100 oC, we get 61.74 cal/g.


[ KE = 45.18 cal/g * (373 K / 273 K) = 61.74 cal/g ]
This results in a net gain in kinetic energy of the water from 0 oC (45.18 cal/g) to 100 oC (61.74 cal/g) of only 16.55 cal/g. But noting that it takes 100 calories to raise the temperature of one gram of water from 0 oC to 100 oC, the remaining energy, 83.45 cal/g, must be the increase in rotational and vibrational energy, that energy which is needed to stretch and then break the secondary bonding holding the water molecules together in the liquid phase.

Of course, evaporation of sweat doesn’t happen at 100 oC, but at approximately 37 oC. But it is interesting to note that, while the standard heat of vaporization of water at 100 oC is stated as 539 cal/g, physiology textbooks state the heat of vaporization of perspiration at body temperature is 580 cal/g, not 539. This is primarily due to the fact that, at 37 oC the water molecules have less kinetic energy than they do at 100 oC, so we must add that extra energy at body temperature to separate the water molecules into vapor.

Another factor we must consider is the energy needed to do the work to expand the gas against constant pressure (PdV work). Although this is not a huge factor, it does contribute a little less than 10% of the total energy expended to vaporize water. (See calculations below.) This amount of energy is counted in the total amount added to the system to vaporize the water, but it is not directly involved in the phase change itself. So we should subtract that from the total energy to find only the amount needed to break the bonds holding the molecules together in the liquid state to allow them to become vapor (494.9 cal/g, below). 

For more on the theory of equipartition, see http://www.fordham.edu/academics/programs_at_fordham_/chemistry/courses/physical_chemistry_i1/lectures/equipartition_6542.asp.

Here is a summary table of the calculations above, plus a few extra:

	Temperatures
	0
	37
	100
	o C

	Average Molecular Velocity @ t (1/2 mv2 = 3/2 kT)
	614.9
	655.2
	718.7
	m/s 

	Actual KE (from KE = 1/2 mv2)
	45.2
	51.3
	61.7
	cal/g

	Net KE Gain from 0 oC (act KEt - act KE0)
	0.0
	6.1
	16.6
	cal/g

	Heat Energy Added from 0 oC to t (1 cal/g-oC)
	0.0
	37.0
	100.0
	cal/g

	Remaining Heat Energy* (Heat Energy addedt - Net KEt)
	0.0
	30.9
	83.4
	cal/g

	Extra Heat Needed to Vaporize (RHE100 - RHEt)
	83.4
	52.6
	0.0
	cal/g

	
	
	
	
	

	PdV work (not part of breaking bonds)
	30.1
	34.2
	41.1
	cal/g

	Energy of Bond Breaking (Hvap100 - PdV work100)
	497.9
	497.9
	497.9
	cal/g

	Calculated Heat Vaporization

(EBB + EHN + PdV work)
	611.4
	584.6
	539.0
	cal/g

	Standard Heat Vaporization @ t
	
	580.0
	539.0
	cal/g

	
	
	
	
	

	* Remaining Heat Energy = rotational & vibrational energy needed to stretch and break bonds to vaporize water (could be thought of as the potential energy barrier needed to be overcome to break bonds)


(adapted from http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/phase.html#hvap)

More on thermoregulation and the term “set point”


Thermoregulation, like all other homeostatic mechanisms, uses negative feedback to maintain its constant value, called a set point. Negative feedback occurs when a change occurs in a system and that change causes a mechanism to react to correct the change. An analogy to an electronic circuit or a home central heating system can be used to illustrate this phenomenon, although this system is somewhat oversimplified. Nonetheless, with an air conditioning system, a thermostat is set at a specific temperature. This is what is known as the set point. If the ambient temperature then gets too warm (on a hot day, for example), the thermostat kicks in and begins to cool the room temperature back down to the original set point temperature. The opposite is true for the heating system: when the temperature drops below the set point temperature, the thermostat starts the furnace so that heat is brought into the room to bring the temperature back up to the set room temperature. Note that the mechanism of change only occurs after a stimulus has affected the set point. So truly, the set point is not perfectly maintained, but the system constantly oscillates above and below that set point to maintain equilibrium. The same is true in thermoregulation of core body temperature.

In humans, a body temperature of 37 oC (98.6 oF) is considered to be the set point. Any change in status will cause a response in the body to compensate for the change. If the body becomes too warm, our blood vessels dilate to allow greater heat flow to the extremities, where it can be more easily dissipated into the surroundings. We also begin to sweat to allow evaporation to cool us back down. (See diagram below.) Both mechanisms bring the body back to the set point temperature. If we get too cool, then blood vessels constrict to minimize blood flow to the extremities, thus minimizing heat loss to the environment. Shivering, which causes muscle contractions and generates heat, may also occur if the external cooling is too severe. Both of these mechanisms help to increase core body temperature to return the body to its set point temperature.
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(http://www.pc.maricopa.edu/Biology/pfinkenstadt/BIO201/201LessonBuilder/UnitOne/Homeostasis/index.html)
But problems with the term set point abound, especially when used in conjunction with inanimate analogies, such as the thermostat, which oversimplify the actual process. A. A. Romanovsky from St. Josephs Hospital in Phoenix, AZ details some of them here: http://ajpregu.physiology.org/content/292/1/R37.full.
Rather than the oversimplified stimulus-negative feedback loop discussed above, the mechanisms of homeostasis are better explained by a 5-step process involving: 

1. a stimulus caused by a change in environment

2. a sensor within the body (or on the body surface) that detects that change

3. an integrative processor that can relate the change to biological responses

4. an effector that can make changes happen

5. the biological response itself

In the case of thermoregulation, the outside stimulus (1) is usually an external change in temperature, hot or cold. It could also be exercise or stress that causes internal body temperature to increase. The sensors (2) are typically nerve endings in the skin that detect the external change. These in turn send signals to the brain or, more specifically, the hypothalamus—the integrator (3) that interprets the external input into action within the body. The call for action within the body could be initiated by sweat glands (to effect cooling) or skeletal muscle activity (to effect warming)—the effectors (4). Sweating or shivering would then be the biological response (5).
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(http://sbi4u2013.wordpress.com/category/basic-feedback-mechanisms-thermoregulation/)

More on Bergmann’s (and Allen’s) rule(s) 


As author Rohrig states, larger mammals are generally found farther north and south of the equator, where the average temperature is very cold. Dr. Dennis O’Neil from the Behavioral Sciences Department of Palomar College notes the following:
In 1847, the German biologist Carl Bergmann observed that within the same species of warm-blooded animals, populations having less massive individuals are more often found in warm climates near the equator, while those with greater bulk, or mass, are found further from the equator in colder regions. This is due to the fact that big animals generally have larger body masses which result in more heat being produced. The greater amount of heat results from there being more cells. A normal byproduct of metabolism in cells is heat production. Subsequently, the more cells an animal has, the more internal heat it will produce.
In addition, larger animals usually have a smaller surface area relative to their body mass and, therefore, are comparatively inefficient at radiating their body heat off into the surrounding environment. 
(http://anthro.palomar.edu/adapt/adapt_2.htm)

Both factors—larger bodies generating more heat, thus needing more cooling (from cooler temperatures), and smaller surface-to-volume ratios, thus being less able to lose heat from the surface of their bodies—have probably been responsible for larger mammals moving to cooler climes and thriving there throughout evolutionary history.

Bergmann's rule generally holds for people as well. A study of 100 human populations during the early 1950's showed a strong negative correlation between body mass and mean annual temperature of the region.  In other words, when the air temperature is consistently high, people usually have low body mass.  Similarly, when the temperature is low, they have high mass. 

(http://anthro.palomar.edu/adapt/adapt_2.htm)

Dr. O’Neil notes that there are exceptions to the rule’s application to humans; since the advent of central home heating and air conditioning, there has been less need to move to warmer/cooler climates based on body type.


Another scientist used Bergmann’s work and went a step further, noting that length of appendages (arms and legs) of large mammals is also related to temperature. Again, Dr. O’Neil notes:

In 1877, the American biologist Joel Allen went further than Bergmann in observing that the length of arms, legs, and other appendages also has an effect on the amount of heat lost to the surrounding environment. He noted that among warm-blooded animals, individuals in populations of the same species living in warm climates near the equator tend to have longer limbs than do populations living further away from the equator in colder environments. This is due to the fact that a body with relatively long appendages is less compact and subsequently has more surface area.  The greater the surface area, the faster body heat will be lost to the environment.  
This same phenomenon can be observed among humans. Members of the Masai tribe of East Africa are normally tall and have slender bodies with long limbs that assist in the loss of body heat. This is an optimal body shape in the hot tropical parts of the world but it would be a disadvantage in subarctic regions. In such extremely cold environments, a stocky body with short appendages would be more efficient at maintaining body heat because it would have relatively less surface area compared to body mass. 

(http://anthro.palomar.edu/adapt/adapt_2.htm)

Once again, this effect would be less noticeable in cultures that utilize central air conditioning and heating systems.

More on environment & human adaptation 

The table below describes bodily responses to high and low temperatures

	Effector 
	Response to low temperature 
	Response to high temperature 

	Smooth muscles

in arterioles in the skin 
	Muscles contract causing vasoconstriction. Less heat is carried from the core to the surface of the body, maintaining core temperature. Extremities can turn blue and feel cold and can even be damaged (frostbite). 
	Muscles relax causing vasodilation. More heat is carried from the core to the surface, where it is lost by convection and radiation (conduction is generally low, except when in water). Skin turns red. 

	Sweat glands 
	No sweat produced. 
	Glands secrete sweat onto surface of skin, where it evaporates. Since water has a high latent heat of evaporation, it takes heat from the body. High humidity, and tight clothing made of man-made fibres reduce the ability of the sweat to evaporate and so make us uncomfortable in hot weather. 

Transpiration from trees has a dramatic cooling effect on the surrounding air temperature. 

	Erector pili muscles in skin 
(attached to skin hairs) 
	Muscles contract, raising skin hairs and trapping an insulating layer of still, warm air next to the skin. Not very effective in humans, just causing “goosebumps”. 
	Muscles relax, lowering the skin hairs and allowing air to circulate over the skin, encouraging convection and evaporation. 

	Skeletal muscles 
	Shivering: Muscles contract and relax repeatedly, generating heat by friction and from metabolic reactions (respiration is only 40% efficient: 60% of increased respiration thus generates heat). 
	No shivering. 

	Adrenal and thyroid glands 
	Glands secrete adrenaline and thyroxine respectively, which increases the metabolic rate in different tissues, especially the liver, so generating heat. 
	Glands stop secreting adrenaline and thyroxine. 

	Behaviour 
	Curling up, huddling, finding shelter, putting on more clothes. 
	Stretching out, finding shade, swimming, removing clothes. 


(http://biologymad.com/resources/A2%20Homeostasis.pdf)

Connections to Chemistry Concepts (for correlation to course curriculum)
1. Combustion—As the author mentions, metabolism is referred to as internal combustion, since both processes produce the same basic materials, H2O and CO2. Of course, there are significant differences, as well; e.g., the rate at which the reaction happens and the temperature needed to sustain the reaction.
2. Potential vs. kinetic energy—Food we eat contains potential energy, which is converted to kinetic energy when it is broken down and used in cells. The food calorie (actually 1C or 1000 calories) is a great tool to use to introduce energy concepts to teenagers.

3. Endothermic reactions—The principal example of endothermic reactions used in this article is evaporation, which is a phase change only, not a chemical change. Nevertheless, the example of sweating resulting in evaporative cooling as a temperature control mechanism is a great example of a reaction of this type. 
4. Exothermic reactions—Metabolism is given as an example of a chemical reaction (or whole series of chemical reactions) that produces energy for use within the body.
5. Reaction rates—Cold temperatures slow down reactions; e.g., ectotherms in winter.
6. Freezing point depression—The ability of some cold-blooded animals to withstand 
sub-freezing temperatures without undergoing cellular freezing is a great example of this topic for a chemistry course.

7. Osmosis vs. diffusion—There may be some benefit to discussing diffusion (typically a chemistry topic) and osmosis (typically a biology topic) together, so students can make a detailed comparison. (See Anticipating Student Questions #3, below.)

8. Supercooling and nucleation sites—In crystallization, normal freezing occurs in the presence of nucleation sites, and supercooling can occur in the absence of nucleation sites. Nucleating proteins in the blood of some ectotherms results in water freezing in the fluid outside cells, which draws glucose into the cells through osmosis. This allows cells in the animal’s body to remain unfrozen, since their fluid is more concentrated, resulting in a lower freezing temperature for that intracellular fluid. Thus these animals have the ability to freeze solid in winter, yet recover in the spring without cellular damage.

9. Phase changes (evaporation)—This endothermic process explains at the molecular level why sweating cools us off.

10. Enzymes and catalysis—The rates of processes catalyzed by enzymes change significantly with temperature changes. If temperatures exceed the maximum levels of enzyme operation, cells, tissues and organs, and eventually the entire organism may die, as bodily functions cease.

11. Methods of heat exchange—Heat can be lost or gained by animals by any of the three standard methods: radiation, conduction and convection.

Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “Sweating cools a person off just because it allows warm water (from inside the body) to leave the body, resulting in a lower average body temperature.” (This misconception is meant to imply that evaporation plays no role in the cooling process.) While it is true that removing warm water from inside the body would probably result in a slightly reduced core temperature, it is the evaporation process on the skin surface that actually does the majority of energy removal from the body. The breaking of secondary bonds between liquid water molecules on the skin’s surface requires energy, which is obtained from skin cells. These cooler cells then take energy from internal cells, which lowers the entire body’s internal temperature.
2. “Cold-blooded and warm-blooded animals probably can co-exist in all climates.” This statement could be true if we added the word, “mild” before the word climates. If we avoid extremes, cold- and warm-blooded animals can co-exist almost everywhere. But at very cold temperatures, cold-blooded animals can’t get enough energy to keep up their activity levels, so they would slow down, even to the point of not moving at all. At these same extremely cold temperatures, warm-blooded animals can still go about their normal activities because their body temperature comes internally from the food they eat, not externally from their surroundings. At extremely high temperatures, warm-blooded animals must be careful to not overheat, so activities must be curtailed somewhat. Cold-blooded animals can estivate, a process somewhat akin to hibernation, which results in their relative inactivity until cooler temperatures return. Otherwise they would likely die from overheating.
3. “All animals sweat, just like humans.” As the author states, many animals don’t sweat, but they have evolved different ways of cooling to maintain consistent internal body temperature and retain moisture; e.g., exhaling air that has had excess moisture removed via spongy bone structures, maintaining higher core body temperatures, reducing the need for sweating, and licking their fur to increase evaporation of water from the skin.
4. “Turtles and frogs ‘sun’ themselves for the same reason we do—it feels good.” While humans (and other warm-blooded animals sun themselves because the warmth feels good to them, turtles and frogs need the warmth of the sun to maintain their body temperature so that they can continue normal activities. If their body temperature gets too low, their activities slow down, and they could become easy prey for other animals.

5. “If it gets too hot and dry, cold-blooded animals will just die.” During the hot, dry summer, some cold-blooded animals undergo a process called estivation. This is similar to hibernation in warm-blooded animals. In estivation, the animals usually bury themselves under the ground or sand and lower their metabolic activity, appearing dormant. Some mollusks, reptiles and amphibians are among those known to estivate, including snails and crocodiles.

6. “Wearing heavier clothing in the winter merely keeps the cold out.” Actually, the heavier clothing keeps heat in, not cold out. Heat flows from a warmer object (higher temperature) to a cooler object (one at lower temperature). See the Tinnesand article on why cold doesn’t exist in this issue of ChemMatters.
7.  “Goose bumps make me shiver, which makes more motion (shaking) and increases kinetic energy, which keeps me warm. This is just another example of kinetic molecular motion.” The process of forming goose bumps can result from several stimuli—cold, or strong emotional experiences. We’ll focus on the cold stimulus. As a result of cold, the muscles that surround each hair follicle contract, causing the hair to stand on end. In an animal covered with hair (as humans may once have been), the result is the trapping of air between all the upright hairs. That trapped air acts as an insulator that prevents heat from escaping as easily from the surface of the skin, thus keeping the animal warm. This process is of more limited use in humans, since we are not as hairy as we once might have been historically. Regarding shivering, although the stimulus for shivering may be the same as that for goose bumps, shivering is the result of skeletal muscles contracting and relaxing repeatedly. These are not the same muscles as those surrounding hair follicles.

8. “You can’t sweat as easily to cool down when the humidity is high because the air can’t hold any more moisture.” The first part of the statement is true; it’s the reasoning that may be faulty. The idea of the air “holding” water vapor is a misconception held by many students. There is lots of room in the air for it to have (but not “hold”) more moisture, because air is a gas, water vapor is a gas, and there’s lots of empty space between gas molecules. Also, water vapor molecules are whizzing around at about 600 miles per hour, so there’s really no “holding” them anyway. The real situation is that at high humidity the air contains almost as much water vapor as is able to escape from the liquid into the vapor form, based on water’s vapor pressure. See this Web site for further explanation about why humidity being defined as “the amount of moisture in the air compared to the amount of moisture the air can hold is not a clear statement of the situation: http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html. (Click on the “What’s the problem?” tab on the first screen, which will take you down to “How much moisture can the air ‘hold’?)

Anticipating Student Questions (answers to questions students might ask in class)
1. “If metabolism is really just internal combustion, why don’t we burn up, like gasoline does in the car engine?” The chemical reactions that comprise metabolism all occur at temperatures much lower than those in a real internal combustion engine. And the reactions are much slower also. All this is thanks to substances called enzymes. Enzymes are biological catalysts that allow reactions to occur more easily with them than without them.
2. “Wouldn’t it be helpful to cold-blooded animals if they had a layer of insulation, so that in the summertime, less heat would flow into their bodies, and in the wintertime less heat would flow out of their bodies?” If cold-blooded animals had layers of insulation, they would be much less able to obtain heat from their surroundings. So in the summertime, they wouldn’t get enough energy externally for them to maintain normal bodily activities. The layer of insulation might help them in the wintertime, but they’ve already managed to take care of the problem of lack of external heat when it’s cold outside—by hibernating.
3. “Isn’t osmosis the same thing as diffusion?” Although there are similarities between the two processes, there are also differences. Both are processes which move substances through a fluid (usually) liquid medium. Diffusion, though, is simply the process of moving solute particles from an area of higher concentration to one of lower concentration by random molecular motion, while osmosis involves solvent transport through a semi-permeable membrane, through which the solute cannot pass, due to its larger size. In osmosis, the solvent moves from an area of higher (solvent) concentration through the membrane to the area of lower solvent concentration. The solute particles are too large to pass through the semi-permeable membrane, so they remain where they were. As a result of the solvent particles moving through the membrane, the solute concentration decreases on the side of the membrane that receives the solvent particles. So the result of both processes is similar—the solute concentration decreases—but the mechanism is somewhat different. It is often said that osmosis is a special case of diffusion.
In-class Activities (lesson ideas, including labs & demonstrations)
Please note that, due to the nature of this article, most of these activities are more related to a biology class than a chemistry class, although there are a few chemistry items at the end of this list.
1. Osmosis demonstrations: 

a. There are lots videos on YouTube that demonstrate and/or discuss osmosis.

1) This 5-minute video clip from the Muscogee School District first defines osmosis, then shows three states of tonicity, followed by a demonstration using small “cells” of dialysis tubing, one filled with water placed in a sugar solution and the second filled with sugar water and put in plain water to show hypertonicity and the second to show hypotonicity. (http://www.youtube.com/watch?v=7-QJ-UUX0iY&feature=player_embedded)

2) And here is a 45-second time-lapse video clip of the old standard osmosis demo with a vertical tube suspended partway in water, with a piece of dialysis tubing acting as a sack, filled with a sugar water solution (colored blue) covering the bottom opening of the tube. The colored water climbs up the tube due to osmotic pressure. http://www.youtube.com/watch?v=7WX8zz_RlnE
3) Here is a 50-second time-lapse clip of a gummi bear in water almost doubling in size over a 9-hour period, due to osmosis. (http://www.youtube.com/watch?v=txVAsGQXmgs&feature=player_embedded)

4) If you would like to pursue a more mathematical approach, this under 5-minute video clip shows the results of a student experiment involving the mass change over time of three potato slices, 1.0 cm3, 2.0 cm3 and 3.0 cm3 each, setting in water or one of 5 different concentrations of sucrose (0.2–1.0 M by 0.2 increments). The teacher plots the % changes in mass to show hypotonicity, hypertonicity, and interpolates to determine the point on the graph where the solution is isotonic. (http://www.youtube.com/watch?v=nwr134UoVHw)

b. The October 1992 ChemMatters Classroom Guide contains a very simple, reproducible
1-page lab experiment “Osmosis in an Egg”. (And remember, an egg is really only a very large single cell.) The Classroom Guide also provides notes for the experiment. (available in the ChemMatters 30-year CD)
c. Lettuce wilting in the refrigerator and then refreshing when put in water is an example of osmosis in plants: http://www.youtube.com/watch?v=H6N1IiJTmnc (50-second time-lapse video clip of wilted lettuce “coming back to life”)

2. You can use this video clip from the “Big Bang Theory” television show to introduce homeostasis to your class (or forward the link to your biology teacher if you prefer):http://www.youtube.com/watch?v=rY_eXfbTTsg&feature=player_embedded.

3. To show the relationship between volume and surface area, you can have students do the typical biology lab involving gelatin/agar cubes with phenolphthalein and NaOH. (Or if students have done this in biology in a previous class, you can ask them to recall the results. Ask students to draw an analogy between the results of this experiment and the role of volume-to-surface area ratio to the size of ectotherms vs. size of endotherms.

a. This lab description from Flinn Scientific includes teacher preparation and discussion information: http://www.flinnsci.com/Documents/demoPDFs/Biology/BF10110.pdf.

b. This simple experiment merely asks students to compare rate of diffusion of each of three differently-sized cubes, a good stepping off point for the ecto- endotherm discussion: http://library.thinkquest.org/27819/diffusion_lab.html.
c. This lab description page, which requires the student to design the experiment, is suitable for an IB chemistry program: http://chc.wrdsb.ca/sites/chc.wrdsb.ca/files/WS%20Agar%20Lab%20Intro%20%28for%20D%29.docx.

4. Thermoregulation—Provide students with a series of photos of various animals adapting to their thermal environment and ask students to identify each type of thermal adaptation/behavior. You can easily find photos—go online and do an image search for “animal thermoregulation” and cut and paste those suitable for your purposes. Examples might include: turtles sunning themselves on a log, mice huddling together for warmth, dog panting, lizard emerging from burrow, etc.
5. If you want to pursue thermoregulation, and if you subscribe to Exploreelearning, you can investigate this Gizmo: “Homeostasis”, at http://www.explorelearning.com/index.cfm?method=cResource.dspDetail&ResourceID=659. This simulation provides you with lots of variables to investigate as you try to maintain a constant core body temperature in the person on the treadmill. If you don’t have a subscription, you can still get a free trial and maybe have enough time to run the simulation. There is a teacher’s guide and a student exploration sheet and answer key that accompanies the simulation.

6. You can use this video clip from the “Big Bang Theory” television show to introduce homeostasis to your class (or forward the link to your biology teacher if you prefer):http://www.youtube.com/watch?v=rY_eXfbTTsg&feature=player_embedded.

7. This site provides a good overall coverage of homeostasis for students that could be used as the basis of a lesson on the topic: http://sbi4u2013.wordpress.com/category/basic-feedback-mechanisms-thermoregulation/.

OK, now for the chemistry-related activities!

8. To show freezing point depression that occurs in the cells of some ectotherms when they experience extremely cold temperatures, you can do the “making ice cream lab”. Another concept involved here is heat transfer. Here are a few sites: 

a. The introduction to this experiment is somewhat simple for high school, but the directions are spot on: http://www.school.cdfarmsite.com/labs/icecreamlab0506.doc.

b. This page, a free ebook download, from the MyBookez Web site presents a more quantitative approach, utilizing the freezing point depression equation to calculate the expected freezing temperature of the salt-water solution:

http://www.mybookezzz.com/ebook.php?u=aHR0cDovL2l3ZWIudG50ZWNoLmVkdS9EU3dhcnQvVElMTklDRVMvSkNFMTk4OXAwNjY5LnBkZgpRdWFudGlmeWluZyBhIGNvbGxpZ2F0aXZlIHByb3BlcnR5IGFzc29jaWF0ZWQgd2l0aCBtYWtpbmcgaWNlIGNyZWFt. The page is from the Journal of Chemical Education, August 1989 issue, p 669.

c. And in case you just want to show students how it’s done, here is a video from Steve Spangler Science showing the whole process in just over a minute: http://www.stevespanglerscience.com/lab/experiments/homemade-ice-cream-sick-science.

9. Insulation and heat loss lab/demo—this experiment could be used as a starting point for you to draft a set of directions to have students design their own experiments to test the effectiveness of insulation as a means of preventing heat loss: http://eev.liu.edu/heat2002/more/Experiment4.htm.
10. If you want to discuss insulation and its effects in class, you might want to refer to this site: http://www.school-for-champions.com/science/thermal_insulation.htm. It briefly discusses insulation from conduction, convection and radiation. It also includes a table of materials with their respective R-values of insulating ability.

11. Students may be interested in knowing about the insulating properties of the materials they use to hold their morning coffee: “Heat Transfer with Hot Coffee”, http://www.school-for-champions.com/science/heat_transfer_coffee.htm.

12. If you’d like to give a quantitative treatment of the heat involved in warming/cooling the human body, you can find an interactive Web page on the HyperPhysics Web site. It discusses the four primary heat transfer mechanisms that affect heat regulation in human body, and their relative importance. View it a http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/coobod.html#c1.
13. Demonstrations of nucleation sites initiating solidification and freezing, both analogous to nucleating proteins causing freezing in extracellular fluids in ectotherms, preventing the animals’ cells from freezing, allowing the ectotherms to be able to freeze solid and still survive thawing:

a. Supercooled water freezing:

1) How to “make” it (two methods are described here): http://chemistry.about.com/od/chemistryhowtoguide/a/how-to-supercool-water.htm.

2) Video clip (less than 2 minutes with several different ways to solidify the supercooled water: http://www.youtube.com/watch?v=Fot3m7kyLn4. (You may have to watch a 15-second advertisement first.) 

b. Supersaturated sodium acetate solution solidifying:

1) How to make it: http://cldfacility.rutgers.edu/content/crystallization-supersaturated-solution-0. (Note the amounts of sodium acetate and water can be scaled up or down, as long as you maintain a similar ratio of amounts.)

2) Video clip: “Hot Ice”, http://www.youtube.com/watch?v=HnSg2cl09PI&feature=player_embedded.
c. Rock candy forming crystals from supersaturated solution of sugar

1) How to make it: http://www.ehow.com/how_6199355_make-supersaturated-solution-sugar.html, or a less scientific approach that can be done in the kitchen: http://www.buzzle.com/articles/rock-candy-recipe-how-to-make-rock-candy.html.

2) Video clip (less than 2 minutes): http://www.youtube.com/watch?v=W_EJlj-_R3A&feature=player_embedded.

Here’s a 7-minute clip that gives more explanation and lots of options as you proceed: http://www.youtube.com/watch?v=WQdXbf8huuQ&feature=player_embedded.

14. To show the cooling effect of evaporation, create a wet-bulb thermometer by wrapping a piece of paper towel or cotton cloth around the bulb of a thermometer using a rubber band. Soak the paper or cloth with isopropyl (rubbing) alcohol and observe the temperature over the next several minutes. The temperature will drop substantially. You can repeat the experiment using water (new cloth or paper), but the effect will be less noticeable. Nevertheless, it illustrates that energy is absorbed when evaporation takes place.

15. Here is another way of making a hygrometer—a combination of a dry bulb and a wet bulb thermometer in the same instrument: http://pals.sri.com/tasks/5-8/ME405/directs.html.

Wikipedia has a nice discussion about wet bulb temperatures related to relative humidity at http://en.wikipedia.org/wiki/Wet-bulb_temperature.

Out-of-class Activities and Projects (student research, class projects)
1. Students could conduct more online research on human body type and climate.
2. A general rule of thumb is that a chemical reaction’s rate will double with a 10 oC temperature increase. Students could do online research to see if chemical reactivity within ectotherms increases in a similar manner—and whether such an increase in metabolic reaction rate results in a doubling of activity level; e.g., moving twice as fast.

3. Using two identical thermometers, a student could design and carry out demonstrations of heat loss (or gain) by radiation, evaporation, convection, and conduction. 

4. A student could also design a demonstration showing that the surface-volume ratio of an object affects the rate at which heat is lost by any of the above-listed processes.

5. Students could research reverse osmosis as a mechanism for purifying sea water for drinking.
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Web Sites for Additional Information (Web-based information sources)
More sites on homeostasis and thermoregulation

Wikipedia’s Web site discusses animal thermoregulation at length here: http://en.wikipedia.org/wiki/Thermoregulation.

Several SlideShare Web pages contain PowerPoint presentations on homeostasis and thermoregulation:

· This set of slides provides detailed information about many of the mechanisms at work to control internal body temperature in ectotherms and endotherms, including humans: http://www.slideshare.net/winniejuanie/homeostasis-1311062.

· And this slide show deals primarily with human thermoregulation: http://www.slideshare.net/rtrafaelmd/body-temperature-regulation.
· And here’s a very detailed slide show that discusses hypothermia—what it is, how to avoid it, and how to treat it. It’s from Gaelic Wolf Outdoors, which also discusses outdoor gear and survival: http://www.slideshare.net/Annie05/hypothermia-class-presentation. (I couldn’t find the organization’s actual Web site.)

This 9-plus pages site shows the complexity of the theory of set point temperature; it’s not as easy as it looks at first: http://faculty.washington.edu/brengelm/neut_zone/indxpg.html#methods.

More sites on differences between ectotherms and endotherms

This Web site differentiates between ecto- and endotherms; it contains specific infrared photos that show the differences in core body temperatures between ectotherms (cold-blooded animals) and endotherms (warm-blooded animals) in the same temperature environment: http://coolcosmos.ipac.caltech.edu/image_galleries/ir_zoo/coldwarm.html. The site also contains text explaining the photos.

This is a good basic PowerPoint about the differences between ecto- and endotherms: http://www.liberty.k12.mo.us/~rknowles/A%20P%20Biology%20PowerPoints/APBiologyChapter40Basic%20PrinciplesofAnimals.pptx.

Here is an article describing the various mechanisms that animals (both ecto- and endotherms) use to regulate body temperature: http://www.umassk12.net/ipy/sess09/Thermoregulation%20article.pdf.

More sites on animal adaptation

This site from the U Mass k-12 network, provides good background on ways ecto- and endotherms adapt to temperature changes in their environment. The paper includes methods not mentioned in the ChemMatters article. (http://www.umassk12.net/ipy/sess09/Thermoregulation%20article.pdf)

Here is a PowerPoint presentation on ways animals adapt to extreme temperature: http://www.indiana.edu/~nimsmsf/P416/Powerpoint/TemperaturePART2.ppt.

Ultimate Wildlife’s 24-minute video shows various animals’ mechanisms of adapting to cold climates: http://www.youtube.com/watch?v=10nWekYvdU8. Included in the video are macaques, hummingbirds, polar bears, penguins, crocodiles, and cranes 


This video from Ultimate Wildlife, Extreme Environments, shows deserts, volcanoes, swamps and glaciers, and it contains a short clip on camels, illustrating some of the features of camels discussed in the Teacher’s Guide above. The video also covers plant adaptations in these environments. (http://www.youtube.com/watch?v=TKTjDrleFKs)


An animal physiology class project at Davidson University resulted in the development of this Web site to discuss freeze-tolerance and freeze-avoidance in insects: http://www.bio.davidson.edu/people/midorcas/animalphysiology/websites/2011/Crouser/index.htm. Both processes utilize nucleating proteins to avoid cellular freezing.


This site from a University of Calgary short course on cryobiology discusses freeze tolerance and freeze avoidance in ectotherms. It discusses nucleating proteins and shows the effect of nucleating proteins on water freezing, and it also describes the actual process that occurs in a frog as it responds to sub-zero temperatures, and its reanimation as the temperature warms up again. (http://people.ucalgary.ca/~kmuldrew/cryo_course/cryo_chap12_2.html)

This is a good description of the various coping strategies endotherms have for freeze tolerance and freeze avoidance at sub-zero temperatures: 

http://flynnthecat.hubpages.com/hub/freezing-strategies. (references and bibliography included)


This is the site from Davidson University cited in the background information section above: http://www.bio.davidson.edu/people/midorcas/animalphysiology/websites/2011/Crouser/index.htm.

More sites on hibernation 


A 25-minute video clip from Ultimate Wildlife deals with animal hibernation: http://www.youtube.com/watch?v=pfL1WdOpZEA. A large portion of the video focuses on bees, echidnas, bullfrogs, lungfish, marmots, and toads, and their adaptation to cold.

This ThinkQuest (by students for students) Web page describes the four types of “deep sleep”, including hibernation and estivation: http://library.thinkquest.org/TQ0312800/estivation.htm. 
More sites on supercooling and nucleation sites 

The following three links show the phenomenon of supercooled water freezing almost instantaneously:

· This one is from St. Joseph Island, Canada: http://www.youtube.com/watch?v=O47-QOWRTrk&feature=player_embedded&noredirect=1. The observer on this one says he doesn’t understand why it happens; this might be good for students to begin hypothesizing and/or researching.

· Here is one from a science skills class at Lenape High School, Medford, NJ: http://www.youtube.com/watch?v=Fot3m7kyLn4.

· And here is a series of 4 very short experiments done by one person: http://www.youtube.com/watch?v=Xe8vJrIvDQM&list=PL0FD43B4F3E1C3B8B.

· And finally, if you don’t have access to YouTube, here is a short clip from the University of Utah: http://www.eng.utah.edu/~lzang/images/supercooled-water.avi.

Although it contains a rather simple discussion, this site from wiseGEEK.org provides a short, basic description of nucleation, with several examples of phenomenon using nucleation sites: http://www.wisegeek.org/what-is-nucleation.htm.


The following sites illustrate a supersaturated solution of sodium acetate solidifying on a small sodium acetate crystal acting as a nucleation site: 

· From Flinn Scientific, Inc., here is a 10-minute video that discusses how to make a saturated solution of sodium acetate and several different demonstrations you can do with it, as well as tips of the trade to ensure successful demonstrations: http://www.youtube.com/watch?feature=player_embedded&v=KFO88CMfaFA. The video is prepared for teachers, but you could take clips from the video to show students.

· And here is a 50-second up-close clip of a seeded flask of supersaturated sodium acetate crystallizing out. There is no explanation, and its YouTube title is “Hot Ice”, so it will require explanation to students. Long needle-like crystals form. (http://www.youtube.com/watch?feature=player_embedded&v=BLq5NibwV5g)

More sites on osmosis 
Paul Anderson from Bozeman presents an 8-minute video clip explaining diffusion and osmosis, showing an experiment using dialysis tubing, the sugar-water and potato experiment, including a glucose test and an iodine test: http://www.youtube.com/watch?v=LeS2-6zHn6M.

More sites on measuring, and variations of, human body temperature 
The concept of “normal” human body temperature is discussed at length here: http://en.wikipedia.org/wiki/Normal_human_body_temperature.

These lecture notes provide some background information about human adaptability to temperature variations: http://www.uic.edu/classes/osci/osci590/10_10Notes%20for%20Week%2010.htm.

More sites on human biological adaptability 


The site Human Biological Adaptability discusses many different ways humans have adapted to their ever-changing environment. The site contains a section on “Adapting to Climate Extremes” at http://anthro.palomar.edu/adapt/adapt_2.htm. Included in the topics are Bergmann’s rule and Allen’s rule. The site also has a 14-question practice quiz at the end of the material.

More sites on cooling the human body
Here’s a downloadable Heat Index table from the National Weather Service: http://www.nws.noaa.gov/om/heat/images/CHART05.JPG.


The very extensive HyperPhysics Web site contains a section devoted to thermodynamics, and within that, several pages that apply directly to this article:

Here’s a page that discusses relative humidity: http://hyperphysics.phy-astr.gsu.edu/hbase/kinetic/relhum.html#c1.

This section deals with the quantities of heat involved in the various methods of heat transfer in/out of the body: http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/coobod.html#c1.
And this page discusses perspiration and its role in cooling the body: http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/sweat.html. The page allows you to investigate the relative cooling done by conduction, convection, radiation, and evaporation.

More sites on non-shivering thermogenesis and BAT

For a January 2011 article from the Journal of Experimental Biology that details research done on mice re: nonshivering thermogenesis, see http://jeb.biologists.org/content/214/2/242.full.


This study from the American Journal of Physiology discusses the role of nonshivering thermogenesis in temperature regulation in humans, with possible connections to weight control and control of diabetes: http://ajpregu.physiology.org/content/301/2/R285.long.


Here’s a Web page from Biomedical Hypertexts, from the University of Colorado, that discusses the differences between white fat and brown fat (BAT), and the role BAT plays in metabolism: http://www.vivo.colostate.edu/hbooks/pathphys/misc_topics/brownfat.html.

Another report, this one in Cell Metabolism, supports the research being done on the role of BAT in development of diabetes and weight gain: http://www.sciencedirect.com/science/article/pii/S155041311000077X.

Here’s another report from the American Journal of Physiology discussing nonshivering thermogenesis: http://ajpendo.physiology.org/content/293/2/E444.full.

More sites on energy and equipartition theory 


An Australian Web site by Peter Eyland contains a series of physics lectures, one of which is devoted to the equipartition of energy theory. View it at http://www.insula.com.au/physics/1221/L9.html.

This sub-chapter of the chapter “Chemical Energetics” from the Chem 1 Virtual Textbook: A Reference Text for General Chemistry, by Steven Lower, highlights the role of molecular complexity in degrees of freedom within molecules: http://www.chem1.com/acad/webtext/energetics/CE-3.html.

More Web Sites on Teacher Information and Lesson Plans (sites geared specifically to teachers)


The Web site for “chem 1 virtual textbook” by Steve Lower (Simon Frazier University, Vancouver, Canada) contains a complete first-year general chemistry textbook. It contains lots of diagrams, as well as appropriate references to lectures on specific topics from the Khan Academy and other online references). You can view it at 

http://www.chem1.com/acad/webtext/virtualtextbook.html.


The Khan Academy has a series of lectures on the First Law of Thermodynamics, and Internal Energy at https://www.khanacademy.org/science/physics/thermodynamics/v/first-law-of-thermodynamics--internal-energy. The Web site also has extensive coverage of many science-based (and other) topics.

Why Cold Doesn’t Exist
Background Information (teacher information)
More on the motion of particles 


One important idea in the article is that all particles are in motion and, therefore, have thermal energy. In order to understand this concept, students should first understand the Kinetic Molecular Model (KMM). In many chemistry textbooks this is presented in a chapter on gases and is called the Kinetic Theory of Gases. However, the model can be applied to solids and liquids as well as gases. There are multiple versions of KMM in circulation, each with small variations, but the essential components are these:

1. All matter can be thought of as a collection of discrete particles.

2. Each particle is too small to be seen individually.

3. There are spaces between the particles.

4. The particles are in constant, random motion. 
5. There are forces of attraction between the particles.
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In any chemistry course students should have a mental model of matter that corresponds to these key components. If you lead students to make the tentative assumption that all matter is particulate there are activities you can do to reinforce that basic assumption—that is, provide evidence for the concept. Visuals like the one at right may help students to think about solids, liquids and gases as particulate. 

With that fundamental idea in mind you can have students make a series of observations to develop the remaining KMM ideas. For example, if you dissolve salt in water the salt disappears. But if you evaporate the water the salt remains, indicating that it was there all along. You can lead students to the idea that the particles making up the visible granular salt separated into individual particles that were invisible. To develop the idea that here are spaces between the particles you might consider doing the “shrinking liquids” activity (see “In-class Activities”, #2).
Key to this article is the particle motion component of the model. You can refer to the classic Brownian motion experiment (see “In-class Activities”, #5), and the work that Einstein did to confirm the motion of molecules. It is likely that background on molecular motion can be found in chemistry textbooks under topics like reaction mechanisms, gas laws, change of phase and other topics. The fact that particles (atoms and molecules) are in motion means that the particles collide with each other (and in the case of liquids and gases with the walls of their container). As the article describes, these collisions change the direction and velocity of particles. It is also important to note that the collisions are described as being “perfectly elastic.” That is, when the collisions occur no energy is lost. As a side note in the context of this Teacher’s Guide—collisions between particles is an important concept for students to have in order to understand how chemical reactions occur. 

The article notes that the motion of the particles means that each particle has its own kinetic energy and that some particles are moving faster or slower than others. Since it is not possible to measure the kinetic energy of individual particles, we use a thermometer to measure the average kinetic energy of the particles in a substance. See “More on temperature” below.
The article also describes the change of phase for a melting ice cube. In order to fully understand change of phase, students must also know that there are intermolecular forces of attraction between particles—hydrogen bonds and van der Waals forces. And these forces constrain the motion of particles to varying degrees depending on whether the substance is a solid, liquid or gas. And further, energy (perhaps in the form of heat) is required to overcome the intermolecular forces. Further discussion of these ideas will appear in later sections of this Teacher’s Guide. 

More on heat 

Your students should know the law of Conservation of Energy, which says that the total amount of energy in the universe is constant. That is, energy cannot be created or destroyed. Energy can, however, be transferred from one substance (or system) to another, or it can change form. Examples of energy transformations include a light bulb (electricity to light and heat), an exothermic chemical reaction like combustion (chemical potential to heat), expansion of gases according to Charles’ Law (heat to work) and many others. For the purposes of this article and Teacher’s Guide the emphasis will be on energy transfer between substances. 

Heat flow at a macroscopic level is a well-defined phenomenon which can be described by quantitative laws. The First Law of Thermodynamics is simply the Law of Conservation of Energy applied to heat. It says that the change in internal energy of a system is equal to the heat added to a system minus the work done by the system. The equation can be expressed:


ΔU = Q + W

where U is internal energy, 

Q is heat added to or removed from the system and 

W is work done on or by the system. 

Note that ΔU can be expressed as Energy(final) – Energy(initial), a form more familiar to chemists. The law is easiest to see if there is no work done on or by the system. In that case the change in internal energy is equal to the heat flow, the situation described in the article. Also note that in the examples of heat flow described in the article, no chemical changes take place. The ideas described here, however, do relate to chemical changes. Enthalpy, entropy, Hess’s Law, bond energies and calorimetry are all connected to the First Law. For a thorough discussion of these issues, see http://www.chem1.com/acad/webtext/energetics/.


So we know from the First Law that as the internal energies of substances change, heat flows. But what directs the flow? The Second law of Thermodynamics tells us. It says that heat always flows from the substance with the higher temperature to the substance with the lower temperature and never the other way around. This is the central idea of the article. The energy flow between two substances with different temperatures is called heat and we can predict its flow by looking at the temperatures. Follow this concept to its logical conclusion to get the idea stated in the article’s title: there is no physical entity defined as cold.


The Second Law has a second consequence. It suggests that we cannot remove all of the internal energy from a given substance at a given temperature. Some of it will be “lost” as a result of heat flow between the substance and its surroundings. For example, if we try to remove all the internal energy from 1.0 liter of water we will see that while we are conducting the experiment some of the heat we wish to capture will inevitably flow to the water’s container and, therefore, not be available for our use. So, in fact, no heat flow is 100 per cent efficient. 

A consequence of this concept is that the system in our example becomes more disordered. That is, the entropy (S) of the system (in this case the water and its container) increases. So the Second Law tells us something about entropy in addition to heat flow. NASA provides some additional details:

We can imagine thermodynamic processes which conserve energy but which never occur in nature. For example, if we bring a hot object into contact with a cold object, we observe that the hot object cools down and the cold object heats up until an equilibrium is reached. The transfer of heat goes from the hot object to the cold object. We can imagine a system, however, in which the heat is instead transferred from the cold object to the hot object, and such a system does not violate the first law of thermodynamics. The cold object gets colder and the hot object gets hotter, but energy is conserved. Obviously we don't encounter such a system in nature and to explain this and similar observations, thermodynamicists proposed a second law of thermodynamics. Clasius [sic], Kelvin, and Carnot proposed various forms of the second law to describe the particular physics problem that each was studying. The description of the second law stated on this slide was taken from Halliday and Resnick's textbook, "Physics". It begins with the definition of a new state variable called entropy. Entropy has a variety of physical interpretations, including the statistical disorder of the system, but for our purposes, let us consider entropy to be just another property of the system, like enthalpy or temperature. 

The second law states that there exists a useful state variable called entropy S. The change in entropy delta S is equal to the heat transfer delta Q divided by the temperature T. 

Δ S  =  Δ Q / T 

For a given physical process, the combined entropy of the system and the environment remains a constant if the process can be reversed. If we denote the initial and final states of the system by "i" and "f": 

Sf  =  Si (reversible process) 

An example of a reversible process is ideally forcing a flow through a constricted pipe. Ideal means no boundary layer losses. As the flow moves through the constriction, the pressure, temperature and velocity change, but these variables return to their original values downstream of the constriction. The state of the gas returns to its original conditions and the change of entropy of the system is zero. Engineers call such a process an isentropic process. Isentropic means constant entropy. 

The second law states that if the physical process is irreversible, the combined entropy of the system and the environment must increase. The final entropy must be greater than the initial entropy for an irreversible process: 

Sf  >  Si (irreversible process) 

An example of an irreversible process is the problem discussed in the second paragraph. A hot object is put in contact with a cold object. Eventually, they both achieve the same equilibrium temperature. If we then separate the objects they remain at the equilibrium temperature and do not naturally return to their original temperatures. The process of bringing them to the same temperature is irreversible. 

(http://www.grc.nasa.gov/WWW/k-12/airplane/thermo2.html)

Observing heat flow at the macroscopic level, then, we see that ideally the energy is conserved and that heat always flows from higher temperature to lower temperature. In other words, cooling down and warming up occur via the same mechanism—heat transfer from a higher temperature to a lower temperature. The substance with the initial higher temperature cools down and the substance with the initial lower temperature warms up. The end result of heat flow is thermal equilibrium with both substances at the same temperature. At this point there will not be any heat flow between them. If we measured the change in temperatures during the heat flow, we would see temperatures looking something like this:
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(http://www.physicsclassroom.com/class/thermalP/u18l1d.cfm) 
Both substances in the example above will have the same temperature at the end of the process, since they are at thermal equilibrium. 


You may wish to note to your students that for simple heat transfer examples we can calculate the amount of heat that flows in or out of a substance using an equation that appears in most high school chemistry textbooks: 

Q=CpmΔt

Where Q = heat transfer, 

Cp = the specific heat of the substance, 

m = the mass of the substance and 

Δt = change in temperature. 

You may have to remind students that specific heat is defined to be the heat required to raise the temperature of one gram of substance 1oC and that the units are kJ/(g x oC). 

More on the history of heat


Science did not always believe that heat is related to molecular motion. The ancients had their views on heat, primarily as it related to fire. Fire was, of course, one of the Greek elements. The Greek philosopher Heraclitus suggested that, of the four elements, fire was the controlling element since it caused changes to occur in the others. Other ancients attributed heat to the heart, the sun, friction and general motion. When Joseph Black discovered via experimentation that heat could melt ice without changing its temperature, the notions of heat and temperature were first distinguished. Newcomen and Watt established a relationship between heat and work and in the 1600s Johann Becher proposed that heat was associated with phlogiston. In the 1700s, when Lavoisier connected oxygen with burning, the phlogiston theory was discarded.

However, Lavoisier replaced the heat-phlogiston theory with the theory of the Caloric, a substance with no mass that could enter and leave other substances. Carnot adopted this concept and applied it to his theories about heat transfer. Also in the 1700s, however, Bernoulli advanced the kinetic theory of gases which led to the idea that the motion of molecules was responsible for the transfer of heat (the idea described in the article). Clausius followed Bernoulli’s ideas in formulating the Law of Conservation of Energy which included the concept of internal energy, that is, the energy of the molecules of the substance. In the mid-1800s William Thomson affirmed the idea that heat was equivalent to mechanical work, an idea that was further advanced forty years later by Benjamin Thompson (Count Rumford) when he connected the concept of heat with the motion of particles. Later, Joule’s experiments consolidated the connection between heat and the motion of particles.

It was the work of James Clerk Maxwell that finally sealed the fate of Caloric Theory when in the late 1800s Maxwell published The Theory of Heat in which he created a framework for what we now know as thermodynamics. Maxwell suggested that if two substances were in contact, separated only by a thin wall with a door, and the particles of the two substances were traveling at different velocities, then if a hypothetical character called Maxwell’s demon were to open the door in the wall, faster-moving particles would pass through in one direction and slower-moving particles would pass through in the other direction, eventually creating an equilibrium. We know now that it is not the exchange of particles but collisions between particles of differing velocities that allows energy to be transferred. However, Maxwell’s work dealt a fatal blow to the Caloric Theory.

More on temperature



In a previous section of this Teacher’s Guide we characterized matter as being made up of atoms or molecules that are in constant random motion. This motion at the molecular level gives the substance most of its internal energy in the form of kinetic energy. Recall that kinetic energy is defined to be: KE = ½ mv2, where m is the mass of the object and v is its velocity. We measure this kinetic energy by means of temperature. Temperature is defined to be a measure of the average translational (or linear) kinetic energy of the atoms or molecules of a substance. It is an average because individual particles in the substance are moving at different velocities. We include the term “translational” here because, in addition to linear motion, particles also undergo both vibrational and rotational motion, but these latter two are not usually included in the temperature of a substance.

Picture a sample of a substance. It is composed of molecules, each of which is in motion. Perhaps you can use a short simulation to help you and your students visualize this behavior: http://www.youtube.com/watch?v=PZABxdkN1Cs . As noted above, the particles have a range of velocities. The distribution at 27 oC (300 K on the graph below) would look like the curve with the taller peak. Even though there is a distribution of velocities, the most probable velocity corresponds to a temperature of 300 K. If the substance is heated to 1200 K the most probable velocity moves further out the temperature axis, but there is still a range of molecular velocities. In both cases some molecules are moving faster and some are moving slower. The temperatures represent the average kinetic energy of the molecules. 

(http://sholtoainslie.wordpress.com/portfolio/graphs/maxboltzcrv/)

[image: image40.png]kelvins

Water _ 373
boils

Water _
freezes

0





This representation of molecular velocities is known as the Maxwell-Boltzmann distribution.

In a discussion of internal energy and heat, temperature is important not only because it measures the internal energy but because it tells us the direction of heat flow between two substances, as discussed in the article. If two substances at different temperatures are in contact, heat will flow from the substance at the higher temperature to the substance at the lower temperature until the two substances reach a thermal equilibrium. This is the primary reason behind the central idea in the article that there is no such thing as cold. The “colder” substance always receives the heat from the warmer substance, not the other way around. At the molecular level the faster-moving particles of the warmer substance collide at random with the slower-moving particles of the colder substance and in doing so transfer some energy—heat—to them. See diagram below. As a result, the faster-moving particles slow down and the slower-moving particles speed up, and the process continues until both sets of particles are moving at the same average velocity. That is, the substances are at the same temperature. They are in thermal equilibrium and no heat flows.
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     http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/temper2.html#c1
The relationship between temperature and the direction of heat flow is formally known as the Second law of Thermodynamics. Recall that the First Law of Thermodynamics is the application of the Law of Conservation of Energy to thermodynamics. 

Thermometers and temperature scales—If temperature is a measure of particle velocity, how is temperature measured? As most of your students will know, temperature is measured using a thermometer. Although there are a variety of thermometers, the standard laboratory thermometer is essentially a sealed glass tube with a very narrow bore and a reservoir of liquid at one end. In order to measure the temperature of a substance the thermometer is immersed in the substance so that the reservoir is completely surrounded by the substance. The liquid in the reservoir, like all liquids, expands and contracts as heat is added or removed. The liquid reservoir opens into a very narrow tube that travels the length of the thermometer so that as the liquid expands or contracts the changes in the height of the liquid in the tube are visible to the naked eye.
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http://home.howstuffworks.com/therm1.htm 

In order to understand how the thermometer works we need to refer back to the Kinetic Molecular Model (see “More on the motion of molecules”). The thermometer (the glass and the liquid) is made up of particles that are moving with a range of velocities. When the thermometer is immersed in a substance, the thermometer and the substances are in contact. The article describes what will happen next. Particles of the substance will collide with particles of the thermometer. If the particles of the substance are moving more rapidly than the particles making up the thermometer, heat will be transferred to the thermometer, speeding up its particles. And if the particles of the substance are traveling more slowly than those of the thermometer, heat will flow from thermometer to the substance and the observed temperature will decrease. As noted above, when a liquid is heated it expands so the liquid in the reservoir will expand. But it expands into the narrow tube making up the length of the thermometer. What we see is the liquid rising in the tube. When the thermometer and the substance come to thermal equilibrium (when their temperatures are equal) the liquid remains at a certain level in the tube and we read that level as the temperature of the substance.


Anyone, then, can make a thermometer and use any numbering system they choose. However, for resulting temperature measurements to be consistent across multiple users there must be a standard method of calibration. That is, a reading of, say, 20o on one thermometer must represent the same average molecular motion as a 20o reading on any other thermometer. There must be a standard set of conditions used to calibrate all thermometers. Suppose we choose two conditions that are easily obtainable under normal circumstances—the freezing point of water and the boiling point of water. Let’s calibrate our thermometers at sea level where atmospheric pressure equals 1 atm or 101 kPa, since we known that altitude affects boiling point. We immerse our thermometer in an ice-water mixture that is at equilibrium and mark on the thermometer the level of whatever liquid we are using in the thermometer. Then we immerse the thermometer in boiling water, allow the thermometer to come to thermal equilibrium with the boiling water, and again mark the level of liquid in the thermometer. We now have two standard points on the thermometer, and we can divide that distance up into whatever number of equal parts we choose. We can call each of those small divisions a “degree” or in the case of the Kelvin scale, a “kelvin”.

But what scale and what numbers will we use for the temperature? That depends on which temperature scale we choose—Fahrenheit, Celsius or Kelvin. Gabriel Fahrenheit developed a temperature scale in the early 1700s that was based on two conditions. The first was a mixture of ice, salt and water which he thought was the lowest possible temperature. Fahrenheit called this temperature 0o. He used body temperature and thought that it was 96o. So 0o and 96o were Fahrenheit’s standards. On this scale water froze at 32 oF and water boiled at about 212 oF.

Soon after Fahrenheit’s work, Anders Celsius established a temperature scale based on the freezing and boiling points of water with 100 equal divisions between (it was called the “centigrade” scale because of the 100 divisions). Originally Celsius called the freezing point 100o and the boiling point 0o, but these were reversed soon after his death in 1745.
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In the early 1800s the relationship between the temperature and volume of a gas had been established by Charles and Gay-Lussac (and based on the much earlier work of Amontons). If we plot the temperature of the gas vs. its volume and determine the slope of the resulting curve, the y-intercept of the curve is -273 oC, suggesting that when the gas reaches a temperature of -273 oC it would have zero volume The logical explanation for this is that at this temperature all molecular motion would cease, meaning the particles of the gas would no longer be moving so that the gas couldn’t occupy space via the translation of the molecules. That led William Thomson, later to be known as Lord Kelvin, to theorize that -273 oC was the lowest attainable temperature, and to establish a temperature scale with -273 oC as the lowest possible temperature and each “degree” (now a “kelvin”) equal to 1 Co. Using this temperature scale we can say that molecular motion is directly proportional to the Kelvin temperature.

See the diagram at right for a comparison of the three temperature scales.

http://www.windows2universe.org/physical_science/physics/thermal/kelvin_temperature_scale.html 

There are also other types of thermometers. To read a ChemMatters article on thermometers, see http://www.acs.org/content/dam/acsorg/education/resources/highschool/chemmatters/archive/december-2006.pdf . For more on types of thermometers see “More sites on temperature,” below.
More on intermolecular forces

The initial example of thermal energy exchange given in the article involves adding an ice cube to a soft drink. These are, in fact, two substances at different temperatures and so fit the model being presented for thermal energy exchange. Heat does flow out of the soft drink and into the ice cube. And the temperature of the soft drink decreases, but what happens to the temperature of the ice cube? We know that its temperature remains constant. So the ice cube is being heated but, as the article states, its temperature remains at 0 oC. We know that energy is flowing into the ice cube. What is happening to that energy?


We need to consider two major ideas about the ice. The first is that, as the article mentions, the particles of the ice (and the soft drink) are moving not only in a straight line—translational motion—but they are also vibrating and rotating. Remember that temperature measures translational motion only. So we tend to think that when the temperature increases, the translational motion increases. This is true, but vibration and rotation also increase with temperature, effectively preparing the solid to undergo a phase change. So when energy flows into a substance which is undergoing a phase change the energy is converted not to kinetic energy but to potential energy as the vibration of the particles increases in order to overcome attractive forces between the molecules.

The second idea that is important here is that those attractive forces do, in fact, hold the particles of solids (and liquids) together. The forces are strongest in solids, less so in liquids and essentially negligible in gases. In order to overcome those stronger forces in a solid and convert the solid to a liquid, energy must be added to the solid, not to raise its temperature but to overcome the attractive forces. This amount of energy for ice is 6.01 kJ/mol, the molar heat of fusion for ice.

H2O(s) → H2O(l)   (@ 0°C)     ΔHm = + 6.01 kJ/ mol
What, then, are these attractive forces that keep the water molecules in their crystal lattice as ice? The ChemMatters October 2005 Teacher’s Guide for the article, Rohrig, B. The Amazing Drinking Bird. ChemMatters 2005, 23 (3), pp 10–11, describes them. 

There are three types of intermolecular forces in liquids. They are (in order of increasing strength) London dispersion forces, dipole-dipole interactions, and hydrogen bonds. The relative energies of intermolecular forces is much less than covalent or ionic bonding energies. The following chart gives an approximation of the relative strengths in kJ/mol: 

Covalent bonds 100–1000 

Hydrogen bonds 10–40 

Dipole-dipole 0.1–10 

London forces 0.1–10 

While covalent bond energies range from 150 to 800 kJ/mol, the energy required to overcome intermolecular attractions are usually less than 40 kJ/mol. For example, it takes 464 kJ/mol to break the H--O bonds within a water molecule and only 41 kJ/mol to break the bonds between water molecules. The energy required to vaporize a liquid is the energy needed to break these intermolecular attractions. 
London dispersion forces (one of the three forces that are, in aggregate, known as van der Waals forces) arise from temporary charges that arise in non-polar molecules involving atoms with larger number of electrons. Dipole-dipole interactions (the second type of van der Waals forces) are electrostatic forces created by the partial positive and negative charges within neighboring molecules that exhibit some degree of polarity. Hydrogen bonds (the last of van der Waals forces) are the best known of the three and are the attractions between a polar covalently bonded hydrogen atom in one molecule and an electronegative atom with one (or more) nonbonding pair(s) of valence electrons in a neighboring molecule. Hydrogen bonding occurs most often in covalently bonded molecules involving nitrogen, oxygen, fluorine and chlorine.

(http://www.acs.org/content/acs/en/education/resources/highschool/chemmatters/past-issues.html)
In the water molecule it is primarily hydrogen bonds that create ice’s crystal lattice structure. And it is the hydrogen bonds that demand that “extra” energy to enable the solid ice to become liquid water.
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For every mole of water melted we must add 6.01 kJ of thermal energy just to overcome the attractive forces holding the water molecules in the hexagonal lattice structure we associate with ice (see diagram at right). Adding this energy changes the arrangement of the molecules and so changes their potential energy. Remember that thermometers do not respond to changes in potential energy so while the ice cube is changing phase the temperature remains constant at 0 oC. 

 In the article example there is ice remaining when the scenario ends so the final temperature is 0 oC, the melting point of ice. In reality that is unlikely to be the final temperature of the system because while the soft drink is losing thermal energy to the ice, it is gaining energy from the air around it. Collisions are taking place between molecules of the air and the soft drink container, the air and the soft drink itself, and since the air temperature is likely higher than that of the soft drink, heat is being added to the soft drink. Left for some period of time, the ice will all melt and the ice-soft drink energy exchange will cease, but the air-soft drink exchange continues until they reach a thermal equilibrium—most likely back at room temperature unless the soft drink is consumed beforehand.


Something similar can be said for the example given at the end of the article about dipping a finger into water and waving it in the air. Instead of a solid-liquid phase change like the ice-soft drink example early in the article, this is a liquid-gas phase change. Particles in liquids are held together by intermolecular forces, and this is especially true in water where hydrogen bonds exert significant attractive forces between water molecules. 

 In this case some of the water molecules—those with higher kinetic energy—are moving rapidly enough to overcome the relatively strong intermolecular forces holding the water molecules together. What we observe at a macroscopic level is that water is evaporating. The water left behind on your finger is at a slightly lower temperature (remember that temperature is a measure of average kinetic energy and some of the molecules with higher kinetic energy have just left, resulting in a lower average kinetic energy—temperature—for the water left behind). Since the water and your skin are in contact, energy is transferred from your warmer skin to the cooler water. Again, at a macroscopic level your skin feels cooler because energy has been removed.
More on methods of heat transfer


The article focuses on heat transfer between two substances that are in contact—the ice cubes and the soft drink. The transfer of energy depends on the collisions between the molecules of warmer soft drink and the molecules of the cooler ice cubes, and this requires that the two be in direct contact. The heat is transferred via collisions between molecules of the two substances in contact. The term applied to this type of heat transfer is conduction. It is the main method of heat transfer involving solids since the particles in a solid are close to each other. Of the three phases of matter, solids are the best conductors of heat. Earlier sections of the Teacher’s Guide explain this method of heat exchange.


Because the particles in liquids and gases are farther apart, there are few collisions between the particles of liquids and gases, making poor heat conductors (and better insulators). But heat can be transferred in liquids and gases by convection. In this method the liquid or gas transfer heat by the bulk movement of the fluid; that is, a mass of liquid or gas moves from place to place carrying energy with it.


Consider an example—a pot of water on the stovetop. When the burner is turned on heat is applied to the pot which conducts heat from its outside surface to inside. The heat is then transferred to the water near the bottom of the pot by conduction. As that bottom mass of water is heated it expands and consequently its density decreases. That bulk mass of water now has a lower density than the water surrounding it. So the heated water rises toward the water surface, while cooler surrounding water descends to replace the now unoccupied volume. The rising heated water carries energy toward the water’s surface, and cooler surface water moves downward to be heated by the bottom of the pot. As this process continues, currents of water move throughout the sample, distributing heat as its moves. These are called convection currents and they are critical for the movement of energy in the atmosphere, the hydrosphere and the lithosphere. Convection is the main method of heat transfer in the environment. This method should not be confused with the Caloric Theory of Heat mentioned earlier in this Teacher’s Guide. In the Caloric Theory it was the zero-mass fluid called heat that was thought to move in and out of substances. In convection bulk parts of the fluid matter itself moves carrying heat with it.


The third method of heat transfer is radiation. In this case the energy is transferred by means of electromagnetic waves. All substances at temperatures above 0 K radiate energy at a range of wave lengths, but primarily in the form of infrared or heat. Since atoms and molecules and their electrons are in motion, colliding with each other and, therefore, accelerating, they radiate electromagnetic energy. Note that in the diagram of the electromagnetic spectrum below, as the temperature of the emitting body increases the frequency of the predominating radiation also increases. For objects at temperatures commonly found on the earth, the radiation is in the infrared or heat range. So we say that all bodies here on Earth radiate heat.
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The diagram below further indicates the emission spectrum for a black body at 300 K (27 oC). All of its radiation is in the infrared range, which includes wave lengths from 1 µm to 1000 µm.
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Of course, all objects are also able to absorb energy. So, objects (or substances) are both radiating energy to their surroundings, provided the surroundings are at a lower temperature, and absorbing energy from surroundings that are at higher temperatures.


The unique aspect of heat transfer by radiation is that energy can be transmitted through space (which is essentially a vacuum) in this manner. The energy from the Sun is radiated to Earth via radiation. Radiation does not require a material medium to transfer energy.

So although the article emphasizes heat transfer by conduction it may also be transferred by convection or radiation.

Connections to Chemistry Concepts (for correlation to course curriculum)
1. Thermochemistry—Much of the thermodynamics presented in this article provides important background for many thermochemistry concepts.

2. Temperature—Temperature and kinetic energy are central concepts in this article.

3. Kinetic energy—All three methods of heat transfer, including conduction described in the article, are based on the kinetic energy of the particles of a substance.

4. Potential energy—Two of the examples used in the article depend on change of phase, and the energy exchange in change of phase involves potential energy.

5. Kinetic molecular model—The basic concept underlying this article is that the random motion of particles in a substance and the accompanying internal energy provides the basis for heat flow.

6. Intermolecular forces—These forces hold molecules together and they come into play when changes of phase occur.
7. Change of phase—It is important for students to understand the basic ideas behind change of phase so that they can understand the examples given in the article.
Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “I thought there was such a thing as cold. The article says there is no such thing.” The main point of the article is to dispel this misconception. If we define internal energy in terms of the motion of atoms and molecules (in addition to the potential energy stored in molecules), then as particles move faster or slower, the substance has more or less internal energy. And when substances with different internal energies (as defined by their respective temperatures) come in contact, heat is transferred from the substance with the higher temperature—the warmer substance—to the substance with the lower temperature—the colder substance. 
2. “How can there be different temperature scales? Aren’t all temperatures the same?” The confusion here results from having several different temperature scales. The numbers we put on a thermometer are arbitrary. So if we place a thermometer in boiling water (at sea level) the molecules of water will always behave the same way. What we call the level of the liquid in that thermometer is up to us. Fahrenheit called it 32o, but Celsius called it 0o— resulting in two different numbers to describe the same conditions. The two different numbers represent the same conditions in the matter—water boils. 

Anticipating Student Questions (answers to questions students might ask in class)
1. “What’s the answer to the ‘pop quiz’ at the beginning of the article?” The answer is “a.” Heat is transferred from the soda to the ice. The central idea in this article is that heat is always transferred from the substance with the higher temperature to the substance with the lower temperature. Since the ice is at the lower temperature, heat flows into it. Because the ice makes the soft drink colder, it may seem like cold is flowing into the soft drank, but in reality there is no such thing as cold. 
2. “What’s the difference between kinetic and potential energy?” Kinetic energy is energy possessed by a moving object. If we are dealing with atoms and molecules, temperature is directly related to kinetic energy. An increase in temperature means an increase in the kinetic energy of those particles. Potential energy is best described as energy of position. In order to increase the distance between atoms or molecules, energy must be added. If the distance between particles decreases, then their potential energy decreases. A useful analogy is to think of masses that move away from or toward the earth. To move a mass farther from the earth, an input of energy is needed—there is an increase in the potential energy of the mass. For that same mass to move closer to the earth, the mass gives up some energy of position, potential energy.
In-class Activities (lesson ideas, including labs & demonstrations)
1. Students can make their own thermometers in class using one of many procedures available on the web, like http://home.howstuffworks.com/therm1.htm or http://www.hometrainingtools.com/make-thermometer-science-project/a/1533/ or http://pbskids.org/zoom/activities/sci/thermometer.html. 

2. A simple demonstration to show students that there are spaces between molecules is the alcohol-water mixture activity. http://infohost.nmt.edu/~jaltig/EthanolWaterMix.pdf Rubbing alcohol can be used as well. This is an alternate procedure to show spaces between particles: http://pubs.acs.org/doi/abs/10.1021/ed074p1357.1.

3. Students can determine the heat of fusion for the ice cube by doing this experiment: http://www2.bakersfieldcollege.edu/dkimball/Physical%20Science/New%20Labs/Exp%204%20Heat%20of%20Fusion-Melting%20Ice.pdf. 

4. This lab/demonstration from NASA allows students to better understand methods of heat transfer: http://genesismission.jpl.nasa.gov/educate/scimodule/heat/develop_1TG.pdf. 

5. You can show this video as a demonstration to provide students with evidence of molecular motion. The motion of the tiny dots in this video is the movement of very small milk fat droplets as a result of being buffeted by invisible water molecules. This is Brownian motion. (http://protonsforbreakfast.wordpress.com/2012/04/11/brownian-motion-observed-in-milk/) This animation may make the motion clearer: http://www.youtube.com/watch?v=3EHQf3HRiDc. 

6. A demonstration to show molecular motion involves the reaction between ammonia and hydrochloric acid to produce a white cloud in a tube. A procedure for this demo can be found here: http://www.nuffieldfoundation.org/practical-chemistry/diffusion-gases-ammonia-and-hydrogen-chloride.

7. This resource has a lot of background content on intermolecular forces and also has five labs on these forces. The first is a lab on polymer cross-linking, the second is on electrostatic forces, the third is the classic “water drops on a penny” lab, the fourth lab is on rates of evaporation and the fifth is on solubility. (http://www.haspi.org/curriculum-library/Med-Chem-lessons/03%20Standard%202%20Chemical%20Bonds/Labs%20and%20Activities/IntermolecularForces.pdf) 
8. This activity from the American Chemical Society about molecular motion and the effect of temperature is designed for middle school students, but can be adapted for high school. (http://www.middleschoolchemistry.com/lessonplans/chapter1/lesson2)

9. Students can see the results of ions in motion in this lab activity: http://serc.carleton.edu/sp/mnstep/activities/26321.html. 

10. NASA provides this lab on methods of heat transfer: http://genesismission.jpl.nasa.gov/educate/scimodule/heat/develop_1TG.pdf.

11. The U.S. Department of Energy developed a Thermodynamics Study Guide complete with background ideas and labs about heat, heat transfer and related concepts about matter. A Teacher’s Guide is included. (http://www1.eere.energy.gov/education/lessonplans/plans.aspx?id=216) 

12. This is an interesting demonstration to illustrate convection: http://www.atmos.washington.edu/~durrand/demos/convection_conduction.htm. 

13. This lab activity can be done by students or as a teacher demonstration to illustrate heat transfer by conduction: (http://galileo.phys.virginia.edu/outreach/8thgradesol/HeatConductionFrm.htm) 

Out-of-class Activities and Projects (student research, class projects)
1. Students can run the simulations developed at the University of Oregon to better understand heat transfer and thermodynamic equilibrium. (http://jersey.uoregon.edu/vlab/Thermodynamics/) 

2. Students can also runs this interactive simulation on their own to better understand the three methods of heat transfer: http://www.wisc-online.com/Objects/ViewObject.aspx?ID=SCE304) 
3. Assign students to make a list of situations they see where heat is being transferred, noting what type of transfer is involved. They can compare lists or make brief presentations of the examples.

4. If there are any student photographers in your class, they may be able and willing to take infrared images and share them with the rest of the class. Alternately, you might find a professional photographer who has infrared photographs to share.

References (non-Web-based information sources)
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Rohrig, B, Thermometers. ChemMatters 2006, 24 (4), pp 14–17. This article explains the difference between heat and temperature, compares temperature scales, illustrates several types of thermometers and describes the history of thermometry.


Rohrig, B. The Amazing Drinking Bird. ChemMatters 2005, 23 (3), pp 10–11. In this article the author describes the workings of the drinking bird based on change of phase. The Teacher’s Guide for this article has a section on the intermolecular forces that hold molecules together.

Web Sites for Additional Information (Web-based information sources)
More sites on Kinetic Molecular Model 

This site offers an interactive simulation look at the Kinetic Theory of Matter: http://preparatorychemistry.com/KMT_flash.htm. 


This site provides an introduction to kinetic theory and includes applications to change of phases: http://www.mentorials.com/high-school-chemistry-matter-kinetic-theory-of-matter.htm. 


Even though this site is not very well designed, it offers basic descriptions of the concepts involved in the Kinetic Model of Matter: http://olevelphysicsblog.blogspot.com/2010/09/kinetic-model-of-matter.html) 

More sites on heat

The online HyperPhysics textbook hosted by Georgia State University has an extensive section on thermodynamics and provides information for the general public and the experts: http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html. 


Through the Massachusetts Institute of Technology’s OpenCourseWare initiative, this textbook on heat transfer is available online. Even though it is written for college students, the first few chapters are useful for high school students: http://web.mit.edu/lienhard/www/ahtt.html.

Another online textbook, this one from Simon Fraser University, contains excellent background material on chemical dynamics and the First Law of Thermodynamics. (http://www.chem1.com/acad/webtext/energetics/) 

A high school science teacher developed material on heat and heat transfer that is helpful in understanding these topics. (http://www.physicsclassroom.com/class/thermalP/u18l1d.cfm)

This site focuses primarily on entropy but also includes the Second law of Thermodynamics. The site is aimed at college-level students and connects entropy and heat in easy-to-understand ways that explain the conventional entropy equations. (http://entropysite.oxy.edu/students_approach.html)

Purdue University’s chemistry department has a page that explains in some detail concepts like thermodynamics, heat and internal energy. (http://chemed.chem.purdue.edu/genchem/topicreview/bp/ch21/chemical.php) 

More sites on temperature

For more on how thermometers work see http://www.energyquest.ca.gov/how_it_works/thermometer.html or http://home.howstuffworks.com/therm.htm. The latter site includes descriptions of electronic thermometers, the Galileo thermometer, eardrum thermometer and turkey timer.


For a brief history of thermometry from Thermoworks see http://thermoworks.com/learning/thermometry101_a_brief_history_of_thermometry.html. 

Another page from the teacher-designed Physics Classroom site explains thermometers and temperature: http://www.physicsclassroom.com/Class/thermalP/u18l1b.cfm.

More sites on the history of heat theory

This online article from the Journal of Nutrition describes the history of the calorie as a unit of heat: http://jn.nutrition.org/content/136/12/2957.full.pdf+html.


The Infinite Energy site has a page titled “A Brief History of Hot and Cold.” (http://www.infinite-energy.com/iemagazine/issue37/mysteries.html)

More sites on methods of heat transfer

The BBC in the United Kingdom offers this page on heat transfer by conduction, convection and radiation: http://www.bbc.co.uk/schools/gcsebitesize/science/aqa/heatingandcooling/heatingrev2.shtml. 


Visual learners will benefit from this interactive site on the methods of heat transfer: http://www.wisc-online.com/Objects/ViewObject.aspx?ID=SCE304. 


The National Oceanic and Atmospheric Administration applies the methods of heat transfer to its applications in the atmosphere and oceans. (http://www.srh.noaa.gov/jetstream/atmos/heat.htm) 
Sports Supplements: Helpful or Harmful?
Background Information (teacher information)

More on sports supplements 


The term “sports supplement” might mean different things to different people. For some, a sports supplement might include the use of a sports drink such as Gatorade or Powerade or an energy bar such as a Clif Bar, Larabar, or Powerbar. However, with the mainstream use of these products by people who are not competitive athletes, others may feel that a sports supplement is a more specialized item that you wouldn’t necessarily pick up at the grocery store. As part of the study described in “Nutritional Supplement Use Among College Athletes and Their Sources of Information,” “Athletes were asked to write their own definition of a supplement. Thirty-four (34) percent responded with all or parts of the following: that a supplement is a product that helps to increase performance, strength, muscle, and enhance recovery. Other popular definitions included; a multivitamin, something that improves health or the body, additional nutrition added to the diet, pills, anything other than food, or something that helps you gain or lose weight.” 
(Froiland, K., et al. Nutritional Supplement Use Among College Athletes and Their Sources of Information. Int. J. Sport Nutr. Exerc. Metab. 2004, 14, p 107; see http://www.unc.edu/~beres/Pills, Placebos, Panaceas/sports supplements.pdf) 
In the same study, athletes reported their reasons for taking supplements. Reasons included: “For my health; strength/power; increase energy; weight/muscle gain; prevent injury/illness; speed/agility; I felt I needed to; inadequate diet; weight/fat loss; help heal injury/illness; it makes me feel better” (p 114).


A chapter in the textbook Clinical Sports Nutrition that focuses on sports supplements describes possible classifications for sports supplements and defines the textbook’s meaning of a supplement. 
‘Dietary supplements’, ‘nutritional ergogenic aids’, ‘sports supplements’, ‘sports foods’ and ‘therapeutic nutritional supplements’—these are some of the terms used to describe the range of products that collectively form the sports supplement industry. Just as there are a variety of names for these products, there are a variety of definitions or classification systems. Characteristics that can be used to categorise supplements include:

· function (for example, muscle building, immune boosting, fuel providing)

· form (for example, pills, powders, foods or drinks)

· availability (for example, over-the-counter, mail order, Internet, multi-level marketing), and
· scientific merit for claims (for example, well-supported, unsupported, undecided). …
For the purposes of this chapter we will discuss supplements and sports foods that meet one or more of the following definitions:

· They provide a convenient and practical means of meeting a known nutrient requirement to optimise daily training or competition performance (for example, a liquid meal supplement, sports drink, carbohydrate gel, sports bar).

· They contain nutrients in large quantities in order to treat a known nutritional deficiency (for example, an iron supplement).

· They contain nutrients or other components in amounts that directly enhance sports performance or maintain/restore health and immune function—scientifically supported or otherwise (for example, caffeine, creatine, glycerol, ginseng). 
(Burke, L., et al. Ch. 16 Supplements and sports foods. Clinical Sports Nutrition. Eds. Burke, L.; Deakin, J. McGraw-Hill Book Company Australia, 2006, pp 485–486; see http://www.ausport.gov.au/__data/assets/pdf_file/0010/146539/16Complete.pdf)
In terms of regulation, from the viewpoint of the U.S. government, sports supplements are included in the category “dietary supplement.” The U.S. Food and Drug Administration (FDA) Web site answers the question “What is a dietary supplement?” below.
Congress defined the term "dietary supplement" in the Dietary Supplement Health and Education Act (DSHEA) of 1994. A dietary supplement is a product taken by mouth that contains a "dietary ingredient" intended to supplement the diet. The "dietary ingredients" in these products may include: vitamins, minerals, herbs or other botanicals, amino acids, and substances such as enzymes, organ tissues, glandulars, and metabolites. Dietary supplements can also be extracts or concentrates, and may be found in many forms such as tablets, capsules, softgels, gelcaps, liquids, or powders. They can also be in other forms, such as a bar, but if they are, information on their label must not represent the product as a conventional food or a sole item of a meal or diet. Whatever their form may be, DSHEA places dietary supplements in a special category under the general umbrella of "foods," not drugs, and requires that every supplement be labeled a dietary supplement. 
(http://www.fda.gov/Food/DietarySupplements/QADietarySupplements/default.htm)


Using some form of supplement to enhance one’s sports performance extends far back into history. The 2006 article “Popular Ergogenic Drugs and Supplements in Young Athletes” states, “Drug use by athletes to improve performance is not a new practice. As early as BC 776, the Greek Olympians were reported to use substances such as dried figs, mushrooms, and strychnine to perform better.” 
(Calfee, R.; Fadale, P. Popular Ergogenic Drugs and Supplements in Young Athletes. Pediatrics 2006, 117(3), p e578; see http://pediatrics.aappublications.org/content/117/3/e577.full.pdf) 

Over the years the use of sports supplements has greatly increased. The market for their sale has grown to dizzying sums; supplements can easily be purchased at local stores as well as the internet. The same article shares statistics: “Nutritional supplements can be purchased legally at any health store. Yearly sales in the United States approach $12 billion to $15 billion, with sport supplements being responsible for $800 million. Investigators at 1 university found that 88% of athletes used nutritional supplements, and among a high school cohort of 270 athletes, 58% had used some form of supplementation.” (p e583)

Although the use of sports supplements is widespread, the National Federation of State High School Associations (NFHS) has a position statement on supplements that strongly opposes their use by teenagers. The NFHS’s 2012 Supplements Position Statement is quoted here:
The NFHS Sports Medicine Advisory Committee (SMAC) strongly opposes the use of dietary supplements for the purpose of obtaining a competitive advantage. Research shows that there continues to be widespread use of dietary supplements by adolescent and high school athletes, despite considerable safety concerns. Dietary supplements are marketed as an easy way to enhance athletic performance, increase energy levels, lose weight, and feel better. Adolescents are more susceptible to peer pressure and these advertising messages, which may increase the incidence of dietary supplement usage and reinforce a culture more concerned about short-term performance rather than overall long-term athletic development and good health. 

The Dietary Supplement Health and Education Act (DSHEA) of 1994 removes dietary supplements from pre-market regulation by the Food and Drug Administration (FDA). Under DSHEA, a manufacturing firm is responsible for determining that the dietary supplements it manufactures or distributes are safe and that any representations or claims made about them are substantiated by adequate evidence to show that they are not false or misleading. This essentially classifies dietary supplements as a food and not a drug, and as such, they are not subject to the same strict tests and regulations as prescription and “over-the-counter” medications by the FDA. Only the companies that produce dietary supplements are responsible for ensuring that their products are pure, safe and effective for their intended use. As the FDA has limited resources to analyze the composition of dietary supplements, there is often no guarantee concerning the true amount, concentration or purity of the ingredients as listed on the label. In fact, the FDA cannot remove a dietary supplement from the marketplace unless the supplement has been shown to be “unsafe.” 

The NFHS SMAC strongly opposes the use of supplements by high school athletes for performance enhancement, due to the lack of published, reproducible scientific research documenting the benefits of their use and confirming no potential long-term adverse health effects with their use, particularly in the adolescent age group. Dietary supplements should be used only upon the advice of one’s health care provider for health-related reasons – not for the purpose of gaining a possible competitive advantage. School personnel and coaches should never recommend, endorse or encourage the use of any dietary supplement, drug, or medication for performance enhancement. 

We recommend that coaches, athletic directors, and other school personnel develop strategies that address the prevalence and growing concerns of using dietary supplements. Such strategies may include conversations with athletes and their parents about the potential dangers of dietary supplement use. Athletes should be encouraged to pursue their athletic goals through hard work, appropriate rest and good nutrition, not unsubstantiated dietary shortcuts.

In order to discourage dietary supplement use for athletic performance: 

· School personnel, coaches, and parents should allow for open discussion about dietary supplement use, and strongly encourage obtaining optimal nutrition through a well-balanced diet.

· Remind athletes that no supplement is harmless or free from consequences and that there are no short cuts to improve athletic performance.

· Because they are not strictly regulated, dietary supplements may contain impurities and banned substances not listed on the label. 
(http://www.mshsaa.org/resources/pdf/supplements.pdf)
Additional groups have taken positions against the use of supplements by young people. Other groups and a brief summary of their reasons for these positions are in Clinical Sports Nutrition:

Success in sports involves obtaining an “edge” over the competition, and children and adolescents may be uniquely vulnerable to the lure of supplements. The pressure to “win at all costs”, extensive coverage in lay publications, and hype from manufacturers with exciting and emotive claims all play a role in the use of supplements by young athletes. The knowledge that famous athletes and other role models use or promote supplements and sports foods adds to the allure. … The lack of information about the longterm safety of ingesting various compounds on a growing or developing body is a special concern.
Various expert groups have made strong statements against the use of supplements by young athletes. The American Academy of Pediatrics policy statement on the use of performance enhancing substances (2005) condemns the use of ergogenic aids, including various dietary supplements, by children and adolescents. The American College of Sports Medicine recommends that creatine not be used by people under 18 years of age (American College of Sports Medicine 2000). These policies are based on the unknown but potentially adverse health consequences of some supplements and the implications of supplement use on the morals of a young athlete. Many people consider supplements to be an “entry point” to the decision to take more serious compounds, including prohibited drugs. 
(Burke, L., et al. Ch. 16 Supplements and sports foods. Clinical Sports Nutrition. Eds. Burke, L.; Deakin, J. McGraw-Hill Book Company Australia, 2006, p 492; see http://www.ausport.gov.au/__data/assets/pdf_file/0010/146539/16Complete.pdf)

As mentioned above, the U.S. FDA has the power to remove a dietary supplement from the market if it has been shown to be unsafe. For example, this was the case with supplements containing dimethylamylamine (DMAA), a substance mentioned in the De Antonis article. However, purchasers of supplements may take this to mean that the products have gone through rigorous testing and approval procedures similar to those undergone by new drugs coming to market. This is not true. For dietary supplements, the manufacturers themselves are responsible for ensuring that their products are safe to use and that claims they make about the product are true. This does have a benefit in that the expensive trials and testing that drugs undergo are not necessary; if they were, the cost of supplements would increase to offset the cost or products would not come to market in the first place. The FDA Web site discusses the responsibilities connected with regulating, manufacturing, and selling sports supplements:

What is FDA's role in regulating dietary supplements versus the manufacturer's responsibility for marketing them?
In October 1994, the Dietary Supplement Health and Education Act (DSHEA) was signed into law by President Clinton. Before this time, dietary supplements were subject to the same regulatory requirements as were other foods. This new law, which amended the Federal Food, Drug, and Cosmetic Act, created a new regulatory framework for the safety and labeling of dietary supplements. Under DSHEA, a firm is responsible for determining that the dietary supplements it manufactures or distributes are safe and that any representations or claims made about them are substantiated by adequate evidence to show that they are not false or misleading. This means that dietary supplements do not need approval from FDA before they are marketed. 

Who has the responsibility for ensuring that a dietary supplement is safe?
By law (DSHEA), the manufacturer is responsible for ensuring that its dietary supplement products are safe before they are marketed. Unlike drug products that must be proven safe and effective for their intended use before marketing, there are no provisions in the law for FDA to "approve" dietary supplements for safety or effectiveness before they reach the consumer. Under DSHEA, once the product is marketed, FDA has the responsibility for showing that a dietary supplement is "unsafe," before it can take action to restrict the product's use or removal from the marketplace. However, manufacturers and distributors of dietary supplements must record, investigate and forward to FDA any reports they receive of serious adverse events associated with the use of their products that are reported to them directly. FDA is able to evaluate these reports and any other adverse event information reported directly to us by healthcare providers or consumers to identify early signals that a product may present safety risks to consumers. 

Who validates claims and what kinds of claims can be made on dietary supplement labels?
FDA receives many consumer inquiries about the validity of claims for dietary supplements, including product labels, advertisements, media, and printed materials. The responsibility for ensuring the validity of these claims rests with the manufacturer, FDA, and, in the case of advertising, with the Federal Trade Commission. By law, manufacturers may make three types of claims for their dietary supplement products: health claims, structure/function claims, and nutrient content claims. Some of these claims describe: the link between a food substance and disease or a health-related condition; the intended benefits of using the product; or the amount of a nutrient or dietary substance in a product. Different requirements generally apply to each type of claim … 
(http://www.fda.gov/Food/DietarySupplements/QADietarySupplements/)

Claims made by manufacturers of sports supplements often center around the idea that loading the body with substances one already consumes in ordinary foods or produces normally in the body can benefit the user. The three supplement examples discussed in the De Antonis article would fit this description. The textbook Clinical Sports Nutrition discusses these types of claims made by manufacturers, along with other techniques for encouraging consumers to buy.

Although manufacturers are not meant to make unsupported claims about health or performance benefits elicited by supplements, product advertisements and testimonials show ample evidence that this aspect of supplement marketing is unregulated and exploited. For example, a survey of five issues of body-building magazines found 800 individual performance claims for 624 different products within advertisements (Grunewald & Bailey 1993). It is easy to see how enthusiastic and emotive claims provide a false sense of confidence about the products. Most consumers are unaware that the regulation of such advertising is generally not enforced. Therefore, athletes are likely to believe that claims about supplements are medically and scientifically supported, simply because they believe that untrue claims would not be allowed to exist. …

The current focus of the sports supplement industry is on compounds and nutrients that act as cofactors, intermediary metabolites or stimulants of key reactions in exercise metabolism. The rationale behind supplementation is that if the system is ‘supercharged’ with additional amounts of these compounds, metabolic processes will proceed faster or for longer time, thus enhancing sports performance. The marketing of many contemporary supplements is accompanied by sophisticated descriptions of metabolic pathways and biochemical reactions, with claims that enhancement of these will lead to athletic success. 
(Burke, L., et al. Ch. 16 Supplements and sports foods. Clinical Sports Nutrition. Eds. Burke, L.; Deakin, J. McGraw-Hill Book Company Australia, 2006, pp 487, 493; see http://www.ausport.gov.au/__data/assets/pdf_file/0010/146539/16Complete.pdf)

Making informed decisions about deciding whether or not to use sports supplements is important. However, finding accessible and trusted information can be difficult. There are many studies about different types of supplements and their efficacy. However, many journals only allow paid subscribers to read their articles. Typical personal sources of information teenagers have easier access to are parents, peers, coaches, and their own doctors. However, even sources one might consider as trustworthy don’t necessarily have the whole picture. The journal article “Supplement Use in Sport: Is There a Potentially Dangerous Incongruence Between Rationale and Practice?” states:

Numerous factors can be involved in athletes' decisions to use supplements including desired end points such as increasing strength, endurance, training duration and overcoming injury as well as avoiding sickness and compensating for poor diet. Unfortunately, lack of knowledge and/or misconceptions regarding supplements within athlete populations have been documented for more than a decade. Recent research also shows that athletes are willing to take supplements based on personal recommendation without gathering reliable information about the substances, often obtaining them directly from retailers and internet sites. Adolescents are more willing to take supplements obediently if they are informed by their parents/guardians, as opposed to by coaches or resulting from published research.

Conflicting reports on knowledge levels within health care professions demonstrate a wide variation in practice. In one study, physicians and medical students were tested to determine the level of their knowledge regarding efficacy and toxicity, and drug interactions with herbal remedies, and it was found that the mean test scores were only slightly higher than scores obtained from random guessing. On the contrary, recent research among physicians, nurses, nutritionists and pharmacists showed adequate knowledge (average 66% on the knowledge test), less confidence (55%) but noted a serious lack of communication skills (average 2.2 out of 10) regarding herbs and nutritional supplements. Athletic trainers and coaches were found to be reasonably knowledgeable, especially those working with female athletes and/or having more than 15 years of experience. 
(Petróczi, A.; Naughton, D. P. Supplement Use in Sport: Is There a Potentially Dangerous Incongruence Between Rationale and Practice? J. Occup. Med. Toxicol. 2007, 2:4; see http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1904455/)

To help guide informed decision-making, a children’s health Web site offers the following tips:

Encourage teens to think critically about any supplement that is recommended to them, whether by a friend, a coach, a health food store employee, or a training magazine or website. It’s their bodies and their athletic performance that are at stake, and often their wallets as well. The supplement industry makes millions of dollars a year promoting unproven products. Teens don’t have to add to those profits at the expense of their health.

Before taking any nutrition supplement, your teen should consider the following:
Efficacy

What effect is the product supposed to have? Who is making the claim? Does the product really have that effect? What evidence is there? Do the claims come from testimonials, or from scientific studies? Do the results of the study apply to athletes like your teen? Does the product have an actual effect on athletic performance, or are the effects only measurable in the lab? Was the product tested at the dose that is recommended on the label?

Safety

Has anyone evaluated the safety of the product? Does it have side effects? What are they? Has the product been studied over the long term, or only for short periods (weeks or months)? Has it been banned by any athletic organization or government body?

Product quality

Do you know what you’re getting? Is the package properly labelled and sealed? Are the manufacturer and the retailer trustworthy, and can you contact them? Does the package contain the dose that it claims? Where did it come from? Can you trust the source? Could it be contaminated with heavy metals or other drugs?

Cost

How much does the product cost? Is it worth taking? Could you get the same results from a properly balanced diet and training program?
(http://www.aboutkidshealth.ca/En/News/Columns/PaediatriciansCorner/Pages/Energy-drinks-whey-protein-and-more-Dietary-supplements-and-teen-athletes.aspx)
A major source of information for teenagers these days is the internet. However, just because something is on the internet doesn’t mean it’s true. The U.S. FDA offers tips for searching the web for information on supplements.

When searching on the Web, try using directory sites of respected organizations, rather than doing blind searches with a search engine. Ask yourself the following questions:

· Who operates the site? Is the site run by the government, a university, or a reputable medical or health-related association (e.g., American Medical Association, American Diabetes Association, American Heart Association, National Institutes of Health, National Academies of Science, or U.S. Food and Drug Administration)? Is the information written or reviewed by qualified health professionals, experts in the field, academia, government or the medical community? 

· What is the purpose of the site? Is the purpose of the site to objectively educate the public or just to sell a product? Be aware of practitioners or organizations whose main interest is in marketing products, either directly or through sites with which they are linked. Commercial sites should clearly distinguish scientific information from advertisements. Most nonprofit and government sites contain no advertising; and access to the site and materials offered are usually free. 

· What is the source of the information and does it have any references? Has the study been reviewed by recognized scientific experts and published in reputable peer-reviewed scientific journals, like the New England Journal of Medicine? Does the information say "some studies show..." or does it state where the study is listed so that you can check the authenticity of the references?

· Is the information current? Check the date when the material was posted or updated. Often new research or other findings are not reflected in old material, e.g., side effects or interactions with other products or new evidence that might have changed earlier thinking. Ideally, health and medical sites should be updated frequently.
· How reliable is the Internet or e-mail solicitations? While the Internet is a rich source of health information, it is also an easy vehicle for spreading myths, hoaxes and rumors about alleged news, studies, products or findings.
(http://www.fda.gov/Food/DietarySupplements/UsingDietarySupplements/ucm110567.htm)
More on whey protein powder

The idea of whey protein powder is probably more familiar than other sports supplements, since more people have probably heard of whey (maybe even through the nursery rhyme “Little Miss Muffett” as she eats her “curds and whey”), and know its connection with milk and cheese. “Whey is a natural byproduct of the cheese-making process and represents 20% of the protein found in dairy milk.” (http://hprc-online.org/dietary-supplements/hprc-articles/is-whey-protein-helpful-to-optimize-performance) The process is described: “During the manufacture of cheese, milk is curdled by means of rennet. The milk coagulates and a hard part (casein) and a liquid part (whey, also called lactoserum) appear. Whey is therefore the liquid that escapes from the curd when it is left to drain. It is transparent, yellowish-green in color, and possesses a slightly tart flavor that is fairly pleasant.” (Vasey, C. The Whey Prescription: The Healing Miracle in Milk. Trans. J. E. Graham. Rochester, VA: Healing Arts Press, 2006, p 7; see http://books.google.com/books?isbn=1594771278) An evaluation of the protein in whey and a description of three different forms of whey protein that are available are: 
The protein derived from whey is high quality because it has all 20 amino acids, including the three branched-chain amino acids (BCAA: leucine, isoleucine, and valine), which can be oxidized by muscles during exercise. Although findings are mixed as to the impact of amino acids on performance and muscle building, whey protein remains appealing for athletes due to preliminary evidence that BCAA may have desirable effects.

Once the whey fraction has been obtained, it is concentrated into a powder, which can produce three types of whey protein supplements: concentrate, isolate, and hydrolysate. These categories differ in the ways they are processed and the amount of protein left in the final formulation. 

(http://hprc-online.org/dietary-supplements/hprc-articles/is-whey-protein-helpful-to-optimize-performance)

The sidebar in the De Antonis article describes each of the three different forms. The table below provides further information on the components of each. One interesting point is the use of hydrolyzed whey protein in infant formula, because it is already partially broken down and easier to digest. 
	Type
	Protein
	Lactose
	Fat
	Common Application

	Whey Protein Concentrate
	25–89%
	4–5.2%
	1–9%
	Protein beverages and bars, confectionery and bakery products, infant formula and other nutritional food products

	Whey Protein Isolate
	90–95%
	0.5–1%
	0.5–1%
	Protein supplementation products, protein beverages, protein bars and other nutritional food products

	Hydrolyzed Whey Protein
	80–90%
	0.5–10%
	0.5–8%
	Infant formula and sports and medical nutrition products


(http://www.wheyoflife.org/proteintypes)

Whey protein has been used as a beneficial supplement earlier in history. A patient in Switzerland in 1749 is described as taking a “whey cure”, drinking whey daily to treat a medical condition. Even earlier than that, “Hippocrates (466–377 BCE), the father of medicine, recommended whey to his patients. Following him, Galen (131–200 CE), another founding father of medicine, advised his patients about the whey cure. … Whey cures were also recommended by other famous names from the history of medicine …” 
(Vasey, C. The Whey Prescription: The Healing Miracle in Milk. Trans. J. E. Graham. Rochester, VT: Healing Arts Press, 2006, pp 1–2; see http://books.google.com/books?isbn=1594771278) 
Currently, the use of whey protein to benefit one’s health and athletic performance has mixed results: 
However, while there is no question that whey is a highly digestible and rich protein source, there is no meaningful supporting evidence that it provides any specific health benefits. …

There is some evidence that whey can raise levels of glutathione. Glutathione is an antioxidant that the body manufactures to defend itself against free radicals. In certain diseases, glutathione levels may fall to below-normal levels. These conditions include cataracts, HIV, liver disease, diabetes, and various types of cancer. This reduction of glutathione might in turn contribute to the symptoms or progression of the disease. To solve this problem, glutathione supplements have been recommended, but glutathione is essentially not absorbed at all when it is taken by mouth. Whey protein may be a better solution. The body uses cysteine to make glutathione, and whey is rich in cysteine. Meaningful preliminary evidence suggests that whey can raise glutathione levels in people with cancer, hepatitis, or HIV.

However, while these are promising findings, one essential piece of evidence is lacking: there is no evidence as yet that this rise in glutathione produces any meaningful health benefits.

Whey protein has also been proposed as a bodybuilding aid, based partly on its high content of BCAAs. However, there is no more than minimal evidence that whey protein helps accelerate muscle mass development. Furthermore, there is little evidence that whey protein is more effective for this purpose than any other protein. For example, one small double-blind study found evidence that both casein and whey protein were more effective than placebo at promoting muscle growth after exercise, but whey was no more effective than the far less expensive casein. However, a single small study did find ergogenic benefits with whey as compared to casein.

One study looked at whether whey protein could help women with HIV build muscle mass. Participants were divided into three groups: those who undertook a course of resistance exercise (weight lifting), those who took whey, and those who did both. Resistance exercise alone was just as effective as resistance exercise plus whey, while whey alone was not effective. 

(http://www.tuftsmedicalcenter.org/apps/Healthgate/Article.aspx?chunkiid=111816)
A 2006 journal article summarizes studies of its use:

Some but not all studies indicate that a higher protein intake (approximately 1.5 to 2 times the current Recommended Daily Allowance) is advantageous for muscle and strength development during resistance training. Bodybuilders and other strength athletes widely use protein supplements to achieve high protein intakes (up to 3 times the RDA). Aside from quantity, certain types of protein affect whole body protein anabolism and accretion and therefore, have the potential to affect muscle and strength development during resistance training. The type of protein consumed may influence results from resistance training due to variable speeds of absorption, differences in amino acid profiles, unique hormonal response, or positive effects on antioxidant defense. 
(Cribb, P. J., et al. The Effect of Whey Isolate and Resistance Training on Strength, Body Composition, and Plasma Glutamine. Int. J. Sport Nutr. Exerc. Metab. 2006, 16, pp 494–495; see http://chua2.fiu.edu/faculty/kalmand/HUN6248/ppp/IJSNEM Whey vs Casein + RT Cribb 10-2006.pdf)

The study described in the same 2006 article compared the use of whey isolate and casein in recreational bodybuilders, finding that “… whey isolate (WI) provided significantly greater gains in strength, LBM [lean body mass], and a decrease in fat mass compared to supplementation with casein (C) during an intense 10 wk resistance training program” (p 503).

A 2007 summary of the International Society of Sports Nutrition’s position on protein and exercise is summarized below. It does apply to other protein sources in addition to whey protein powder.

The following seven points related to the intake of protein for healthy, exercising individuals constitute the position stand of the Society. They have been approved by the Research Committee of the Society.

1) Vast research supports the contention that individuals engaged in regular exercise training require more dietary protein than sedentary individuals.

2) Protein intakes of 1.4 – 2.0 g/kg/day for physically active individuals are not only safe, but may improve the training adaptations to exercise training.

3) When part of a balanced, nutrient-dense diet, protein intakes at this level are not detrimental to kidney function or bone metabolism in healthy, active persons.

4) While it is possible for physically active individuals to obtain their daily protein requirements through a varied, regular diet, supplemental protein in various forms are a practical way of ensuring adequate and quality protein intake for athletes.

5) Different types and quality of protein can affect amino acid bioavailability following protein supplementation. The superiority of one protein type over another in terms of optimizing recovery and/or training adaptations remains to be convincingly demonstrated.

6) Appropriately timed protein intake is an important component of an overall exercise training program, essential for proper recovery, immune function, and the growth and maintenance of lean body mass.

7) Under certain circumstances, specific amino acid supplements, such as branched-chain amino acids (BCAA's), may improve exercise performance and recovery from exercise. 
(Campbell, B., et al. International Society of Sports Nutrition Position Stand: Protein and Exercise. J. Int. Soc. Sports Nutr. 2007, 4:8; see http://www.jissn.com/content/pdf/1550-2783-4-8.pdf)
More on creatine

As mentioned in the De Antonis article, creatine can be found in many foods and can also be produced by the body. Foods with creatine include meat, fish, and eggs. In the body, “Creatine is formed from glycine, arginine, and methionine and is naturally produced by the liver, kidneys, and pancreas. After production, creatine is transported to muscle, heart, and brain, with 95% of bodily stores remaining in muscle.” 
(Calfee, R.; Fadale, P. Popular Ergogenic Drugs and Supplements in Young Athletes. Pediatrics 2006, 117(3), p e584; see http://pediatrics.aappublications.org/content/117/3/e577.full.pdf) 

The body’s creatine requirement of 1 to 2 grams per day can easily be met through a combination of production by the body and through a non-vegetarian diet. If additional creatine is consumed through the diet or supplements, this “temporarily suppress[es] endogenous creatine production.” 
(Burke, L., et al. Ch. 16 Supplements and sports foods. Clinical Sports Nutrition. Eds. Burke, L.; Deakin, J. McGraw-Hill Book Company Australia, 2006, p 513; see http://www.ausport.gov.au/__data/assets/pdf_file/0010/146539/16Complete.pdf) 
For creatine supplements, “In recent years, creatine has been synthesized, mainly as creatine monohydrate, and has been marketed to athletes at all levels. Creatine supplements come in various forms (powder, pills, candy, chews, gels, serum, micronized) for both strength and endurance athletes, including products marketed specifically for males, females, and adolescents.” 
(Williams, M. Dietary Supplements and Sports Performance: Metabolites, Constituents, and Extracts. J. Int. Soc. Sports Nutr. 2006, 3:1-5; see http://www.jissn.com/content/3/2/1)


Creatine does appear to cause improvement in athletic performance for many users. The 2006 Pediatrics journal article “Popular Ergogenic Drugs and Supplements in Young Athletes” states, “Investigations into the tissue level effects of oral creatine seem to show several changes. Supplementation can cause an ~20% increase in muscle phosphocreatine stores, quicken the replenishment of phosphocreatine during recovery, and buffer lactic acid as hydrogen ions are consumed during the dephosphorylation of phosphocreatine, which potentially delays fatigue onset.” (Calfee, R.; Fadale, P. Popular Ergogenic Drugs and Supplements in Young Athletes. Pediatrics 2006, 117(3), p e584; see http://pediatrics.aappublications.org/content/117/3/e577.full.pdf) At the same time, there is a significant percentage for whom there is no effect: “However, nearly 30% of athletes do not see benefits with creatine use, thereby falling into a category of “nonresponders” who are theorized to have already maximal phosphocreatine stores.” (p e585)

The rise in popularity of creatine is an interesting phenomenon. The De Antonis article mentions the use of creatine by athletes for the 1992 Summer Olympic Games and by a Cambridge University rowing team. Creatine has not only been popular among athletes, but among scientific researchers as well. The 2006 journal article “Dietary Supplements and Sports Performance: Metabolites, Constituents, and Extracts” states, “Creatine is one of the most researched sports supplements, as literally hundreds of studies have evaluated its effects on various types of sport performance. Most of the research has focused on the ability of creatine supplementation to increase muscle mass and related muscular strength and power applicable to performance in very-high-intensity sports, such as sprinting in track events.” 
(Williams, M. Dietary Supplements and Sports Performance: Metabolites, Constituents, and Extracts. J. Int. Soc. Sports Nutr. 2006, 3:1-5; see http://www.jissn.com/content/3/2/1) The textbook Clinical Sports Nutrition summarizes a selection of research literature:

…we offer the following summary of this literature, and of recent reviews (Juhn&Tarnopolsky 1998a, 1998b; Kraemer & Volek 1999; Branch 2003; Rawson & Volek 2003; Bemben & Lamont 2005):
· The major benefit of creatine supplementation appears to be an increase in the rate of creatine phosphate resynthesis during the recovery between bouts of high-intensity exercise, producing higher creatine phosphate levels at the start of the subsequent exercise bout. Creatine supplementation can enhance the performance of repeated 6–30 s bouts of maximal exercise, interspersed with short recovery intervals (20 s to 5 minutes), where it can attenuate the normal decrease in force or power production that occurs over the course of the session. …
· The exercise situations that have been most consistently demonstrated to benefit from creatine supplementation are laboratory protocols of repeated high intensity intervals, involving isolated muscular efforts or weight-supported activities such as cycling.

· In theory, acute creatine supplementation might be beneficial for a single competitive event in sports involving repeated high-intensity intervals with brief recovery periods. This description includes team games and racquet sports. Similarly, chronic creatine supplementation may allow the athlete to train harder at exercise programs based on repeated high-intensity exercise, and make greater performance gains. These benefits may apply to the across-season performance of athletes in team and racquet sports, as well as the preparation of athletes who undertake interval training and resistance training (for example, swimmers and sprinters). …
· Evidence that creatine supplementation is of benefit to endurance exercise is absent or inconsistent although it may enhance muscle glycogen storage. 
(Burke, L., et al. Ch. 16 Supplements and sports foods. Clinical Sports Nutrition. Eds. Burke, L.; Deakin, J. McGraw-Hill Book Company Australia, 2006, pp 514–515; see http://www.ausport.gov.au/__data/assets/pdf_file/0010/146539/16Complete.pdf)
There is the possibility of creatine being used in situations other than athletics:

Researchers are studying whether creatine might also be useful for treating certain health conditions caused by weakened muscles, including:

· Heart failure and heart attack

· Huntington's disease

· Neuromuscular disorders, including muscular dystrophy and amyotrophic lateral sclerosis (ALS or Lou Gehrig's disease)

Creatine is also being studied as a way to lower cholesterol in people with abnormally high levels. Although early research has been promising, it's too early to say for sure whether creatine is effective for any of these conditions. 
(http://men.webmd.com/creatine)

Statistics from a 2006 journal article show creatine usage rates that agree with those shared in the De Antonis article:
Questioning younger populations, 1 study found 8.2% of 14- to 18-year-olds using the supplement, with 75% of those users either unaware of how much creatine they consumed or taking more than the recommended amounts. Meanwhile, looking at 10- to 18-year-olds, Metzl et al. reported that 5.6% of that age group used creatine, with every grade from 6 to 12 involved. It was also noted that 12th-graders used creatine much like their collegiate counterparts, with that grade reporting 44% use. Current estimates of collegiate creatine use vary from 25% to 78% of athletes. 
(Calfee, R.; Fadale, P. Popular Ergogenic Drugs and Supplements in Young Athletes. Pediatrics 2006, 117(3), p e585; see http://pediatrics.aappublications.org/content/117/3/e577.full.pdf)
As stated earlier in the “More on sports supplements” section, the NFHS’s 2012 Supplements Position Statement opposes the use of supplements by those 18 years old and younger for athletic advantage. However, use by youth continues. One product, Teen Advantage Creatine Serum, is even targeted specifically at those ages 11 to 19. Excerpts from an online advertisement are: “Developed especially for young aspiring athletes 11-19 years of age. …a special formulation for teens. … Teen Advantage formula is safe … But note, most studies done on the effect of creatine involved adult athletes.” 

(http://www.netrition.com/teen_advantage_page.html)
Concerns with creatine use are summarized in the textbook Clinical Sports Nutrition:
Whether there are side effects from long-term use of creatine, particularly with the large doses associated with rapid loading, remains to be determined. To date, there are anecdotal reports of nausea, gastrointestinal upset, headaches and muscle cramping/strains linked to some creatine supplementation protocols. Some of these adverse effects are plausible, particularly in light of increased water retention within skeletal muscle (and perhaps brain) cells. At this time, however, studies have failed to find evidence of an increased prevalence or risk of these problems among creatine users (Greenwood et al. 2003, 2004; Kreider et al. 2003b). … Although it is commonly suggested that creatine supplementation may cause renal impairments, these are limited to case reports in a few patients with pre-existing renal dysfunction. Longitudinal studies have reported that creatine intake had no detrimental effects on renal responses in various athletic populations (Poortmans et al. 1997; Mayhew et al. 2002). … Creatine supplementation should be limited to well-developed athletes. Young athletes are able to make substantial gains in performance through maturation in age and training, without the need to expose themselves to the expense or small potential for long-term consequences of creatine use. 
(Burke, L., et al. Ch. 16 Supplements and sports foods. Clinical Sports Nutrition. Eds. Burke, L.; Deakin, J. McGraw-Hill Book Company Australia, 2006, pp 515–516; see http://www.ausport.gov.au/__data/assets/pdf_file/0010/146539/16Complete.pdf)
More on L-arginine


L-arginine is mentioned in the De Antonis article as a nonessential amino acid, meaning that it can be made by the body. A refinement of this statement could be that it is “semi-essential.” Reasoning for this is described: “Arginine is a semi-essential amino acid involved in multiple areas of human physiology and metabolism. It is not considered essential because humans can synthesize it de novo from glutamine, glutamate, and proline. However, dietary intake remains the primary determinant of plasma arginine levels, since the rate of arginine biosynthesis does not increase to compensate for depletion or inadequate supply.” (http://www.altmedrev.com/publications/7/6/512.pdf) The Mayo Clinic Web site offers a list of some dietary sources of arginine: “Almonds, barley, Brazil nuts, brown rice, buckwheat, cashews, cereals, chicken, chocolate, coconut, corn, dairy products, filberts, gelatin, meats, oats, peanuts, pecans, raisins, sesame seeds, sunflower seeds, walnuts.” 
(http://www.mayoclinic.com/health/l-arginine/NS_patient-arginine/DSECTION=related-terms) 
The early history of L-arginine’s discovery and research is described in the journal Circulation: “First identified in extracts of etiolated lupine seedlings by Schultz and Steiger in 1886, L-arginine was shown to be a product of protein hydrolysis by Hedin nine years later; its structure was not proven until 1910 by Sorenson.” 
(Loscalzo, J. What We Know and Don’t Know About L-Arginine and NO. Circulation 2000, 101:2126–2129; see http://circ.ahajournals.org/content/101/18/2126.full)

The potential benefit of L-arginine to the body is related to the fact that L-arginine is a precursor to the production of nitric oxide (NO). The process requires the enzyme Nitric Oxide Synthase (NOS), which catalyzes the conversion of L-arginine to L-citrulline, producing NO. NO functions as a vasodilator, meaning that it widens, or dilates, blood vessels. Vasodilators “work by relaxing the smooth muscles that line the walls of blood vessels—causing the blood vessels to increase in diameter and allow blood to flow through more easily.” 

(http://health.howstuffworks.com/medicine/medication/vasodilator-drug.htm) Because of this action, it has applications in the body far beyond the idea of it potentially increasing athletic performance. These relate to conditions that could improve with increased vasodilation from the production of NO and conditions that could benefit from increased protein production or the release of growth hormone or insulin. (http://www.mayoclinic.com/health/l-arginine/NS_patient-arginine; http://www.nlm.nih.gov/medlineplus/druginfo/natural/875.html) However, the list of potential side effects is long (see “More sites on L-arginine”), and L-arginine can interact with many other supplements and medications.


The effectiveness of L-arginine on different conditions/situations is summarized at MedlinePlus:

Natural Medicines Comprehensive Database rates effectiveness based on scientific evidence according to the following scale: Effective, Likely Effective, Possibly Effective, Possibly Ineffective, Likely Ineffective, Ineffective, and Insufficient Evidence to Rate. 
The effectiveness ratings for L-ARGININE are as follows:

Possibly effective for...

· Improving recovery after surgery. Taking L-arginine with ribonucleic acid (RNA) and eicosapentaenoic acid (EPA) before surgery or afterwards seems to help reduce the recovery time, reduce the number of infections, and improve wound healing after surgery.

· Congestive heart failure. Taking L-arginine along with usual treatment seems to help eliminate extra fluids that are a problem in congestive heart failure. But taking L-arginine doesn’t always improve exercise tolerance or quality of life. L-arginine should not be used instead of the usual treatments ordered by a healthcare provider.

· Chest pain associated with coronary artery disease (angina pectoris). Taking L-arginine seems to decrease symptoms and improve exercise tolerance and quality of life in people with angina. But L-arginine doesn’t seem to improve the disease itself.

· Bladder inflammation. Taking L-arginine seems to improve symptoms, but it may take up to three months of treatment to see improvement.

· Wasting and weight loss in people with HIV/AIDS, when used with hydroxymethylbutyrate (HMB) and glutamine. This combination seems to increase body weight, particularly lean body mass, and improve the immune system.

· Preventing loss of effect of nitroglycerin in people with angina pectoris.

· Problems with erections of the penis (erectile dysfunction).

· Improving kidney function in kidney transplant patients taking cyclosporine.

· Preventing inflammation of the digestive tract in premature infants.

· Cramping pain and weakness in the legs associated with blocked arteries (intermittent claudication).

Possibly ineffective for...

· Heart attack. Taking L-arginine does not seem to help prevent a heart attack. It also doesn’t seem to be beneficial for treating a heart attack after it has occurred. In fact, there is concern that L-arginine might be harmful for people after a recent heart attack. Don't take L-arginine if you have had a recent heart attack.

· Pre-eclampsia, an increase in blood pressure during pregnancy. Taking L-arginine doesn't seem to lower diastolic blood pressure (the second number) in women with pre-eclampsia in their 28th to 36th week of pregnancy.

Insufficient evidence to rate effectiveness for...

· Migraine headache. Taking L-arginine by mouth along with the painkiller ibuprofen seems to be effective for treating migraine headache. This combination sometimes starts to work within 30 minutes. But it’s hard to know how much of the pain relief is due to L-arginine, since ibuprofen can relieve migraine pain on its own.

· Decreased mental function in the elderly (senile dementia). Limited research suggests that L-arginine might improve senile dementia.

· Improving healing of diabetic foot ulcers. There is interest in using L-arginine for preventing diabetic foot ulcers. Applying L-arginine to the feet seems to improve circulation in people with diabetes, which might be helpful in preventing ulcers. But if there is already an ulcer on the foot, injecting L-arginine under the skin near the ulcer doesn’t seem to shorten healing time by much or lower the chance of needing an amputation in the future.

· High blood pressure. There is some evidence that taking L-arginine can slightly lower blood pressure in healthy people and in people with type 2 diabetes who have mild high blood pressure.

· Male infertility.

· Prevention of the common cold.

· Improving athletic performance.

· Breast cancer when used in combination with chemotherapy.

· Wound healing.

· Female sexual problems.

· Sickle cell disease.

· Improving the immune system in people with head and neck cancer.
More evidence is needed to rate L-arginine for these uses. 

(http://www.nlm.nih.gov/medlineplus/druginfo/natural/875.html)

A look at past studies of arginine supplementation show mixed results. For example, the 2008 review article “The Influence of Arginine Supplementation on Performance and Metabolism in Athletes” compares early research of arginine with research current at that time:
No absolute conclusions can be drawn from this review of the literature on effects of arginine aspartate on metabolism and performance. On the one hand, older studies show, in some cases, positive effects on parameters of metabolism and performance as a result of supplementation, but more recent studies - performed as randomized, double-blind and placebo-controlled trials - suggest no specific effects on various metabolic parameters and performance. Dosages and exercise protocols from earlier studies are not comparable with recent studies. 

The effects on metabolic and endocrine parameters do not suggest the potential for improvement in athletic performance. Although the intravenous infusion of arginine appeared to influence hGH [endogenous growth hormone], intense physical exercise has the same effect. The positive effect on performance shown in earlier studies has not been demonstrated in recent studies, performed as randomised, double-blind and placebo-controlled trials, with larger subject numbers. 
(Knechtle, B.; Bosch, A. The Influence of Arginine Supplementation on Performance and Metabolism in Athletes. International SportMed Journal 2008, 9(1), p 28; see http://www.ismj.com/files/311417173/ismj pdfs/Vol_9_No_1_2008/Influence-arginine-supplementation.pdf)
The 2010 research article “Arginine and Antioxidant Supplement on Performance in Elderly Male Cyclists: A Randomized Controlled Trial” agrees on the inconclusiveness and summarizes several studies:
The role of nitric oxide in cardiovascular health has been well described in literature. The effect of nitric oxide on exercise performance, however, has not been clearly elucidated. During a 5 week progressive strength training program, volunteers were given a supplement containing 1 g arginine and 1 g ornithine, or a placebo, each day. The results suggest that the combination of arginine and ornithine taken in conjunction with a high intensity strength training program can significantly increase muscle strength and lean body mass. Campbell et al observed that arginine and α-ketoglutarate positively influenced 1 RM bench press and Wingate peak power performance in trained adult men. Arginine was also reported to improve peak power significantly in non-athlete men. Conversely, a number of studies have failed to identify any beneficial effect of arginine supplementation. Liu et al investigated the effect of three day supplementation of 6 gram of arginine on performance in intermittent exercise in well-trained male college judo athletes and found the supplementation had no effect on performance. Similarly, it has been shown that supplementation of arginine aspartate for 14 days prior to marathon run did not affect the subsequent performance in trained runners. 

(Chen, S. et al. Arginine and Antioxidant Supplement on Performance in Elderly Male Cyclists: A Randomized Controlled Trial. J. Int. Soc. Sports Nutr. 2010, 7(13); see http://www.jissn.com/content/pdf/1550-2783-7-13.pdf)
The study described in the 2010 Chen article focused on the performance of men between the ages of 50 and 73 who belonged to a cycling club. Their results showed, “An arginine and antioxidant-containing supplement increased the anaerobic threshold and the work at anaerobic threshold at both week one and week three in elderly cyclists. No effect on VO2max was observed. This study indicates a potential role of L-arginine and antioxidant supplementation in improving exercise performance in elderly.” (Chen, S. et al. Arginine and Antioxidant Supplement on Performance in Elderly Male Cyclists: A Randomized Controlled Trial. J. Int. Soc. Sports Nutr. 2010, 7 (13); see http://www.jissn.com/content/pdf/1550-2783-7-13.pdf) The authors explain the possible difference in results between younger and older individuals:
Youthful, healthy, athletic individuals generally have a healthier NO system, compared with aging, unhealthy, sedentary individuals. In humans, exercise capacity declines with advancing age and many individuals lose the inclination to participate in regular physical activity. In healthy adults, arginine can be synthesized in sufficient quantities to meet most normal physiological demands with the rate of de novo synthesis remaining unaffected by several days of an arginine free diet. Our study subjects had an average age >55 years, while other studies included young athletes. This difference may explain the significant improvement on AT [anaerobic threshold] in our study. 

(Chen, S. et al. Arginine and Antioxidant Supplement on Performance in Elderly Male Cyclists: A Randomized Controlled Trial. J. Int. Soc. Sports Nutr. 2010, 7(13); see http://www.jissn.com/content/pdf/1550-2783-7-13.pdf)

The 2012 research article “Acute L-Arginine Alpha Ketoglutarate Supplementation Fails To Improve Muscular Performance in Resistance Trained and Untrained Men” also agrees there is mixed evidence regarding L-arginine’s use to improve sports performance. The study looks at the use of recently developed supplements that have L-arginine combined with alpha ketoglutarate. 

Recently, commercially available L-arginine supplements have been combined with alpha ketoglutarate, in an effort to further improve exercise performance by increasing adenosine triphosphate production through the electron transport chain. Specifically, alpha ketoglutarate is a metabolite produced by the oxidative decarboxylation of isocitrate; a process that occurs in the Krebs cycle. An exogenous supply of alpha ketoglutarate through a supplement such as L-arginine alpha- ketoglutarate (AAKG) could increase Krebs cycle flux thus increasing the rate of acetyl-CoA oxidation. Furthermore, supplementation with alpha ketoglutarate may have a glutamate sparing effect in the body. This is important as alpha ketoglutarate can be replenished through the transamination of glutamate, which is an amino acid necessary for protein anabolism and it is also known to be a very important excitatory nervous system neurotransmitter. Thus, supplementation with alpha ketoglutarate may have both neurological and metabolic ergogenic properties. 

…in the current study, acute AAKG supplementation provided no ergogenic benefit, regardless of the subjects’ training status. Based on the current study an acute ingestion of AAKG is not recommended for healthy individuals to increase maximal strength and muscular endurance for resistance training exercises. 
(Wax, B., et al. Acute L-Arginine Alpha Ketoglutarate Supplementation Fails To Improve Muscular Performance in Resistance Trained and Untrained Men. J. Int. Soc. Sports Nutr. 2012, 9(17); see http://www.jissn.com/content/9/1/17)
Connections to Chemistry Concepts (for correlation to course curriculum)
1. Nutritional chemistry—The use of sports supplements and the effects they may or may not have on the body and its health relate to nutritional chemistry.
2. Biochemical processes—All three of the sports supplements in the article relate in some way to biochemical processes. For example, the intake of too much protein, such as in the form of whey protein powder, can trigger a buildup of ketones in the blood. Creatine plays a role in energy production in the body, through the ATP/ADP cycle. L-arginine is converted in the body to nitric oxide.
3. Amino Acids/Proteins—The three sports supplements discussed in the article all have some relation to amino acids and/or proteins. The supplement L-arginine is an amino acid. Amino acids are the building blocks that make up proteins, such as that found in whey protein powder. Creatine, an organic acid, is made from amino acids in the body. The idea of essential versus non-essential amino acids (those the body cannot make versus those the body can make) can also be discussed.
4. Chemical reactions–hydrolysis—The sidebar of the De Antonis article alludes to a hydrolysis reaction. Whey protein hydrolysate, one of the types of whey protein powder, is formed through this reaction.
Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “I can use a supplement because, even if it doesn’t help my sports performance, it won’t harm me.” The De Antonis article’s descriptions of three different sports supplements illustrate that this is not necessarily true. All three have potential side effects, some of them serious, that may or may not affect users. In addition, supplements are not subjected to the same rigorous tests that drugs must go through before being placed on the U.S. market, so there may not be complete information about their effects, particularly on youth.
2. “If a product says it is ‘natural,’ it is good for me.” The term “natural” on a product label is somewhat ambiguous. It is not well defined but can lead the consumer to think that it is beneficial, safe, and healthy to use. This is not necessarily the case. (http://www.fda.gov/Food/DietarySupplements/UsingDietarySupplements/ucm110567.htm)
3. “If I see a product on the shelf in the store, it will do exactly what the label promises it will do.” Dietary supplements, including the sports supplements described in the article, are not subject to the same regulations as drugs. Supplements do not undergo the same rigorous testing and trials that drugs do to get to market. The manufacturers are responsible for ensuring their claims are true, but often information on the effect of supplements is mixed.
Anticipating Student Questions (answers to questions students might ask in class)
1. “Why are sports supplements not intended for teenagers?” One organization that takes a stand against the use of sports supplements by teenagers is the National Federation of State High School Associations. Their position statement says it is “due to the lack of published, reproducible scientific research documenting the benefits of their use and confirming no potential long-term adverse health effects with their use, particularly in the adolescent age group.” Instead, they say, “Athletes should be encouraged to pursue their athletic goals through hard work, appropriate rest and good nutrition, not unsubstantiated dietary shortcuts.” (http://www.mshsaa.org/resources/pdf/supplements.pdf) 
2. “What does it mean when a supplement label says, ‘This statement has not been evaluated by the FDA. This product is not intended to diagnose, treat, cure, or prevent any disease’?” The U.S. Food and Drug Administration (FDA) Web site explains, “This statement or ‘disclaimer’ is required by law when a manufacturer makes a structure/function claim on a dietary supplement label. In general, these claims describe the role of a nutrient or dietary ingredient intended to affect the structure or function of the body. The manufacturer is responsible for ensuring the accuracy and truthfulness of these claims; they are not approved by FDA. For this reason, the law says that if a dietary supplement label includes such a claim, it must state in a ‘disclaimer’ that FDA has not evaluated this claim. The disclaimer must also state that this product is not intended to ‘diagnose, treat, cure or prevent any disease,’ because only a drug can legally make such a claim.” (http://www.fda.gov/Food/DietarySupplements/QADietarySupplements/default.htm)
In-class Activities (lesson ideas, including labs & demonstrations)
1. Students could explore how sports supplement advertisements encourage teenagers to purchase the products. Techniques might include things like before and after photos, scientific diagrams, and endorsements by professional athletes. Students could also discuss reasons teenagers might feel they need to use sports supplements. These might include factors such as gaining an edge in competing for college athletic scholarships, emulating professional athletes, and having a quick fix for dissatisfaction with one’s body and health.

2. Students can make glue from milk. They first add vinegar and heat a milk mixture to form curds, and then filter it to remove the whey. Baking soda is added to neutralize remaining vinegar. The remainder is usable as glue. The December 1993 ChemMatters Teacher’s Guide has a one-page experiment handout. At least one such experiment is available online. (http://www.rsc.org/learn-chemistry/resource/res00000459/glue-from-milk?cmpid=CMP00000529)

3. Small amounts of two specialized chemicals (cyanamide and sarcosine) are needed, but students can synthesize creatine using the procedure in “Synthesis of Creatine—A High School Procedure.” The authors state: “The procedure is well optimized, and to our knowledge represents the greenest route to creatine” and also suggest that the creatine can be used to demonstrate the effect of temperature on solubility in water. (http://greenchem.uoregon.edu/PDFs/GEMsID142.pdf)
Out-of-class Activities and Projects (student research, class projects)
1. Students could research the use of sports supplements throughout history. For example, the Background Information section “More on sports supplements” mentioned the use of dried figs, mushrooms, and strychnine by Greek Olympians in BC 776.

2. Students could survey and/or interview student athletes and coaches about their views and experiences with sports supplements.
3. Someone involved in sports medicine, such as a sports dietician, could be invited to speak to the class.

References (non-Web-based information sources)
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The ChemMatters article “Anabolic Steroids—The Downside of Bulking Up” discusses the use and risks of anabolic steroids, another substance connected with athletics. (Graham, T. Anabolic Steroids—The Downside of Bulking Up. ChemMatters 2000, 18 (2), pp 12–13)

The ChemMatters article “Drug Detection at the Olympics—A Team Effort” describes testing athletes for prohibited substances at the 2000 Summer Olympic Games. (Morton, R. Drug Detection at the Olympics—A Team Effort. ChemMatters 2000, 18 (4), pp 7–9)

The ChemMatters article “Sports Drinks: Don’t Sweat the Small Stuff” describes what happens to the body during and after exercise, how sports drinks can help, and how to choose a drink wisely. (Graham, T. Sports Drinks: Don’t Sweat the Small Stuff. ChemMatters 1999, 17 (1), pp 11–13)
The ChemMatters article “Say Cheese” provides background on the components of milk, including whey. It also includes a recipe to make a soft cheese, which has a step to separate the curd from the whey. (Baxter, R. Say Cheese. ChemMatters 1995, 13 (1), pp 4–7)

The ChemMatters article “Distance Running” outlines the body’s process of using adenosine triphosphate (ATP) to provide energy; the process includes creatine. (Smith, T. Distance Running. ChemMatters 1989, 7 (1), pp 4–7)
Web Sites for Additional Information (Web-based information sources)
More sites on sports supplements

The substance dimethylamylamine (DMAA) is mentioned in the De Antonis article as an example of a harmful ingredient in sports supplements. The U.S. Food and Drug Administration (FDA) Web site has a page that summarizes the dangers of this ingredient and what FDA and manufacturers are doing with products that contain it. (http://www.fda.gov/Food/DietarySupplements/UsingDietarySupplements/ucm110567.htm)


The February 2, 2012, article “Army Studies Workout Supplements After Deaths” in The New York Times discusses investigations into the deaths of two soldiers, which may have had a connection to supplements containing DMAA. (http://www.nytimes.com/2012/02/03/business/army-studies-workout-supplements-after-2-deaths.html?_r=3&) 


The 2006 Pediatrics journal article “Popular Ergogenic Drugs and Supplements in Young Athletes” has information about commonly used drugs and supplements (including creatine), with sections on physiology, effects, adverse effects, legal/sports aspects, and the incidence of use. (http://pediatrics.aappublications.org/content/117/3/e577.full.pdf)


A dietician at Boston College aims to make college students more aware of what is contained in different sports supplements and how to make informed choices. (http://www.bc.edu/offices/dining/nutrition/topics/supplements.html)


Sports, Cardiovascular, and Wellness Nutrition (SCAN) is a group of the Academy of Nutrition and Dietetics; its Web site has a collection of SCAN Fact Sheets with information for sports nutrition, those in the performing arts, general wellness and cardiovascular health, and eating disorders. (http://www.scandpg.org/fact-sheets/)


The October 12, 2011, Lincoln Journal Star article “Do You Know What Your Kid Is Taking? Facts About Sports Supplements” nicely summarizes overall issues and questions surrounding the use of sports supplements by youth. (http://journalstar.com/lifestyles/health-med-fit/do-you-know-what-your-kid-is-taking-facts-about/article_f2c76d96-00bd-517c-b781-0311307c6b2c.html)

More sites on whey protein powder

This report produced by the National Dairy Council in 2007 summarizes and cites several research studies related to the benefits of whey protein. It could be an interesting document to show to students to ask them to evaluate a source of information—does the National Dairy Council have an interest in people using more whey protein? (http://www.adadc.com/WheyResearchFAQ.pdf)


The Discovery Health Web site shares “Whey Protein: What You Need To Know,” including what it does in your body, and potential benefits and side effects. (http://health.howstuffworks.com/wellness/natural-medicine/alternative/whey-protein.htm)

More sites on creatine

An electronic copy of the Journal of the International Society of Sports Nutrition 2006 review article “Dietary Supplements and Sports Performance: Metabolites, Constituents, and Extracts” briefly summarizes various studies and reviews of creatine use in athletes. (http://www.jissn.com/content/3/2/1)


This YouTube video from Axis Labs, a manufacturer of sports supplements, is an advertisement for creatine monohydrate. Students could analyze how it presents the product and some of the science behind it. (http://www.youtube.com/watch?v=BR3dDO1Sz0E)

More sites on L-arginine

The De Antonis article mentions a long list of potential side effects connected with L-arginine use. The Mayo Clinic Web site has a list of side effects and warnings. (http://www.mayoclinic.com/health/l-arginine/NS_patient-arginine/DSECTION=safety)

A press release from Canadian Science Publishing summarizes a 2011 journal article on L-arginine supplementation. (http://www.nrcresearchpress.com/userimages/ContentEditor/1323110176006/APNM UofA press release_ en.pdf)

More Web sites on Teacher Information and Lesson Plans (sites geared specifically to teachers)


The Discovery Education Web site includes interactive curricula aimed at the middle school and high school levels. They describe their aim as supporting ethics and decision making, and take an anti-doping viewpoint, as part of the U.S. Anti-Doping Agency. (http://usada.discoveryeducation.com/curriculum.cfm) 

The curriculum packet “Sports Nutrition Kit for High School Classes” is produced by Fraser Health, a Canadian “health authority.” It states, “The kit is intended for high school teachers or coaches who wish to teach their students about the important role nutrition plays in physical activity.” (http://www.fraserhealth.ca/media/SportsNutritionKit.pdf)
The Fracking Revolution
Background Information (teacher information)
More on fracking and natural gas energy source 


Supplies of natural gas recoverable from shale in the USA could provide more than a hundred years-worth of fuel for domestic consumption. Although natural gas is considered a cleaner fuel than coal for electricity generation (in terms of the amount of carbon dioxide produced from combustion for the same amount of usable energy produced), extraction of the gas poses significant environmental risks in terms of potential damage to air quality and essential water resources. One of the concerns has to do with the escape of the methane, a greenhouse gas, both in the extraction process as well as in its transport. Ironically, cheap natural gas delays the national goal of becoming carbon-free, relying on solar and wind energy supplies to reduce the increasing hazards of global warming due to increased levels of greenhouse gases, particularly in terms of carbon dioxide, a combustion product of fossil fuels. 

The fracking process for extracting natural gas in the USA began a reversal of importing needed natural gas from Canada (via pipeline) around 2007, accounting for about 10% of US production, rising to 30% by 2010. The rapid increase in the amount of natural gas (almost a glut) has depressed the market price for the gas. At the same time, the amount of gas has made it possible for the US to begin exporting the product to other countries, competing against Russia (the biggest supplier to Europe) and the Middle East. By 2011, natural gas provided about one quarter of the primary energy (coal, gas, oil, and nuclear) consumed in the United States. Electricity generation accounted for 31% of total natural gas demand, followed by industrial (28%), residential (19%), and commercial (13%). Shifting from coal to natural gas for electricity generation has made a significant impact on the production of greenhouse gases (primarily carbon dioxide), essentially cutting in half the amount of carbon dioxide generated per unit of electricity produced. Nearly 60% of the electricity produced through coal combustion in 2005 was reduced to 34% by 2012—a significant and unprecedented low. The EPA has reported that domestic emissions of CO2 in early 2012 fell to the lowest level recorded since 1992. Another benefit of reducing coal combustion has been the reduction of sulfur dioxide and mercury in the air because the old power plants, unequipped to remove these pollutants, were idled when the need for coal was reduced. And less sulfur dioxide means less acid rain.

(Some of these statistics can be found at http://harvardmagazine.com/2013/01/frackings-future) 

For contrast to the use of fracking to extract fossil fuels, fracking can be effectively used for alternative energy extraction such as geothermal. The fracking process creates more fissures deep in the earth to allow for the introduction of water that in turn is converted to steam. It works by injecting water into rocks, creating cracks in hot rocks which allows for more of the heat to convert water to steam that then exits to the surface. The steam that vents from these fissures is used to turn electricity-generating turbines. 

More on what is involved with fracking
When fracking is discussed, it is often based on a narrow focus in its description, i.e. horizontal drilling, injection of fluids, and recovery of gas. In common parlance, the term encompasses the entire process of shale gas extraction, including these steps:
· leasing and clearing a prospective well site;

· building a well pad that can accommodate eight or more individual wells;

· digging containment pits and ponds for drilling and frack fluids;

· drilling the vertical portion of each well, which in southwestern Pennsylvania can be 6,000 to 7,000 feet deep;

· drilling the well's horizontal leg, up to a mile long;

· installing casing and cement in the well shaft to inhibit gas and chemicals from flowing freely into soil, streams, and aquifers; trucking or piping in millions of gallons of water for each well;

· ringing the well with 12 to 18 high-pressure diesel pumps on flatbed trucks;

· fracturing the shale to release the methane by using explosives and then injecting fracking fluids at pressures of up to 9,000 pounds per square inch (about nine times the pressure needed to crush the U.S. Navy's best submarine on its deepest dive), along with sand and ceramic "proppants" to keep the fractures open;

· capturing and removing or recycling the "flowback" of brine, hydrocarbons, sand, and toxic fracking chemicals; and

· controlling, processing, measuring, pressurizing, and piping the gas away from the completed wellheads.
(http://www.sierraclub.org/sierra/201207/pennsylvania-fracking-shale-gas-199-2.aspx)

More on the whole energy picture—fossil fuels vs. alternatives

Looking at a carbon-free future, recent studies by the National Renewable Energy Laboratory (NREL) suggest that with the right targeted investments in the commercial market, emissions from CO2 could be reduced by as much as 80% by 2050. In this scenario, the dominant source of electricity would come from a combination of wind and solar. Gas-fired electricity generators would provide backup since the wind and solar are variable in their output and would probably not meet some peak seasonal (think summer) demands. And of course, in realistic terms, progress in this transition is dependent on market prices for the production of electricity through any of these generators—wind and solar. Looking at these price factors, coal’s cost for electricity production is 5.9 cents per kilowatt hour. Gas currently can match that price and replaces coal. Wind-generated electricity at this point is about 8.0 cents per kilowatt hour but enjoys a tax credit of 2.2 cents a kilowatt hour and therefore is competitive with gas. Should gas prices increase, wind energy would be cheaper, even without the tax credits. 

There are several scenarios for the role of solar in the future of a low- to non-fossil fuel economy. Considerable investment in solar energy for electricity generation envisions solar plants providing nearly 70% of the electricity by 2050. The majority of the photovoltaics would be in the Southwest United States. Excess daytime energy would be stored as compressed air underground, to be used at nighttime. A more efficient transmission grid would be built that relies on DC current rather than AC to carry the electricity across the country. In addition to the photovoltaic arrays would be the use of large solar concentrator power plants (using parabolic reflectors, already in use today in the Southwest). All kinds of data, including costs for these solar-driven electrical generators, as well as land needs for and price of the electricity generated, can be found at the following source:

Sweibel, K.; Mason, J.; Ethenakis, V. A Solar Grand Plan. Scientific American, January 2008, 298 (1), pp. 66–73.

The graphical data from the reference above compares 2007 to the projected target date of 2050. Also, there are good illustrations of the equipment that would be used—solar panels, solar concentrators, compressed air storage and the equipment used to generate electricity.

More on Baaken oil field fracking 

Besides the Marcellus Shale gas, the Baaken oil fields of North Dakota represent the other major area of interest for petroleum with its attendant environmental issues. The Baaken fields (which extend into the Canadian provinces of Manitoba and Saskatchewan) present an oil supply that is being harvested by fracking. There is natural gas to be found here but the area is considered to be gas poor but oil rich. North Dakota is second to Texas in oil production; Texas is ranked as the top oil-producing state. Water-assisted fracturing as a technique for oil extraction has been in use since the 1940s. Only since the early 1990s has the horizontal technique of fracturing been adopted to recover oil from what were thought to be depleted oil fields in Texas. The term “fracking” is the current jargon for this modified (horizontal) fracturing technique, both for gas and oil recovery.

The boom in oil extraction in North Dakota has created a number of problems, both sociological as well as environmental. The oil production business has suddenly created boom towns and times for both local residents and a large influx of migrant workers from all over the U.S. Supporting industries have moved in to meet the needs of the new workers—everything from housing to shopping malls, transport services to drilling equipment. People who have been able to sell mineral rights and land leases to oil companies are suddenly earning additional income that often supplements what they were earning from farming. However, the oil extraction business takes a toll on the environment, particularly with regard to the use of underground water supplies for the fracking process. The western part of North Dakota (where oil fracking is taking place) is prone to drought. So there is concern about the drawdown and contamination of aquifers. A corollary to the water use problem is the difficulty of properly disposing of the used fracking liquid, which is contaminated with a variety of industrial chemicals and earth-sourced chemicals—including oil, hydrogen sulfide, salts, and heavy metals such as mercury and arsenic. There are also radioactive elements in the recovered fracking fluids.

Storage above ground also has its own problems, including overflow from heavy rains and leakage into the soil. The alternative disposal technique is to inject the fluid deep into the ground. However there is the concern (and there is some evidence for the concern) that injecting liquids into deep underground wells can cause earthquakes. 

More on methane hydrates 


While the boom in methane from underground shale deposits has put the United States into a potential oil-independence status, a new source of methane is causing excitement for not only the U.S. but also for many other countries who have access to what are known as methane hydrates, most often found in coastal waters and in tundra, in places like Alaska and Russia.

Methane hydrates are structures made up of a molecule of methane encased in ice crystals (water) that are pentagonal dodecahedra. In what is known as Structure I gas hydrate, 46 water molecules in the ice crystal can form spaces for 8 methane molecules. There are other structures that can form more spaces than eight for the methane molecules.
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(http://woodshole.er.usgs.gov/project-pages/hydrates/primer.html)

Methane hydrates exist under conditions of high pressure and low temperatures, typically found in ocean sediments along a coast at depths of some 500 feet.
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Known and inferred locations of gas hydrate occurrence. Map compiled by the USGS.
(http://woodshole.er.usgs.gov/project-pages/hydrates/primer.html)
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The hydrate resource pyramid showing the relative amounts of gas hydrate in the global system. The hydrates at the top of the pyramid are most likely to be exploited as energy resources because they are not in the ocean depths (Arctic tundra of Alaska and Russia). After Boswell and Collett.

(http://woodshole.er.usgs.gov/project-pages/hydrates/primer.html)

The estimates of methane hydrate reserves are rather astronomical—twice as abundant as all other fossil fuels combined! Two different techniques for extracting the methane from the hydrate structure (the crystalline structure of water molecules) are being tested. The Japanese have found that the methane can be released by lowering the pressure around the hydrates. The United States research has shown some success by injecting carbon dioxide into the hydrates, releasing the methane. The main question that arises is, “Will these extraction techniques cause enough instability in the hydrate fields to cause release of methane before it can be captured and directed into pipelines?”

More on determining the true cost of fuels 

When it comes to deciding on extracting a particular fossil fuel, it is more than technology that determines if that fuel is to be extracted. A related issue is determining the real cost of that fuel, from extraction costs to transport to refining/processing site or direct utilization site. The quantification of finding, extracting, transporting and processing a particular fuel has been systematized into what is known as the “energy return on investment” or EROI which is a ratio that shows the number of energy units provided by a particular fuel per unit of energy expended to make that fuel available. 

The higher the EROI value, the more energy is available to do useful work. It is almost like an efficiency calculation. It does not take into account the environmental costs of greenhouse gas emissions or the supply issues such as the intermittence of wind or of solar power. The EROI simply states how much energy is available from a particular energy source. It is assumed that the minimum EROI required for the basic functions of an industrial society is in the range of 5 to 9.

Some representative EROI numbers include the following:

· 16
conventional oil

·   9
ethanol from sugar cane

·   5.5
biodiesel from soybeans

·   5
tar sands

·   4
heavy oil from California

·   1.4
ethanol from corn
The EROI numbers for different sources of electric power include:

· 40+
hydroelectric

· 20
wind

· 18
coal

·   7
natural gas

·   6
photoelectric (solar)

·   5
nuclear
(Inman, M. The True Cost of Fuels. Scientific American 2013, 308 (4), pp 60–61) 

Comparing the two sets of numbers, it is apparent that many renewable energy sources are very competitive with fossil fuels for electricity generation. The issue becomes the cost for making each energy source available. High quality fossil fuels are becoming more expensive to extract. 

Currently, the world derives 85% of its energy from fossil fuels.

What will be the EROI for methane hydrates if and when an acceptable technique for extraction is developed?
More on the environmental costs for continued use of fossil fuels 


Most experts agree that the long term goal for energy utilization has to be severe reduction of fossil fuels for transport and electricity generation because of greenhouse gases (carbon dioxide and methane). Although fossil fuels will probably not be eliminated altogether, the idea is that renewables will replace more than 80% of present day usage of fossil fuels by the year 2050. These renewables will be used primarily for electricity production. Referring to the EROI numbers mentioned earlier, many of the renewables for electric power have good numbers compared with fossil fuels. The question remains how practical will it be to make electric power available for transport. It is expected that the use of electric-powered vehicles for all forms of land transportation will noticeably increase. When different fuels used to power automobiles are compared in terms of miles driven per Gigajoule of energy invested in the production of the fuel, cars using electricity from the power grid can be powered for 6500 miles, followed by 3600 miles by gasoline (from conventional oil), then ethanol (from sugar cane) for 2000 miles. It is apparent that electricity is a winner for transport needs. 

For the US and the world in general to continue to make fossil fuel the energy source of choice, there will have to be a major investment in technologies to eliminate carbon dioxide from its fuel source or its disposal after being produced in the combustion process. There is some technology available today for removing carbon dioxide after combustion and injecting the gas into underground wells, such as expired oil wells for removing even more oil. But this technology is still not used on a wide scale, primarily because of costs. There is also the thought that carbon dioxide could be extracted from the atmosphere. The technology used would be the same as is currently available for removing carbon dioxide from industrial combustion products. The big difference is that the atmosphere’s carbon dioxide is not nearly as concentrated as that coming out of a smoke stack. The interesting fact is that the cost for doing air capture of carbon dioxide is in the same range as that for changing the world’s use of fossil fuels into primarily utilizing renewable energy resources! Which way to go—carbon dioxide capture from the air or reducing dependence on fossil fuels close to zero? A comprehensive information resource (US Geological Survey [USGS]) on the sequestration of carbon dioxide is found at http://www.usgs.gov/blogs/features/usgs_top_story/the-gigaton-question-how-much-geologic-carbon-storage-potential-does-the-united-states-have/. This site provides geological data related to the lead question, “How Much Geologic Carbon Storage Potential Does the United States Have?” Included in this article is a comprehensive illustration of where and how carbon dioxide sequestration takes place. Related to this process is a map of the USA showing all the places where the sequestration could take place.

The NREL has summarized its findings about making renewable electricity generation a primary goal to reduce our dependency on fossil fuels in that particular energy use sector.

Key Findings

· Renewable electricity generation from technologies that are commercially available today, in combination with a more flexible electric system, is more than adequate to supply 80% of total U.S. electricity generation in 2050 while meeting electricity demand on an hourly basis in every region of the country.

· Increased electric system flexibility, needed to enable electricity supply and demand balance with high levels of renewable generation, can come from a portfolio of supply- and demand-side options, including flexible conventional generation, grid storage, new transmission, more responsive loads, and changes in power system operations.

· The abundance and diversity of U.S. renewable energy resources can support multiple combinations of renewable technologies that result in deep reductions in electric sector greenhouse gas emissions and water use.

· The direct incremental cost associated with high renewable generation is comparable to published cost estimates of other clean energy scenarios. Improvement in the cost and performance of renewable technologies is the most impactful lever for reducing this incremental cost.

(http://www.nrel.gov/analysis/re_futures/)

Below are maps of the U.S. showing the geographical distribution of alternative renewable energy resources are shown below. It can be seen from these maps that there are many areas of the United States that can be used for non-fossil fueled (renewable) electricity generation. Refer to the reference attached to the maps for the executive summary of future plans for electricity generation from renewables.

[image: image12.emf]
(http://www.nrel.gov/docs/fy13osti/52409-ES.pdf; p 21)
(initial basic reference for NREL site at http://www.nrel.gov/analysis/re_futures/; executive summary of report on future plans for electricity from renewables at http://www.nrel.gov/docs/fy13osti/52409-ES.pdf)

Connections to Chemistry Concepts (for correlation to course curriculum)
1. Hydrocarbons—Hydrocarbons such as methane (natural gas) and octane is an important class of fossil fuels; other hydrocarbons isolated (fractional distillation) from oil include kerosene (jet fuel), mineral oil and diesel fuel. Additionally, some of these hydrocarbons can be used to synthesize other classes of organic molecules including alcohols.
2. Combustion—Combustion is an important category of chemical reaction which can involve hydrocarbons such as methane and propane. The production of heat in the reaction means that work can be done. For example heat can be used to convert water to steam which produces motion in a turbine that makes electricity. Another result of the combustion of hydrocarbons, however, is the production of greenhouse gases such as carbon dioxide. 

3. Isotopes—The fact that many elements exist in several forms physically (difference in atomic mass) means they can be identified or distinguished through their mass differences. This is a useful tool in sorting out different sources of methane that may be found in aquifer water near a fracking well’s bore hole. This methane has a mix of molecules, some of which contain carbon-12; others contain carbon-13 along with hydrogen-1 and hydrogen-2. Methane molecules from soil bacterial action have fewer carbon-13 and hydrogen-2 atoms in the mix than those that come from the fracking wells. 

4. Heavy metals—This serious contaminant that is found in the waste water that comes from the fracking process means that the waste water must be prevented from entering drinking water supplies including underground wells as well as rivers and streams. Some heavy metals such as lead, mercury, and chromium are known to adversely affect the human nervous system if they accumulate in excessive amounts.
Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “Underground fracking can produce explosions deep in the earth.” Underground explosions cannot occur because there is no air (oxygen) for combustion and explosion. Above ground is a different story! Methane explosions in coal mines do occur because there is more than enough air to fuel the combustion (explosion).
2. “I’ve heard that fracking results in water that can burn coming out of home faucets!” There have been some accounts of “flammable water” coming from faucets in areas where fracking is occurring, but that is not the water itself that is burning, but the methane that sometimes escapes from the well and enters the ground water. Also, the evidence is not yet all in regarding the source of the methane. In some instances, the methane was actually leaking to the surface prior to the fracking process occurring. 
Anticipating Student Questions (answers to questions students might ask in class)
1. “How can the gas in the rock crevices actually pass into a pipe? And if it can pass into a pipe, won’t it leak out again on its way to the surface?” The pipe (horizontal) that is inserted into the shale area where gas is found is perforated with holes using an explosive device that is inserted into the pipe prior to injecting the fracking fluid that exits the perforated pipe into the gas-containing shale rock. The pressure of the gas from the shale is greater than that from the gas that travels through the pipe to the ground surface. The vertical delivery pipes are encased in steel and cement, with no perforations through which gas could escape.
2. “Why does burning coal for electricity generation produce more carbon dioxide than burning methane (natural gas?” To produce the same amount of energy to generate electricity by burning a fuel to convert water to steam, (found in steam produced from heating water with a fuel), you would have to burn 1.7 times as much coal as methane to produce the same amount of heat energy needed to convert water to steam for turning an electricity-generating turbine. In the process, you would be generating 1.7 times as much carbon dioxide, based on the chemical equations (one carbon dioxide molecule per 1 molecule of either methane or coal [assume C])
3. “Why does burning coal for electricity generation produce more carbon dioxide than burning methane (natural gas?” Both processes burn the fuel to produce heat, which is then used to heat water hot enough to change it to steam. The steam then turns the turbines to generate electricity. To produce the same amount of energy from each fuel, you would have to burn 1.7 times as much coal as methane. In the process, you would be generating 1.7 times as much carbon dioxide, based on the chemical equations below that both show one mole of carbon dioxide produce per one mole of fuel.
coal burning: C  +  O2  (  CO2   ΔH = - 32.5 kJ/g
methane burning: CH4  +  2 O2  (  CO2  +  2 H2O  ΔH = - 55 kJ/g
(http://en.wikipedia.org/wiki/Heat_of_combustion) Note: these values are the high-end values given for both combustion reactions.
4. “Why is methane gas found in shale rock but not in other types of rock?” Natural gas and oil were formed from microscopic marine organisms in sea basins. These organisms sank to the bottom of the sea after they died. They were buried with sand and silt deposits. The resultant pressure (and heat) of sand and silt deposits converted the biomass into oil and methane gas. Shale rock formed from the sand and silt deposits trapping the hydrocarbons. When oil prospectors are looking for possible oil and gas deposits, they sample rock and examine for microscopic fossils of marine organisms. More often these days they use seismic data to locate rock of a particular density that matches shale formations. More information about the geology of and the techniques for exploring for oil and gas can be found at http://www.sjvgeology.org/oil/exploration.html. 

5. “Which is worse as a greenhouse gas—carbon dioxide or methane?” Methane gas is the more “potent” greenhouse gas, which means it is able to absorb more infrared in the atmosphere which is related to thermal energy or heat. The comparison factor that is often quoted for methane is twenty times the “potency” of carbon dioxide in terms of infrared absorption. On the other hand, carbon dioxide emissions are 67% of total greenhouse emissions vs. 14% for methane. 

6. “How does injecting liquids into the earth produce earthquakes?” The best explanation for this to occur is that the injected fluids create enough pressure in the rock crevices to push opposing plates (rock) far enough apart to be then able to slip past each other, which is the essence of an earthquake.
7. “Is it true that cows and sheep produce methane that contributes to greenhouse gases when it is released into the atmosphere?” Ruminants such as cows, goats, and sheep process their food (primarily grass) through bacterial fermentation in their multiple stomachs. Because this is an anaerobic process, oxygen is not available to convert some of the carbon (from sugars of the grass) into carbon dioxide. Rather, the carbon is linked to hydrogen in the energy-generating process (for the bacteria), producing methane that is eventually released by the cow, either as a “burp” or as flatus. 

CO2  +  8 H+ + 8 e1-  →  CH4  +  2 H2O
(The carbon dioxide in the equation comes from other non-methane fermenting bacteria (processing under aerobic conditions) in the ruminant’s stomachs.)
Some universities have actually monitored how much methane is released by these animals in an attempt to determine if they are contributing critical amounts of this greenhouse gas. The Food and Agriculture Organization (FAO) of the United Nations estimates that ruminant animals (sheep, goats, cows) are responsible for roughly 20% of global methane emissions.
8. “How can solar energy (for electricity generation) be a reliable source of energy if the solar generators have irregular output, due to intermittent solar radiation (including night time!)?” The idea is to store some of the solar energy, to be used during those periods of non-generation. Storage is done in two different ways, depending on the type of solar-based generation. (Large scale battery storage is too expensive). For photovoltaics, some of the energy is used to run compressors for putting air into storage tanks at high pressure. Later, this compressed air is used to run electricity generators (turbines). For solar power that is used to heat salts to a high temperature molten state (and used to convert water to steam for turbine-generated electricity), storage of some of the very hot salts in insulated conditions can be used later to again convert water to steam for turbine-generated electricity. 
In-class Activities (lesson ideas, including labs & demonstrations)

1. A quiz that can be used as an introduction to the study of methane and the fracking process (which also educates the students through the questions themselves) is found at http://environment.nationalgeographic.com/energy/great-energy-challenge/natural-gas-quiz/.

2. Here is an interactive graphic, which could be used in class as part of a class discussion, that illustrates the fracking process: http://news.nationalgeographic.com/news/2010/10/101022-breaking-fuel-from-the-rock/. A video that also illustrates the fracking process is found at http://www.energyfromshale.org/hydraulic-fracturing. A related video source on various aspects of fracking can be found at http://www.energyfromshale.org/hydraulic-fracturing/how-hydraulic-fracturing-works.

3. An article and video lecture that connects underground injection of water and other liquids to earthquakes is found at http://www.scientificamerican.com/article.cfm?id=drilling-and-pumping-wells-spawn-powerful-earthquakes. The video clearly shows why injecting liquids into deep wells can trigger earthquakes. Frequently asked questions about injection-induced earthquakes (that the teacher could first ask the class) can be found at two of the USGS websites- http://earthquakes.usgs.gov and http://www.usgs.gov/faq/?q=taxonomy/term/9833. 
4. A very nice collection of photos associated with various aspects of methane gas that could be used in the classroom is found at http://ngm.nationalgeographic.com/2012/12/methane/thiessen-photography#/end-slide.jpg. Among other things is a photo of a cross section of shale rock that shows its porosity. Another illustration shows a 3-D composite seismic profile of the earth that contains the deep seated shale layers. 

5. If you would like to buy sample sets of different crude oils (different geographic sources), oil rock of different types, and coal for students to see, they can be purchased at http://www.onta.com/index.html. 

6. A very comprehensive look at the fracking process in terms of environmental issues is an hour long video taken from a colloquium organized by the US Geological Survey featuring experts in the field. It can be accessed at http://gallery.usgs.gov/videos/533. This could be shown in class for students to see how scientists “debate” the issues as well as providing relevant information (research data) about the various environmental issues associated with fracking.

7. Another in-class expert panel discussion can be used (video presentation) to show students how experts in the field sort through the environmental issues of fracking. What research data is available, what is anecdotal information? Refer to http://www.nicholas.duke.edu/hydrofrackingworkshop2012/video.

8. Do students need some chemistry background about greenhouse gases and how these chemicals produce global warming? The EPA website, http://epa.gov/climatechange/science/causes.html provides the basics about global warming and the role of greenhouse gases. This information, particularly the pictorial, could be projected in class when teaching the basics of how global warming takes place. A complementary source of EPA information on global greenhouse gas emissions data (numerical and graphical) on specific gases—by type and source—can be found at http://epa.gov/climatechange/ghgemissions/global.html. There is also a graph of global carbon dioxide emissions starting with the year 1900. It makes for a useful handout in class. 

9. If you think your students could use some edification about all the different products of the modern world that are made from oil, a very extensive list is available as a class handout. Consult the following website: http://www-tc.pbs.org/independentlens/classroom/wwo/petroleum.pdf.

10. A website that includes all the details (and illustrations) about physically locating oil and gas underground is found at http://www.sjvgeology.org/oil/exploration.html. This could be used as either reading material for students or as a projection in class to illustrate the techniques for locating gas and oil deposits and the related geologic parameters of oil- and gas-containing rocks. 

11. A good source of background information and photos for class discussion can be found at this Department of Energy National Energy Technology Laboratory comprehensive website about shale gas. It includes a page of linked references. (http://www.netl.doe.gov/technologies/oil-gas/publications/brochures/Shale_Gas_March_2011.pdf)
Out-of-class Activities and Projects (student research, class projects)
1. A major research project for the class would be to evaluate the state of affairs for the environmental issues associated with the fracking process, particularly with regard to the contamination of aquifers (source of drinking water) and the disposal of fracking fluids recovered from drilling. What are the regulations by individual states as well as the federal regulations (and enforcement) of the Environmental Protection Agency (EPA). One of the problems in evaluating the state of health of drinking water in fracking locations is the lack of a base line for the water’s quality/condition BEFORE drilling that can be used for comparison. The interesting thing is that the drilling companies did sample aquifer water before drilling but evidently the data is not available to the regulatory agencies! Since the early days, however, the various agencies have now done water sampling before fracking takes place. There are several university studies being done on the issue, including those from Duke Univ. and Penn State. Their publications can be found at http://www.nicholas.duke.edu/dukenvironment/f11/in-the-midst-of-a-fracking-firestorm and http://exploreshale.org/. The latter reference from Penn State has an excellent cross section of the Earth at different depths, down to the fracking level. This could also be projected in class for teaching purposes. 

A list of health questions related to fracking, developed by the state of New York, can be found at http://news.nationalgeographic.com/news/energy/2013/04/130401-new-york-fracking-health-questions/.

Rules for the fracking industry as drawn up by the Natural Resources Defense Council (http://www.nrdc.org/energy/fracking-wastewater.asp) make a good reference point for student research into what is actually being done by the gas drilling companies. An interim report by the EPA lists problem areas that need to be addressed, again a good reference point for students in their research to determine the extent to which the drilling industry has dealt with these issues. 

The social impact of fracking on communities is extensively illustrated with case studies done by the Sierra Club at http://www.sierraclub.org/sierra/201207/pennsylvania-fracking-shale-gas-199-2.aspx. For additional research, students could view a TV program (“60 Minutes”) in which the investigating reporter interviews people from the gas fracking industry along with citizens who have different views of the impact of the fracking industry on their lives (and property). See http://www.cbsnews.com/video/watch/?id=7054210n. For alternative views on fracking from a nationally respected environmental group, the Natural Resources Defense Council (NRDC), students should consult the following resource- http://www.nrdc.org/energy/gasdrilling/?gclid=CLK9qYDT-LgCFQyk4AodNQsAOQ.

2. If fracking is occurring near your students’ community, they should research what is going on through local newspaper articles, city/town government records for drilling leases, extraction fees and tax rates (state?), environmental regulations (state, EPA?), recorded violations and drilling/processing accidents. 

3. Students could be challenged to evaluate a very different and recent proposal to reduce global warming by a general “technique” called solar geoengineering. It is a proposal for actively countering solar radiation to Earth though a number of techniques which fall under two categories—reducing solar transmission through a type of permanent cloud cover or reflecting back into space some of the solar radiation using massive space shields. There are many questions related to the tricky business of trying to manipulate global weather conditions. A comprehensive view about solar geoengineering from one of its proponents, a Harvard professor, is found at http://harvardmagazine.com/2013/07/buffering-the-sun.

A complementary article that explains more about solar engineering can be found in Scientific American magazine at http://www.scientificamerican.com/article.cfm?id=geoengineering-and-climate-change. And the need for guidelines for solar geoengineering can be found at http://www.scientificamerican.com/article.cfm?id=would-be-geoengineers-call-for-research-guidelines. These last two articles would be helpful to students in their quest to understand the issues.
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Herlocker, H. Life in a Greenhouse. ChemMatters 2003, 21 (3), pp. 18–21. This article provides a comprehensive coverage of greenhouse gases and all aspects of the atmosphere. It is part of a single issue devoted to all aspects of the atmosphere. The illustrations of the atmosphere and the greenhouse gases will be useful in class (visual projection) if a discussion about global warming is anticipated.
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Web Sites for Additional Information (Web-based information sources)
More sites on various aspects of fracking 


An excellent video on the mechanics of fracture drilling can be found at http://www.energyfromshale.org/hydraulic-fracturing/how-hydraulic-fracturing-works. There is also other information on the composition of fracking fluids, logistics of shale production, the basics of what shale gas is, and the fracking process itself.

Another comprehensive video on all aspects of fracking (from the US Geological Survey, USGS) is found at http://gallery.usgs.gov/videos/533. (also referenced in the “In-Class Activities” section of the Teacher’s Guide) This 53 minute video gives emphasis to all aspects of water use and its disposal in the fracking operation, one of the major environmental concerns for fracking.


Here is a comprehensive website about shale gas and fracking, with photos, from the US Department of Energy that includes a list of references: http://www.netl.doe.gov/technologies/oil-gas/publications/brochures/Shale_Gas_March_2011.pdf. 

Another website that provides striking interactive visuals of the geology of shale gas with explanations of each geological layer as you scroll down to the fracking areas is found at http://exploreshale.org/#. This site from Penn State also includes some other sections for educators (downloadable PDF handout) and students (“Ask a Question”). But the interactive geological profile is dynamic and would be very useful in class as a projected item or for student interaction.

More sites on the various parameters of fracking—political, economic, environmental

A very comprehensive collection of articles from the NY Times called “Drilling Down” covers all aspects of the fracking industry and its societal impact. It can be found at http://www.nytimes.com/interactive/us/DRILLING_DOWN_SERIES.html?_r=1&. 
More sites on the history of oil

A useful time line and short descriptions (plus pictures) of the history of oil/ gas exploration and utilization, beginning as far back as 347 AD, are found at http://www.sjvgeology.org/history/index.html. Oil and natural gas have been seeping out of the ground in Baku, Azerbaijan since before Marco Polo visited in 1264. Some of this escaping gas was incorporated into a “Temple of Fire Worshipers” and continues to burn at the site to this day. 
More sites on the future of natural gas and the development of Liquid Natural Gas (LNG)

An academic study from MIT looks at the future of natural gas in the world context. The 20 page Overview and Conclusions portion of the document is a useful and understandable reference. It does not take into account future CO2 policies which will affect the future of natural gas supply and demand. Two documents from the MIT academic study can be obtained from these two sites: http://mitei.mit.edu/system/files/NaturalGas_ExecutiveSummary.pdf and http://mitei.mit.edu/publications/reports-studies/future-natural-gas. 
More sites on methyl hydrates

The future is now for methyl hydrates. Several useful websites that expand on the potential of this source of methane and the technological constraints in retrieving the hydrates include:


http://www.scientificamerican.com/article.cfm?id=methane-hydrates-the-next-natural-g which provides basic information in a very readable article and


http://woodshole.er.usgs.gov/project-pages/hydrates/primer.html which provides very detailed scientific information including pictures of methane as a molecular model, as an image from a scanning electron microscope, and as a bubble emitted at a seafloor seep. Another important part of the reference describes the different methods for locating methyl hydrates, primarily at oceanic sites.


A recent article from the Washington Post updates the work of the Japanese on hydrates. It can be accessed at http://www.washingtonpost.com/blogs/wonkblog/wp/2013/03/12/japan-tries-to-unlock-the-worlds-biggest-source-of-carbon-based-fuel/.
More sites on the use of fracking techniques to capture geothermal energy

Because the source of geothermal energy is reasonably deep in the earth, a more benign version of fracking can be used to capture more of the heat deep in the rocks. Water (only) is injected; it is converted deep underground to steam that powers electricity-generating turbines. It works by injecting water into rocks, creating cracks in hot rocks which allows for more of the heat to convert water to steam that then exits to the surface for turbine activity. For a description of the technique and the projected energy production, consult the website, http://www.scientificamerican.com/article.cfm?id=fracking-for-renewable-power-geothermal. 
More sites on the pros and cons of increased oil and gas production 


As mentioned before, developing US natural gas reserves makes for more energy security but delays, primarily because of price, the more extensive development of alternate (renewable) energies which must be done because of the continued increase in global warming. 
Refer to a debate (an eleven minute video from PBS–The Newshour) at http://video.pbs.org/video/2266185824/ about the issue.

Nuclear Fusion: The Next Energy Frontier?
Background Information (teacher information)
More on past fusion research

The following is a brief history in somewhat chronological order of fusion research based on selected areas of research. It discusses only very well-known research efforts. Many smaller research efforts are not mentioned here. Also, although this selected history may give the reader the idea that fusion research only and always moved forward, nothing could be further from the truth. Many research attempts met with failure—even in the projects still working today. Scientific discovery does not move straight forward; its path is unpredictable.

Fusion research began in the late 1920s when Robert Atkinson of Rutgers University and Fritz Houtermans of the Second Institute for Experimental Physics at the University of Göttingen made very precise measurements of light-nuclei elements and used Einstein’s equation to calculate the huge energy available in the fusion of these light nuclei into heavier elements. Their work was based on processes occurring in stars. Atkinson also proposed that stars actually produced heavier elements by fusing successively heavy elements.


In 1932 Mark Oliphant, a British scientist at Cambridge, discovered helium-3 and tritium. Using a particle accelerator, he also found that heavy hydrogen nuclei could be forced to react with each other, and that when that happened, more energy was produced than the particles had at the beginning of the experiment. 


In 1939, Hans Bethe won the Nobel Prize for his seminal work showing that fusion is the driving force behind star formation and propagation.


And in 1941 Enrico Fermi proposed using a fission reaction (which itself had yet to be proven) to initiate a fusion reaction.


During the late 1930s and 40s, most research centered on fission, finally resulting in the development of the atomic bomb (a fission reaction), although fusion research was still in the mix. Using Fermi’s idea to utilize a fission bomb to initiate a fusion bomb, the U.S. detonated the first H-bomb, the first man-made fusion reaction—a 10-megaton blast, in 1952.


The tokamak plasma containment system was developed in Russia by 1956. The Russians shared this information, along with other news that indicated they were indeed working on fusion research. This opening up on the part of Russian scientists helped to convince the United States and the United Kingdom to do likewise. In 1958, these two countries published large amounts of previously classified data on their fusion research, the timing coinciding with the Atoms for Peace convention in Geneva that year. All wasn’t peaceful, however, as we observed in 1961 that Russia exploded the largest H-bomb to that time, a 50-megaton explosion.


By 1965, the idea of using lasers to provide the energy needed to initiate the fusion of nuclei had resulted in the construction and testing of a 12-beam laser system at the Lawrence Livermore National Laboratory. Laser research continues even today. 

A few years later (1968) The Russians provided data that showed their tokamak devices were producing results better than their expectations (by a power of 10). The U.S. quickly picked up on that idea and changed their research to incorporate that concept into the design of their fusion research facilities, even retrofitting older devices.


In Europe, the Joint European Torus (JET) device began design work in 1973 and was completed in 1983, achieving their first plasmas that same year. Progress with the JET device has continued through to the present, albeit with shutdowns and restarts to allow for alterations made as new discoveries and designs were found that improved on its own results.


In 1985 Gorbachev and Reagan began an international venture called ITER, the International Thermonuclear Experimental Reactor. Originally, the project as proposed involved the Soviet Union, the European Union, Japan and the U.S. In 1992 the design phase began. By 2005 the project was collaboratively supported by the European Union (EU), Japan, India, China, Russia, South Korea and the U.S. In 2006 the parties involved signed a formal agreement, and funding for the joint project began that same year. The funding (and the project) is expected to last for 30 years, the first 10 years for construction and the rest for operation. The goal for the reactor is to produce about 500 MW of sustained power for up to 1000 seconds, by fusing approximately 0.5 g of a deuterium/tritium mix. The energy output of the device is expected to be about 10 times the input of energy. This would only be a first step toward a nuclear fusion power plant. A successor to ITER is DEMO (short for DEMOnstration Power Plant), a proposed nuclear fusion power plant to build on the anticipated success of ITER.

The objectives of DEMO are usually understood to lie somewhere between those of ITER and a "first of a kind" commercial station. While there is no clear international consensus on exact parameters or scope, the following parameters are often used as a baseline for design studies: Whereas ITER's goal is to produce 500 megawatts of fusion power for at least 500 seconds, the goal of DEMO will be to produce at least four times that much fusion power on a continual basis. Moreover, while ITER's goal is to produce 10 times as much power as is required for breakeven, DEMO's goal is to produce 25 times as much power. DEMO's 2 to 4 gigawatts of thermal output will be on the scale of a modern electric power plant. Also notably, DEMO is intended to be the first fusion reactor to generate electrical power. Earlier experiments, such as ITER, merely dissipate the thermal power they produce into the atmosphere as steam.
(http://en.wikipedia.org/wiki/DEMO)

In 1990 here in the U.S. the National Ignition Facility concept was born. The NIF concept of a series of small simultaneous beams of laser light was designed and tested in1994. Actual groundbreaking for the facility began in 1997. By 2001 the laser beamline project was completed and testing began, with small-scale testing done in 2005. Construction was completed in 2009, way behind schedule and over budget. The first experiments to test the power of the full bank of lasers’ were done in late 2010. Many tests (as many as 50 in one month) have been done since then but, despite 500 trillion watts (terawatts, or TW) of peak power, and 2.85 megajoules (MJ) of UV laser light to the target, fusion ignition has not yet been reached at NIF. The facility has altered devices to reflect technological progress in various areas of fusion research. The progress that has been made by the NIF has been nothing short of remarkable. As recently as February 2013, the National Research Council issued a report stating that the NIF should continue to receive federal funding, despite its lack of reaching its ultimate goal of inertial fusion.

(adapted from http://en.wikipedia.org/wiki/Timeline_of_nuclear_fusion)

Some scientists contend that fusion research has been sporadic over the years, with funding—and results—often affected by external (often global) events having nothing to do with the science. For example, the oil embargo of 1973 had a considerable effect on fusion research.

In 1973, OPEC called for limitations on the production of oil and precipitated a

worldwide energy crisis. The supply of oil was reduced, the price of oil increased, and

the vulnerability and dependence of western-style democracies to such cartel action

became evident. The response in the U.S. was immediate and uncomfortable. Gas lines

became a common occurrence, driving and buying habits changed, and the government,

recognizing the country’s vulnerability in terms of national security and economic health,

called for “energy independence”. The entire episode changed the outlook of people with

respect to energy and its use, producing much greater concern for issues such as

efficiency and conservation. For a strategic viewpoint, the security of energy supply and

the diversity of energy sources became national strategic objectives.

Over the next seven years, the government introduced programs and regulations

that changed the way industry and private citizens used energy, changed the ways in

which energy was produced (oil-based power stations were completely eliminated),

changed the nature of our transportation fleet, introduced new research and development

programs to develop new energy sources and promoted than [sic] energy conservation ethic. Generally speaking, the public’s consciousness about energy’s strategic role reached an unprecedented peak…

The effect of the 1973 oil shock on the fusion energy program was almost

immediate. The primary AEC-supported program for new energy was focussed on the

development of fission breeder reactors for self-sufficiency in electricity production. Yet

while this program took on even greater urgency, the call came to the fusion community

to answer the question - “What can you deliver, and on what timetable?” Clearly a major

event, the oil crisis was about to have a major impact on the quest for fusion energy.

The fusion program organized to address this question. It was led by a new

division office, created in 1974 by the AEC, for magnetic fusion research and energy

development. During 1974 and 1975, the program zeroed in on an answer – it would

propose a breakeven experiment based upon the tokamak concept. Breakeven, as

contrasted with the “holy grail” of ignition, was defined as producing as much power in

fusion reactions as is being injected into the plasma to maintain its energy content.

(http://fire.pppl.gov/3.Conn.pdf)


Another oil crisis in 1979 also resulted in increased support of fusion research, via a national fusion energy development act. Also in 1979, the Three Mile Island accident forced fusion researchers to divorce themselves from fission reactors and “nuclear power,” to establish their existence as a new energy source with no connection to nuclear power. So they basically referred to it as fusion or fusion power, not nuclear power.
Fusion researchers have always been very positive about progress in reaching the holy grail of actually producing more energy via fusion than is used to make the reaction happen. This quote comes from “Towards a Controlled Fusion Reactor”, a paper published in the IAEA Bulletin (International Atomic Energy Agency) in 1978: “Progress in fusion research has been rapid and remarkably steady. The high temperature conditions needed for a reactor now appear to be almost within our grasp.”
(R. S. Pease, IAEA Bulletin (International Atomic Energy Agency), September 20, 1978.)
And in the same speech, Pease says, 

If the technical progress we are currently experiencing continues, and in particular if those tokamaks now under construction can give information which we need on the behaviour of power-producing reactions in the high temperature plasma, then such an international initiative may prove to be the key to a demonstration of electricity generation by controlled nuclear fusion in the early 1990s It is essential, if the forward thrust of the work is to be maintained, that the design and development work for the next step is well advanced by the early 1980s. 

This article was adapted from a portion of Dr Pease's address to the IAEA's Scientific Afternoon on September 20, 1978 during the 22nd General Conference The full text of his address appears in Atomic Energy Review 16, 3

http://www.iaea.org/Publications/Magazines/Bulletin/Bull206/20604780912.pdf
Today, we seem to be just as far from fusion power as ever, despite the enormous strides made in the science and technology of fusion.


And here is an excerpt from the Electric Power Research Institute’s (EPRI) October 2012 report, “Assessment of Fusion Energy Options for Commercial Electricity Production” that tells us where we’ve been and how far we have yet to go.

The vision of fusion energy as a sustainable component of a global power

generation future has been in place for decades. More than 60 years have passed

since the first fusion reaction took place in the laboratory. A variety of fusion

power system designs have been studied across the world. Although the initial

forecasts for success proved to be wildly optimistic in the face of many

technological challenges, substantial progress has been made.

In the last 10 years, some important commitments have been made to advance

the state of the art. In the field of magnetic confinement systems, which use a

magnetic field to confine the hot fusion fuel in the form of plasma, the

international thermonuclear experimental reactor (ITER) is under construction.

It is supported by 34 nations, has a budget of about US$22 billion, and is

scheduled to begin operation in France in 2019. Another magnetic confinement

system, the stellarator fusion experiment, Wendelstein 7-X, is under construction

in Germany, with a budget of US$500 million.

In the field of inertial confinement systems, in which fusion reactions are

initiated by compressing and then shock heating a small spherical, cryogenic fuel

target, the U.S. Department of Energy (DOE) National Nuclear Security

Administration (NNSA) supports the National Ignition Facility (NIF), which

was built at a cost of US$3.5 billion. It is an inertial fusion confinement power

testing program that uses laser beams to drive the target. In addition to advanced

nuclear weapons research, it has a goal of producing substantial energy gain for

inertial fusion energy. …

Keeping in mind that the EPRI is a non-profit organization that “conducts research and development relating to the generation, delivery and use of electricity for the benefit of the public,” the recommendations it made following its study of fusion research are directed primarily toward getting more energy out of the research being done and making better use of the energy that is produced, so that it can eventually produce electricity most efficiently.
The following actions are recommended:

· Direct more fusion research on the engineering and operational challenges of a power plant, including how to maximize the value of the fusion power produced. More consideration should be given to the conversion of the heat of fusion to power production and the reliability of any fusion device. 
Consider developing more advanced and perhaps direct power conversion systems to enhance the overall efficiency of energy-to-electricity conversion.

· Identify common materials and technology needs (such as tritium production) that a fusion test facility could address to meet most of the needs for both magnetic and inertial confinement systems.

· Monitor and periodically re-evaluate the fusion programs to assess the potential for electric power production in the nearer term to identify which concepts are likely to produce tangible fusion power. At the appropriate time:

· Create a utility advisory group to focus fusion energy research and development projects to address more utility needs, particularly in the area of operations and maintenance, and to provide input into the design of the fusion power plants.

· Begin to consider the regulatory requirements for commercial fusion power plants in terms of establishing safety and licensing standards.
(http://www.epri.com/abstracts/Pages/ProductAbstract.aspx?ProductId=000000000001025636; click on link to download)


It would also be worthwhile mentioning that although the major focus in terms of funding is on the big projects, like NIF and ITER, frequently it is the smaller research facilities, many sponsored by the U.S. Department of Energy, that make small discoveries that result in design improvements in the large facilities that allow them to continue to make progress. Often those smaller facilities get overlooked.

The diagram below illustrates the progress that has been made (and is predicted to be made) toward establishing ignition, using the tokamak reactor:

[image: image14.jpg]Tore Supra  JET ITER DEMO
25 m* 80 m? 800 m® 1000-3500 m3
~OMWh  ~16 MWh  ~500 MWh ~2000-4000 MWh




http://ec.europa.eu/research/energy/euratom/index_en.cfm?pg=faq
And finally, here is a chart depicting where we are on the plasma-to-fusion continuum. Temperature on the y-axis is self-explanatory; triple product on the x-axis reflects a combination of density of particles, time of confinement, and temperature, measured in KeV.
The ovals represent data points from various experimental reactors around the world over the last 50 or so years. The data shows steady progress, and we seem to be getting very close to reaching ignition, but note that the axes are exponential values. In a way, this is even more impressive, that we’ve actually increased temperatures by a factor of almost 1000, and the triple point by an even larger margin. But the log scale also means we’re further from the “holy grail” of break-even and ignition, also. 
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(http://www.fusionenergyleague.org/index.php/blog/article/fusion_v._moores_law)
More on fusion reactions

In order for a fusion reaction to occur between two nuclei, the electrostatic forces of repulsion between the two positive nuclei (from their positively charged protons) must be overcome in order to allow the two to approach close enough—in contact—for the strong nuclear force to take effect. At large distances (at the nuclear level), the electrostatic forces keep the two nuclei far apart and prevent them from getting close to each other. The goal of fusion is to overcome the electrostatic force and push the two nuclei very close together until they touch, so that the strong nuclear force can take over and fuse the two nuclei, releasing energy. The strong force is greatest at very close range, so we have to push the nuclei extremely close to each other for this force to overcome electrostatic repulsion. This is why so much heat and pressure is needed for fusion to occur. 

And while it may seem counterintuitive to bring them so close together (great pressure) and then make them move extremely fast (extreme temperature), the nuclei need to be brought together because the strong nuclear force only works over very short (nuclear) distances, and that’s where the pressure comes in. Then, to break the existing strong forces, great energy is needed, and that’s why temperatures need to be so high. Fusion won’t occur without either one of them; it needs both. In addition, the nuclei have to be held together for long periods of time (on a nuclear scale—tiny fractions of a second) so that they can be affected by the strong forces around them.


The energy barrier for the deuterium-tritium fusion is about 0.1 MeV. Compare this to the ionization energy, the energy needed to remove an electron, from a neutral hydrogen atom: 13.6 eV. It takes about 7500 times as much energy for the fusion of the two nuclei. 
“The (intermediate) result of the fusion is an unstable He nucleus, which immediately ejects a neutron with 14.1 MeV. The recoil energy of the remaining 4He nucleus is 3.5 MeV, so the total energy liberated is 17.6 MeV. This is many times more than what was needed to overcome the energy barrier.”

(http://en.wikipedia.org/wiki/Nuclear_fusion)

[image: image47.png]@ X
@..
‘ Proton Y Gamma Ray

0 Neutron

|2C






The energy associated with a product of a fusion reaction 
is inversely proportional to its mass, as shown in this diagram of 
the D-T fusion reaction.


When scientists decide which fusion reaction to choose 

for their initial work in fusion research, they need to consider 

several specific criteria. The reaction needs to:

· Be exothermic: This may be obvious, but it limits the 
reactants to the low Z (number of protons) side of the 
curve of binding energy. It also makes helium 4He the 
most common product because of its extraordinarily 
tight binding, although 3He and 3H also show up.
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Involve low Z [atomic number] nuclei: This is 
because the electrostatic repulsion must be overcome 
before the nuclei are close enough to fuse.

· Have two reactants: At anything less than stellar densities, three body collisions are too improbable. In inertial confinement, both stellar densities and temperatures are exceeded to compensate for the shortcomings of the third parameter of the Lawson criterion [mathematical prediction of the likelihood of fusion occurring], ICF's [inertial confinement fusion reactions] very short confinement time.

· Have two or more products: This allows simultaneous conservation of energy and momentum without relying on the electromagnetic force.

· Conserve both protons and neutrons: The cross sections for the weak interaction are too small.
Few reactions meet all of these criteria, but here is a list of a few of the most likely candidates.

	(1) 
	2
1D 
	+ 
	3
1T 
	→ 
	4
2He 
	( 
	3.5 MeV 
	) 
	+ 
	n0 
	( 
	14.1 MeV 
	)

	(2i) 
	2
1D 
	+ 
	2
1D 
	→ 
	3
1T 
	( 
	1.01 MeV 
	) 
	+ 
	p+ 
	( 
	3.02 MeV 
	) 
	 
	 
	 
	 
	 
	

	(2ii) 
	 
	 
	 
	→ 
	3
2He 
	( 
	0.82 MeV 
	) 
	+ 
	n0 
	( 
	2.45 MeV 
	) 
	 
	 
	 
	 
	 
	

	(3) 
	2
1D 
	+ 
	3
2He 
	→ 
	4
2He 
	( 
	3.6 MeV 
	) 
	+ 
	p+ 
	( 
	14.7 MeV 
	)
	
	
	
	
	
	

	(4) 
	3
1T 
	+ 
	3
1T 
	→ 
	4
2He 
	 
	 
	 
	+ 
	2 n0 
	 
	 
	 
	 
	 
	+ 
	11.3 MeV
	
	

	(5) 
	3
2He 
	+ 
	3
2He 
	→ 
	4
2He 
	 
	 
	 
	+ 
	2 p+ 
	 
	 
	 
	 
	 
	+ 
	12.9 MeV
	
	

	(6i) 
	3
2He 
	+ 
	3
1T 
	→ 
	4
2He 
	 
	 
	 
	+ 
	p+ 
	+ 
	n0 
	 
	 
	 
	+ 
	12.1 MeV 
	 
	

	(6ii) 
	 
	 
	 
	→ 
	4
2He 
	( 
	4.8 MeV 
	) 
	+ 
	2
1D 
	( 
	9.5 MeV 
	) 
	 
	 
	 
	 
	 
	

	(7i) 
	2
1D 
	+ 
	6
3Li 
	→ 
	2 4
2He 
	+ 
	22.4 MeV
	
	
	
	
	
	
	
	
	
	
	
	

	(7ii) 
	 
	 
	 
	→ 
	3
2He 
	+ 
	4
2He 
	 
	+ 
	n0 
	 
	 
	 
	 
	 
	+ 
	2.56 MeV
	
	

	(7iii) 
	 
	 
	 
	→ 
	7
3Li 
	+ 
	p+ 
	 
	 
	 
	 
	 
	 
	 
	 
	+ 
	5.0 MeV
	
	

	(7iv) 
	 
	 
	 
	→ 
	7
4Be 
	+ 
	n0 
	 
	 
	 
	 
	 
	 
	 
	 
	+ 
	3.4 MeV
	
	

	(8) 
	p+ 
	+ 
	6
3Li 
	→ 
	4
2He 
	( 
	1.7 MeV 
	) 
	+ 
	3
2He 
	( 
	2.3 MeV 
	)
	
	
	
	
	
	

	(9) 
	3
2He 
	+ 
	6
3Li 
	→ 
	2 4
2He 
	+ 
	p+ 
	 
	 
	 
	 
	 
	 
	 
	 
	+ 
	16.9 MeV
	
	

	(10) 
	p+ 
	+ 
	11
5B 
	→ 
	3 4
2He 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	+ 
	8.7 MeV
	
	


(http://en.wikipedia.org/wiki/Nuclear_fusion)

See “More on fusion in the sun” for fusion reactions involving synthesis of elements within stars.
More on nuclear binding energy

Binding energy is the energy needed to separate a nucleus into its component parts. The number is always positive because it always requires energy to separate protons and neutrons from a nucleus, so the nucleus is a more stable particle than its components (lower potential energy). The mass of the nucleus itself is always less than sum of the masses of the individual particles. This is called the mass deficit or mass defect. The mass defect reflects the amount of binding energy in the nucleus and we can calculate that energy, using Einstein’s equation, E = ΔmC2. This amount of energy is the amount of energy that was released when the nucleus first formed, either in nucleosynthesis in a star or way back in the Big Bang.


Nuclear binding energies are frequently in the realm of a million times larger than the electron binding energy that holds an atom together with its electrons, especially so in smaller atoms like hydrogen. The relative size of the binding energy tells you how difficult it will be to split that nucleus apart, or conversely, how much energy will be liberated when that nucleus is formed from its component parts.


As you can see from the graph below, the binding energy of elements generally increases significantly with atomic number (atomic mass), especially for the first eight or so elements, and continues more slowly until you get to iron, whereupon the binding energy decreases slightly with increased mass. This means that, up to Fe, more and more energy is released when that nucleus is formed (originally) or fused (from other particles). Thus fusion of smaller nuclei will result in more energy being produced than for larger nuclei. And, because it takes heavier nuclei to make even heavier nuclei, more force is needed to overcome the binding energy in those larger nuclei to break them apart before they can recombine to form the larger nucleus. 
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(http://en.wikipedia.org/wiki/Nuclear_binding_energy#Nuclear_binding_energy_curve)


The binding energy increases in the beginning because there are more protons and neutrons added to each heavier element. Thus there are more attractive forces between particles within a nucleus binding them all together. But remember that the nuclear force only works at extremely close distances, so that as a nucleus gets larger, nucleons across from one another get farther apart, thus weakening the force of attraction and thus, the binding energy of the entire nucleus. And of course, as the nucleus gets larger, there are more protons inside with their electrostatic repulsive forces which, even though they are relatively smaller than the nuclear force, they begin to become significant, thereby weakening the binding forces holding the nucleus together, contributing to the reduction in the binding energy.


And all of this is why fusion researchers are beginning with hydrogen and fusing it into helium, because hydrogen (deuterium) has the smallest binding energy so it takes less energy to break it apart. And helium has a much larger binding energy (more than twice as large as deuterium). So less energy is required (although a temperature of 100 million kelvins doesn’t sound like a little energy!) to split the deuterium and tritium nuclei, and more energy is released when the helium nucleus forms. Thus the net gain is the largest for this very small reaction.

More on fusion “fuel”

Beside the binding consideration, there is another reason the deuterium-tritium combination is being used for the first fusion reaction. True, scientists have calculated that this combination will be the easiest one. But there’s more.

Why is the deuterium-tritium (D-T) reaction the easiest?

Basically speaking, the extra neutrons on the D and T nuclei make them “larger” and less tightly bound, and the result is that the cross-section for the D-T reaction is the largest. [Larger nuclear cross section means more likely to react] Also, because they are only singly-charged hydrogen isotopes, the electrical repulsion between them is relatively small. So it is relatively easy to throw them at each other, and it is relatively easy to get them to collide and stick. Furthermore, the D-T reaction has a relatively high energy yield.

However, the D-T reaction has the disadvantage that it releases an energetic neutron. Neutrons can be difficult to handle, because they will “stick” to other nuclei, causing them to (frequently) become radioactive, or causing new reactions. Neutron-management is therefore a big problem with the D-T fuel cycle. (While there is disagreement, most fusion scientists will take the neutron problem and the D-T fuel, because it is very difficult just to get D-T reactions to go.)
Another difficulty with the D-T reaction is that the tritium is (weakly) radioactive, with a half-life of 12.3 years, so that tritium does not occur naturally. Getting the tritium for the D-T reaction is therefore another problem.

Fortunately you can kill two birds with one stone, and solve both the neutron problem and the tritium-supply problem at the same time, by using the neutron generated in the D-T fusion in a reaction like n + Li6 -> He4 + T + 4.8 MeV. This absorbs the neutron, and generates another tritium, so that you can have basically a D-Li6 fuel cycle, with the T and n as intermediates. Fusing D and T, and then using the n to split the Li6, is easier than simply trying to fuse the D and the Li6, but releases the same amount of energy. And unlike tritium, there is a lot of lithium available, particularly dissolved in ocean water.

Unfortunately you can’t get every single neutron to stick to a lithium nucleus, because some neutrons stick to other things in your reactor. You can still generate as much T as you use, by using “neutron multipliers” such as Beryllium, or by getting reactions like n + Li7 -> He4 + T + n (which propagates the neutron) to occur. 
The neutrons that are lost are still a problem, because they can induce radioactivity in materials that absorb them. 

(http://fusedweb.llnl.gov/faq.html)


Although deuterium-tritium fusion doesn’t produce the most energy (see “More on fusion,” below), and therefore may seem an unlikely candidate for initial fusion experiments when other light isotopes can produce much larger amounts of energy, it is calculated to be the easiest reaction to use to initiate fusion, for reasons given above.


Since the half life of tritium is relatively short (12.3 years), there isn’t much of it available from water because most of it transmutates very quickly, so almost all of the tritium fuel is actually produced in the reactor, by bombardment of lithium by neutrons produced in the reaction itself. 
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In plasma physics, electron-volts (or eV) is used as a convenient way to discuss temperature. By calculation, 1 eV = 11,604.505 K. (http://en.wikipedia.org/wiki/Main_Page) 
By that relationship, one can show that, for the deuterium-tritium fusion reaction, 17.6 MeV = 204 billion kelvins!

More on inertial confinement

The National Ignition Facility (see next section), along with other research reactors around the world, utilize inertial confinement. The hohlraum is the target in the NIF facility. It contains frozen deuterium inside a very tiny pellet that is then bombarded by the laser beam. The illustration below shows how inertial confinement works.
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(http://chemconnections.org/crystals/icf-frameset.html)
More on the National Ignition Facility (NIF)


The portion of the February 2013 ChemMatters Teacher’s Guide dealing with the topic “Fighting Cancer with Lasers” contains a brief section describing the use of lasers by the National Ignition Facility. This piece describes in more detail how the bank of 192 lasers will work to produce fusion.

The U.S. National Ignition Facility (NIF), headquartered at the Lawrence Livermore National Laboratory, is charged with three missions: 

· National Security: How do we ensure the nation’s security without nuclear weapons testing?

· Energy for the Future: Where will the world’s energy come from when all the fossil fuels are gone? and How can we produce the energy we need without causing catastrophic climate change?

· Understanding the Universe: How did the universe come into being? How did the stars and planets form? What happens in supernovas and black holes?

One of the facility’s primary goals has been to develop conditions which could initiate a fusion reaction. To reach this goal, the program has built a huge building (think ten stories high, the size of three football fields) to contain an experiment that uses192 very powerful lasers all aimed at a tiny target in the target chamber in the center of the building. The incident ultraviolet light energy will be approximately 2 million joules of energy, all impacting the central target simultaneously. This energy will create “conditions similar to those that exist only in the cores of stars and giant planets and inside a nuclear weapon. The resulting fusion reaction will release many times more energy than the laser energy required to initiate the reaction.” (https://lasers.llnl.gov/about/nif/)


In order to ensure that the output of the 192 beamlines is uniform, the initial light is generated from a single source—a low-power flash of 1053 nm infrared light. This is generated by an ytterbium-doped solid state optical fiber laser. The flash from this driver laser is then split and sent into 48 preamplifier modules which amplify the beams. The partially-amplified light goes into the system of 192 flash lamp-pumped neodymium-doped phosphate glass lasers to be greatly amplified before entering the target chamber. A more detailed account of the generation process can found at 
http://en.wikipedia.org/wiki/National_Ignition_Facility, or at the NIF Web site: https://lasers.llnl.gov/#_.
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(https://lasers.llnl.gov/multimedia/photo_gallery/overview/?category=overview)
The light emitted from these 192 lasers is infrared light, which is later converted to ultraviolet light just before impacting the target. The 2 million Joules of laser energy slamming into “millimeter-sized targets ... can generate unprecedented temperatures and pressures in the target materials—temperatures of more than 100 million degrees and pressures more than 100 billion times Earth’s atmosphere.” (https://lasers.llnl.gov/about/nif/about.php) Initiating the fusion reaction will simultaneously further the goals of the three missions discussed above. As of the writing of this Teacher’s Guide, experiments called “shots” have already produced 1.89 MJ of energy inside the NIF—very close to the 2.0 MJ expected to be required for fusion initiation.


But fusion initiation is not the only experiment being done in NIF. Other laser shots will help scientists better understand properties of material under extreme conditions and hydrodynamics, “the behavior of fluids of unequal density as they mix”. Extremely high-speed cameras (a billion frames a second!) inside the target chamber can be used to diagnose the results of the experiments.

This video clip describes how the NIF laser-induced fusion 
reaction will work:
https://lasers.llnl.gov/multimedia/video_gallery/how_nif_works.php. If this is unavailable, you can also access it on YouTube at http://www.youtube.com/watch?v=yixhyPN0r3g&NR=1&feature=endscreen.
(material above taken from February 2013 ChemMatters Teacher’s Guide dealing with the topic “Fighting Cancer with Lasers”)


The diagram to the right
shows the effect of the synchronized laser beams impacting the deuterium in the hohlraum.

(Image from NIF-LLNL, found at http://tubohotel.com/img/fusion-reactor)
According to an article in Science magazine published in October 2011, there are 17 parameters (14 on the laser, and 3 on the hohlraum) that can be tweaked to help the NIF achieve the four identified conditions necessary for ignition. The four conditions that need to be achieved for ignition to take place are: "The imploding fuel must maintain its spherical shape; it must achieve a certain speed; the amount of mixing between the fuel and the capsule material must be kept low; and the entropy of the system must be kept down—in other words, the energy applied needs to be focused on compressing the fuel and not raising its temperature, which would impede compression".

(Image from NIF-LLNL, found at http://tubohotel.com/img/fusion-reactor)

The plan to achieve these four conditions for ignition involves:

1. Implosion velocity needs to be increased from 300 km/s to 370 km/s -- this can be tweaked by the pulse shape.

2. The power of the fourth and final burst of the laser pulse has to be 300 times the power of the initial bursts. It was presently at 50x.

3. The hohlraum shape has to be made stubbier so that incoming laser beams are not subject to interference by material blow off.

4. The hohlraum material has to be tweaked to avoid the fuel being heated so that compression can be increased by 30 km/s.
(http://en.wikipedia.org/wiki/National_ignition_facility#Focus_shifts)

More on how lasers work

Although it is not the focus of this article, students may wonder how lasers can be used to generate temperatures in the millions of degrees to initiate a fusion reaction. An article by Bob Becker appearing in the April 2003 issue of ChemMatters answers the student question: “How do lasers work and what is so special about laser light?” And The February 2013 ChemMatters Teacher’s Guide covering “Fighting Cancer with Lasers” contains a 4-page description of what lasers are and how they work that cites some of Becker’s article as well as other material. Also included is material on the applications of lasers outside the realm of nuclear fusion.

More on the International Thermonuclear Experimental Reactor (ITER)

The acronym ITER does indeed stand for International Thermonuclear Experimental Reactor, but administrators of the project worried the term “thermonuclear” might bring back memories of hydrogen bombs, which are thermonuclear devices. So, recently, communications from the organization stress that ITER (pronounced, “eater”) is Latin and means “the way”, as in fusion is the way toward an energy independent future.


The fusion reactor is designed to produce 500 MW of output power from 50MW of input power, ten times return on investment (ROI). And it is designed to produce this amount of energy for 500-1000 seconds. This is the first machine that is truly expected to produce more energy than it uses—in other words, it will more than break even. Despite the fact that it is expected to actually produce energy, it will not become part of the electrical grid and will not generate electricity—only heat.

[image: image22.jpg]




The incredibly complex ITER Tokamak will be nearly 30 metres tall, and weigh 23,000 tons. The very small man dressed in blue (bottom right) gives some idea of the machine's scale. The ITER Tokamak is made up of an estimated one million parts. Image credit: ITER Organization 2013


(http://www.iter.org/proj#history)


ITER’s role is that of an experimental, research device—a proof of concept, if you will, not an industrial or commercial device. As such, there are great expectations for the research that will be done with ITER.

ITER's mission is to demonstrate the feasibility of fusion power, and prove that it can work without negative impact. Specifically, the project aims:

· To momentarily produce ten times more thermal energy from fusion heating than is supplied by auxiliary heating (a Q value of 10).

· To produce a steady-state plasma with a Q value greater than 5.

· To maintain a fusion pulse for up to 480 seconds.

· To ignite a 'burning' (self-sustaining) plasma.

· To develop technologies and processes needed for a fusion power plant — including superconducting magnets and remote handling (maintenance by robot).

· To verify tritium breeding concepts.

· To refine neutron shield/heat conversion technology (most of the energy in the D+T fusion reaction is released in the form of fast neutrons).
(http://en.wikipedia.org/wiki/ITER)


Before it is ever built and before it begins to provide results of experiments, it has met with much criticisms and challenges, centering on 

· the tremendous temperatures involved and the uncertainty of being able to contain the plasma at those temperatures, 

· the damage to the reactor itself by the high-speed neutrons produced in the fusion reaction and whether a commercial reactor could withstand constant exposure to the radiation, 
· the radioactivity that will result to the reactor vessel itself as a result of neutron exposure,

· a cadre of scientists who believe smaller-scale, more cost-efficient reactors called polywell reactors would be a better destination for the huge amounts of money going into ITER,

· anti-nuclear groups against the project because scientists don’t yet have answers to several of the above concerns, and

· government representatives who believe the funding should instead be used for research in renewable fuels, since there’s no guarantee that fusion will work, even after all the money has been spent.

(http://en.wikipedia.org/wiki/ITER)

Even scientist colleagues didn’t all agree that ITER should be built. French Nobel laureate in physics, Pierre-Gilles de Gennes said of nuclear fusion, "We say that we will put the sun into a box. The idea is pretty. The problem is, we don't know how to make the box."


But it is just these questions and concerns that ITER is being built to answer. It’s called experimental for a reason and, hopefully this experiment will give us answers that will get us closer to fusion power with each new generation of “experimental” device.

Remember, there’s more information about ITER in the “More on the history of fusion” earlier in this Teacher’s Guide.

More on comparing various types of reactions/reactors
As you know, nuclear reactions produce many times more energy than normal chemical reactions. Here is a bit of information regarding energy output of various reactions:

Energy-Releasing Reactions
	
	Chemical 
	Fission 
	Fusion 

	Sample Reaction
	C + O2 ( CO2
	n + U-235 ( Ba-143 + Kr-91 + 2 n
	H-2 + H-3 ( He-4 + n

	Typical Inputs
(to Power Plant)
	Bituminous Coal
	UO2 (3% U-235 + 97% U-238)
	Deuterium & Lithium

	Typical Reaction
Temperature (K)
	700
	1000
	108

	Energy Released
per kg of Fuel (J/kg)
	3.3 x 107
	2.1 x 1012
	3.4 x 1014


(http://fusedweb.llnl.gov/CPEP/Chart_Pages/1.EnergyConversion.html)


In addition to energy differences, there are also differences in amounts of fuel needed as well as amounts and hazards of waste products. Here’s another table showing amounts of fuel and products involved in the daily production of 1000 Megawatts of electricity.

1000 MWe Power Plant [MWe = Megawatt electrical]
	
	Chemical 
	Fission 
	Fusion 

	Sample Reaction
	C + O2 ( CO2
	n + U-235 ( Ba-143 + Kr-91 + 2 n
	H-2 + H-3 ( He-4 + n

	Typical Inputs
(to Power Plant)
	Bituminous Coal
	UO2 (3% U-235 + 97% U-238)
	Deuterium & Lithium (to make tritium)

	Amount of fuel needed
	9000 tons coal
	~ 2.3 lb U-235
	~ 1 lb Deuterium

~ 3 lb Lithium-6

~ 1 lb Tritium

	Amount of waste products produced
	30,00 tons CO2

600 tons SO2

80 tons NO2

23.4 lb U

57.6 lb Th
	164 lb high-level nuclear waste
  (half-lives from seconds to
  thousands or even millions
  of years)
	~ 4 lb Helium


(adapted from http://ippex.pppl.gov/fusion/fusion5.htm and http://www.pge.com/myhome/edusafety/systemworks/dcpp/nuclearfacts/)

Nuclear reactions liberate many times the energy of chemical reactions. Each single fission event (one nucleus fissioning) results in the release of about 200 MeV of energy, or about 3.2 x 10-11 watt-seconds. Thus, 3.1 x 1010 fissions per second produce 1 W of thermal power. The fission of 1 g of uranium or plutonium per day liberates about 1 MW. This is the energy equivalent of 3 tons of coal or about 600 gallons of fuel oil per day, which when burned produces approximately 1/4 tonne of carbon dioxide. (A tonne, or metric ton, is 1000 kg.)

(http://www.lbl.gov/abc/wallchart/chapters/14/1.html)
More on thermonuclear safety

As mentioned in the article, controlled fusion reactors are inherently safer than fission reactors for several reasons:

· Scientists or engineers at the site do not stockpile the nuclear fuel in bulk inside the reactor vessel as must be done for fission to sustain the reaction; rather, the fuel is added to the reactor vessel in very tiny portions, eventually at a constant rate, perhaps 10 or more injections every second. In the event of an accident, the fuel will simply cease to exist in the reaction vessel, so the reaction will stop. Also, if the fusion process itself fails to occur, the whole process shuts down, since it requires the extremely high temperatures of the fusion process to maintain the conditions for more fusion to occur. In short, a fusion reactor cannot ever become a runaway reactor.

· Radiation from the reaction is kept in the inner reactor vessel in fusion, so there is little danger of exposure to workers in the reactor, unlike the materials used in a fission reactor.

· The products of the deuterium-tritium fusion reaction are helium atoms, not the myriad heavy-element, highly-radioactive-isotope, long-half-life materials that are produced in a fission reaction. And the products of fission, being unstable nuclei, also decay into even more radioactive isotopes of lighter elements, producing even larger amounts of radioactive material. Compared to half-lives of potentially thousands of years for some of the fission products, the half-life of tritium, should it escape, is only ~12 years. And the helium produced in the fusion reaction is not radioactive at all. 

· Fusion reactor materials do not pose a great threat from terrorists, since the fuel materials for fusion cannot readily be made into weapons, unlike those for fission. And the materials for fusion are not useful for a “dirty bomb” either, again unlike fission.

And if you consider the global community, “safety” of fusion reactors is even more important, because:

· the fusion process does not produce carbon dioxide or other greenhouse gas emissions, as do all fossil-burning power plants that produce electricity. Thus fusion does not contribute significantly to problems associated with global warming.

· fusion does not produce other pollutants that are spewed into the air, such as nitrogen oxides, sulfur dioxide, and even mercury from coal-burning power plants.

Despite all of the positives above, we need to note that radiation is still part and parcel of what a fusion reactor is all about, and if/when fusion reactors are developed that can generate electricity and go online to do so, radiation from each plant will be a concern for future generations.

More on fusion in the sun

The process of fusion that is occurring in the sun is primarily the production of helium from hydrogen. But there are several other processes going on in other stars that produce elements heavier than helium.

There are three important basic stellar fusion processes—proton-proton fusion, helium fusion and the carbon cycle. Following are the basic steps in each. 

Proton-Proton Fusion—Recall that the environment for these reactions is a high-temperature environment, thus creating high-energy collisions between nuclei. Students may ask about the role of electrons in this process. You can note that the temperature is sufficiently high to ionize the elements present, clearly the way for nuclear reactions. 

Hydrogen is the most abundant element in stars. A hydrogen nucleus is a single proton. The first step in this process involves the fusing of two hydrogen nuclei, producing a deuterium nucleus and a neutron, which is the result of the transmutation of one of the protons. 
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In the next step a deuterium nucleus fuses with another proton to produce an isotope of helium:
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Two of these helium nuclei then fuse to produce a He-4 nucleus, and two protons are emitted:


[image: image28.png]2He + JHe —— 3H + 2 iH



 
(October 2009 ChemMatters Teacher’s Guide, describing the article “Where Do Elements Come From?”)
To the right is a graphic from Wikipedia illustrating this cycle.

In this cyclic process the two original protons are produced and helium is formed from the original hydrogen. If students can understand that the net result of this process is to produce a helium nucleus from two hydrogen nuclei, they should also be able to understand how helium nuclei can fuse to produce heavier and heavier elements. Note that each of these steps produces energy.

Helium Fusion—This second basic process illustrates the production of elements heavier than helium. If the core star temperature reaches about 100 million kelvins, helium nuclei fuse to form isotopes of beryllium, and then carbon-12:
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Carbon Cycle—At 15 million kelvins, the carbon nuclei produced via helium fusion enter into a fusion process that involves multiple steps and is thought to replace the hydrogen 
(proton-proton) fusion as the main energy source for the star. In the first step a carbon nucleus fuses with a proton to produce nitrogen-13. 
A proton in the N-13 transmutates to yield carbon-13. The C-13 fuses with another proton to produce nitrogen-14, which fuses with yet another proton to produce oxygen-15, within which a neutron decays, emitting an electron to produce nitrogen-15. One more fusion between a proton and the N-15 produces oxygen-16, which emits an alpha particle (a helium nucleus) yielding carbon-12 to complete the cycle. [see diagram below]
(October 2009 ChemMatters Teacher’s Guide, describing the article “Where Do Elements Come From?”)
Here are the equations that reflect 

the reactions above and indicate 

the particles in the diagram to the

right.

	C12 + H1
	→
	N13 + γ

	N13
	→
	C13 + e+ + ν

	C13 + H1
	→
	N14 + γ

	N14 + H1
	→
	O15 + γ

	O15
	→
	N15 + e+ + ν

	N15 + H1
	→
	C12 + He4

	
	
	

	
	
	


where 

ν = electron neutrino
γ = gamma

e+ = positron
(equations above from 

In these three examples of nuclear fusion processes, increasingly heavier elements are produced—helium, beryllium, carbon, nitrogen and oxygen. Other elements in this mass range can be produced from isotopes of the aforementioned elements. These types of processes take place in stars that are relatively light—like our sun. Fusion produces heavier elements—from oxygen to iron—in stars that are more massive. The fusion processes for most nuclei are exothermic. Producing elements heavier than iron, however, requires energy, and it is believed that these heavier elements are formed only during supernova explosions.
(October 2009 ChemMatters Teacher’s Guide, describing the article “Where Do Elements Come From?”)

It might be useful to see the approximate amount of time the above steps in the CNO cycle take:

12C + 1H --> 13N + (

106 years

13N --> 13C + e+ + ( + (
10 minutes

13C + 1H --> 14N + (

2 x105 years

14N + 1H --> 15O + (

3 x107 years

15O --> 15N + e+  + ( + (
2 minutes

15N + 1H --> 12C + 4He

104 years

This should help to explain why the sun is still shining—it has yet to use up all its fuel. Actually, astronomers think it’s only about half way through its cycle.
(http://www.muller.lbl.gov/teaching/Physics10/old%20physics%2010/chapters%20(old)/7-fusion.htm)


For main sequence stars, that is, stars that have energy outputs and masses reasonably similar to that of the Sun, the CNO cycle is probably as far as they will go in producing new elements. The lower part of this group, those stars with masses 1.5 times that of the sun or less, will probably only generate helium through the proton-proton chain of nuclear reactions. Stars in the upper main sequence, with masses greater than 1.5 times that of the Sun, will use carbon, nitrogen and oxygen nuclei in the CNO cycle to produce helium to keep their fusion process going.


Stars eventually move from the main sequence (on a chart—the Hertzsprung-Russell diagram—not literally) as they either sputter out or become more energetic stars as they begin to fuse the heavier elements of the main sequence fusion process (C, N, O) into even heavier elements up to iron. It is presently believed that only supernovae possess sufficient conditions of temperature and pressure to fuse those heavy nuclei into elements beyond iron on the periodic table.

More on the sun’s energy
The Sun derives its energy primarily from the proton-proton fusion chain. This process uses enormous, almost unfathomable amounts of hydrogen as its fuel.

Scientists have calculated that the Sun releases about 3.9 × 1026 Joules of energy every second. This energy comes from the conversion of about 700,000,000 tons of hydrogen into about 695,000,000 tons of helium. The loss in mass of about 5,000,000 tons a second is converted into energy, according to Einstein’s famous equation E = mc2. 
The mathematics that show this relationship are as follows: 

(5 × 106 tons) x (2000 lb/ton) x(454 g/lb) x (1kg/103 g) = 4.54 × 109 kg (ignoring
 significant figures) 

E = mc2
E = (4.54 × 109 kg) x (3 × 108 m/s)2
E = 4 × 1026 J (within the accuracy of the data presented)

(Oct 2000 ChemMatters Teacher’s Guide, “The Birth of the Elements”)

More on Cold Fusion


In 1989 Stanley Pons and Martin Fleischmann announced (and then published) the results of their research in a process they called cold fusion. The experiment involved generation of “excess heat” in what was essentially an electrochemical reaction. Both Pons and Fleischmann were well-respected electrochemists. Their experiment essentially involved an electrochemical, running a known voltage of electricity through a cell using palladium electrodes and D2O instead of H2O. They measured the heat output of the cell and found more heat exiting than entering. They claimed the excess heat in their experiment was due to fusion of deuterium nuclei inside the metal electrode. They also reported detecting nuclear particles produced in the reaction, namely neutrons and tritium. They announced that the production of heat through this process could be the answer to the world’s energy needs, so it was an astounding announcement at the time.


Scientists around the world immediately rushed to do experiments following Pons and Fleischmann’s description (which was not very detailed). Almost to a scientist, the others reported no excess heat, or at best, sporadic, small amounts and no evidence of nuclear particles released. Only a handful of scientists were able to report similar results as those of Pons and Fleischmann, and those weren’t significant. Pons and Fleischmann were discredited and their careers at the University of Utah were over. Cold fusion fell into the abyss of “junk science.”


But some scientists didn’t give up, and over the last two decades, skeptical scientists (and some “believers”) have repeated and improved the original experiment, and they report some success. Scientists no longer refer to the phenomenon as cold fusion, preferring instead the term Low Energy Nuclear Reaction or LENR.

There are varying reports “out there” on the internet claiming this organization or that organization has results of their experiments that prove LENR works, but the overwhelming majority of scientists at this time do not believe that LENR works. 

Here is a report in the March 2009 edition of EE Times of research results from The U.S. Navy’s Space and Naval Warfare Systems Center (San Diego) by Pamela Mosier-Boss. Researcher Mosier-Boss announced "the first scientific report of highly energetic neutrons from low-energy nuclear reactions." (http://www.eetimes.com/document.asp?doc_id=1170633)
On April 17, 2009, Scott Pelley, news reporter, did an investigative segment on 60 Minutes about recent research on cold fusion. You can view it at http://www.youtube.com/watch?v=w8Uo_OAbCSo. That report shed new light on the experiments still being done today. It seems that some modern researchers still believe there is some truth to the assertions made by Pons and Fleischmann those many years ago. “The potential is exciting.” 

There are annual conferences on the topic of cold fusion where scientists report the results of their experiments. Research continues . . .

Connections to Chemistry Concepts (for correlation to course curriculum)
1. Atomic structure—Fusion deals with nuclei, protons and neutrons, so it fits right into this area of the curriculum.
2. Isotopes—Fusion gives you a great topic to use to show students a) that isotopes exist, and b) that they have different properties (radioactive vs. non-radioactive)—although their chemical properties are usually similar.
3. Elements—Although only hydrogen and helium are mentioned in the article, fusion is the process responsible for making all the elements in the universe, in a process known as stellar nucleosynthesis.

4. Nuclear reactions—Although fission is probably the main example of nuclear reactions in chemistry curricula (after alpha, beta and gamma decay reactions), fusion reactions are actually easier for students to understand, as these involve much smaller nuclei and fewer nucleons.

5. Nuclear energy—Fusion and fission both produce huge amounts of energy, compared to normal chemical reactions. It might be good to compare the amounts of energy involved in each type of reaction, as well as the problems associated with its production and handling and storage of waste products. 
6. Fusion—This topic is covered in most high school chemistry textbooks and curricula.

7. States of Matter—Control of plasma, the “fourth state of matter”, is critical to the success of a fusion reactor. The two methods under study are magnetic and inertial confinement.

8. Energy conversion—There are many energy conversions occurring in a power plant. Although many of them involve mechanical conversions rather than chemical (state-of-matter) conversions, and are therefore outside the scope of a chemistry curriculum, the heat produced from fusion will be used to produce steam to drive turbines to generate electricity. The steam will then condense and be sent back into the reactor to renew the cycle.

9. Energy production in reactions—See 5 above. 

10. Thermodynamics and stability—all the fusion processes described are driven by energetic stability. 
11. The sun’s energy—Fusion in the sun is the process that provides us energy from the sun.

12. Safety—The need to be aware of safety concerns pervades all we do—not just in fusion reactors, but also in the chemistry lab and in our daily lives.

13. Environmental chemistry—Even though nuclear power plants (presently only fission, but in the future, fusion as well) don’t contribute to greenhouse gases and don’t produce much waste (compared to combustion power plants), they have their own environmental problems, centered mainly around radiation and radioactive waste.

Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “Fusion is just as bad as fission when it comes to producing nuclear waste.” While fission produces many different radioisotopes, some with very long half-lives that future generations will need to deal with, fusion’s only major product is helium, although significant amounts of tritium are produced and used in the Deuterium-Tritium reaction. The other problem is that high-energy neutrons are produced, which will impact the reaction chamber and effect radioactive changes in the reactor materials, rendering them radioactive. Even so, the half-lives of all these isotopes is relatively short (tritium’s half-life is only about 12.5 years), resulting in a decommissioned nuclear reactor being dangerous for about 50 years and high-level nuclear waste for another 100 or so, becoming low-level waste thereafter. This compares with radioactive waste from fission reactors that remains high-level waste for perhaps thousands of years.
2. “Nuclear is nuclear. A fusion reactor will be just as likely to have a nuclear explosion if it becomes a runaway reaction as are fission reactors.” Whoa! This statement is wrong on both fronts. A fusion reactor can’t explode because the reaction is a very rapid one-shot deal, followed by another one-shot reaction, etc. There’s no chance of a runaway reaction because the operator has to keep infusing pellets of the H-He mix into the reactor just to keep the reaction going. As soon as he/she stops injecting pellets, the reaction stops. No reaction, no explosion, simple as that! 
And in fission, there also is no chance of an explosion because the nuclear fuel, predominantly U-235, is not “weapons-grade” fuel; that is, it has not been processed enough to be concentrated enough to reach critical mass, the minimal amount needed to auto-sustain the fission reaction. Reactor-grade fuel is only about 3% fissile U-235, while weapons grade uranium is about 80+% U-235. There’s just too much other stuff mixed with the uranium that absorbs the neutrons needed to initiate more fission reactions and gets in the way of sustaining the reaction. And the design of fission reactors does not allow for the uranium to be forced together into the compressed dense mass needed for a nuclear explosion. 
Of course, there is still all the heat involved in a runaway fission reactor, and that CAN produce a chemical explosion, usually the combustion of highly pressurized steam and hydrogen in the containment vessel. But this type of explosion is orders of magnitude smaller than a nuclear explosion would be (IF it could happen, which it can’t).
3. “I don’t know why the author’s making such a big deal about the difficulties of getting nuclear fusion to work. I read somewhere awhile ago that scientists had discovered a way to make fusion happen in a big bottle at room temperature—I think they called it ‘cold fusion’.” Cold fusion was a hot topic in science in 1989 (and ever since, although less so as time went on). Pons and Fleischman published the results of their research in 1989, setting off an explosion of research teams trying to duplicate their results—with almost no positive results. (See “More on cold fusion”, above.) Research continues to this day, but no absolutely positive evidence has yet been produced. Most scientists believe that “real” nuclear fusion can only occur at extremely high temperatures and pressures, similar to those in stars.

Anticipating Student Questions (answers to questions students might ask in class)
1. “If nuclear fusion involves nuclear reactions, why does the author say, ‘there’s little danger from radiation’ and ‘no long-lasting radioactive waste’?” In controlled fusion, the radiation is contained within the confinement vessel, either magnetic or inertial, so that people outside the reactor are exposed to little or no radiation. The fusion reactions described by the author involve only deuterium, tritium and helium isotopes, with lithium included in the actual production of tritium to make fusion energy. None of these isotopes has a half-life anywhere near those of isotopes produced by the fission reaction, resulting in “no long-lasting radioactive waste.”
2. “Maybe nuclear fusion can ‘…solve every energy problem facing the world today…’, but where is the nuclear fuel coming from, and will we have enough?” Deuterium is one of the principal isotopes used in controlled fusion. Combined with oxygen, it makes deuterium oxide or “heavy water”. D2O molecules comprise approximately 0.0156% of water molecules (1 molecule D2O in 6,420 molecules of H2O). Scientists estimate that ocean water can provide enough deuterium to provide man’s energy needs for thousands of years. Tritium, the other major ingredient in controlled fusion, can be produced by bombarding lithium with neutrons. Lithium is abundant in minerals in the earth’s crust.
3. “Why does the author say that nuclear fusion generates energy ‘…in an environmentally friendly way…’?” Besides the reasons given in the article—little danger of radiation, no long-lasting radioactive waste, and zero chance of a runaway chain reaction, fusion reactors also will not pollute the atmosphere with waste gases or particulates, because there simply aren’t any. So fusion will not contribute to the greenhouse gas problem as combustion from internal combustion engines and coal- and oil-burning power plants producing electricity do today. This will minimize its effect on our global warming problem.
4. “So, just how much energy are we talking about in a fusion reaction?” It’s been said that there’s enough deuterium in a 1-L water bottle to be equivalent to the energy content in a whole barrel of oil. Also see “More on comparing various types of reactions/reactors”, above.
(http://www.cbsnews.com/8301-35040_162-57599943/powering-the-future-what-will-fuel-the-next-thousand-years/)

In-class Activities (lesson ideas, including labs & demonstrations)
1. The National Ignition Facility at the Lawrence Livermore National Laboratory in California offers a video or audio clip (you choose) dealing with their “Super Laser at the NIF”. It comes complete with California Science Standards, a glossary of science terms, background information for the student, a “Segment Summary Student Sheet” and a “Personal Response Student Sheet”. It also includes specific questions the teacher can ask students to answer through their viewing of the video. Download the pdf file at http://science.kqed.org/quest/files/imp/download/44/203a_SuperLaseratNIF.pdf. The video and/or audio clips are also available at this same site. 

2. If you want to use fusion as a lesson in class, you could begin with this set of 67 slides from General Atomics’ Fusion Education Web page: http://fusioned.gat.com/slideshow.html. The slide set gives good basic science involving the fusion process, as well as its advantages and disadvantages, with the emphasis on advantages. The slides are somewhat dated, and mention that the ITER is “being designed by an international consortium or engineers and scientists…” and that the “Decision to proceed with construction will be made in 1995”. Nevertheless, it is a worthwhile set of slides. The slideshow requires Flash Player. Each slide has a caption explaining the contents. The slides are downloadable as a pdf document (4.5 MB), but the captions are not included in the pdf file.

3. FusionEd from General Atomics has a whole series of simulation experiments students can do to help them understand where elements come from, what fusion is, what plasma is and how we can confine it in a fusion reactor: http://fusioned.gat.com/images/pdf/Plasma_Tokamak.pdf. 

4. One of the activities from FusionEd, above, simulates mass loss infusion by “baking” two pieces of cookie dough in the microwave, noting that they will have fused after “baking”, and measuring mass loss to relate that to binding energy. Background material is provided for the student, and cautions regarding the shortcomings of this model are provided for the teacher.

5. CPEP, Contemporary Physics Education Project, sponsored by the Lawrence Livermore National Laboratory and Princeton Plasma Physics Laboratory, has a Web site with a list of 8 or 9 student activities dealing with fusion and plasma at http://www.cpepphysics.org/fusion_student_activities.html. Teacher Notes for each are available also, but they are password-protected and you need to send them an email with your basic information to obtain the password. 

The activities include simulating fusion, the physics of plasma globes, and an activity aimed at middle school students but useful even at the high school level, Testing a Physical Model, which uses the 5E model of learning, and which seems to be the simulating fusion activity, only much beefed-up (pedagogically-speaking).

6. To show students a plasma, if one has access to a microwave oven, one can simply insert a sealed tube containing some sort of low-pressure gas (such as a fluorescent light bulb), and then run the microwave. The microwave radiation will ionize the gas, forming a microwave plasma discharge, if the circumstances are right. It's a lot of fun to see a fluorescent bulb glowing without being plugged in! Be sure to close the microwave door completely, though, or you may cook yourself - which could be fatal! Also, this demonstration may ruin some microwaves, so please use an old/cheap one!

(http://fusedweb.llnl.gov/Resources/introductory.html)
Other plasmas in our world (and beyond) include: the Sun and stars, much of interstellar hydrogen, interstellar nebulae, the aurora borealis (or australis), lightning, plasma televisions, neon signs, gas discharge tubes, fluorescent bulbs (as mentioned above), plasma balls (a toy, sort of), and arcs produced from electric-arc welding machines (only viewed safely through a welder’s mask).
7. Another activity utilizing a plasma is to compare the color and spectrum of a plasma ball to those of various gas discharge tubes. See this CPEP video: http://viewpure.com/329AOMqJSZk.
8.  FusEd contains an Online Fusion Course by CPEP that could be used as the basis for a classroom discussion of fusion: http://fusedweb.llnl.gov/cpep/index.html. There are six topic pages, with each page providing links to myriad other sites for more information. The six pages deal with energy sources, key fusion reactions, how fusion works, conditions necessary for fusion, plasma, and achieving fusion conditions. You can click on any of the six topics, or you can simply take “the guided tour”. This site is well worth investigating.

9. This Teachers’ Domain 4-minute video clip from the NOVA TV show, “The Elements: Forged in Stars,” shows how the elements were/are formed in the stars. You could use it as a point of departure to introduce stellar nucleosynthesis. A set of classroom discussion questions is included. http://www.teachersdomain.org/resource/ess05.sci.ess.eiu.fusion/
10. You can use NASA’ Imagine the Universe site to learn more about how the elements were (and still are being) formed. In addition, the site includes student activities to simulate the nuclear processes that make elements in the stars: http://imagine.gsfc.nasa.gov/docs/teachers/elements/imagine/01.html.

11. This page from the American Natural History Museum contains a graph showing the abundance of elements in the sun vs. their atomic number. There is a set of questions based on the graph that you can use for in-class discussion. (http://www.amnh.org/plan-your-visit/plan-a-school-group-or-camp-group-visit/getting-started/special-exhibitions-and-shows/space-show-journey-to-the-stars/journey-to-the-stars-for-educators/our-star-the-sun/the-abundance-of-elements-in-the-sun) If this link doesn’t get you there, search for “amnh” or American Museum of Natural History and, once on the site, search for “elements in sun”. “The Abundance of Elements in the Sun” should pop up first. Click and go.
12. You can show students that the masses of isotopes are different using this very short (<5 seconds) video clip of two ice cubes in water; one is made of regular water and one of “heavy water”—deuterated water. The regular ice floats (of course), and deuterated ice sinks. The demonstration was published by Ellis, Arthur B.; Adler, Edward A.; Juergens, Frederick H., Journal of Chemical Education 1990, 67, 159. The J Chem Ed CD-ROM “Chemistry Comes Alive!” videodisc 2, contains the video of this demonstration. The video can also be viewed free on the University of Wisconsin chemistry web site at http://www.chem.wisc.edu/deptfiles/genchem/demonstrations/Gen_Chem_Pages/02atomsmolpage/dramatizing_isotopes__deut.htm.

13. If you would like to spend just a bit of time discussing the Sun and where it gets its energy, you might want to use this site: http://burro.cwru.edu/Academics/Astr221/. It is the content of a 2005 astronomy course, “Stars and Planets”, and you can focus on the chapter called “Stellar Physics”, selecting the sub-chapter “Powering the Sun”. This gives you 5 more choices; select “Nuclear Reactions” and “The Proton-Proton Chain” for pertinent information re: fusion.

14. The U.S. Nuclear Regulatory Commission has a section of their Web site on nuclear (fission) reactors just for students, with teacher lesson plans also available at http://www.nrc.gov/reading-rm/basic-ref/students.html. The Student’s Corner discusses the life cycle of and science behind a nuclear reactor, while the Teachers’ Lesson Plans section provides objectives and lesson plans for the student materials. Most of this part of their site seems to be geared for middle school students. 

15. A modeling lab exercise dealing with the concept of isotopic masses (and its relationship to the average mass of an element) can be done using pennies. Two isotopes are represented by pre-1982 pennies and post-1982 pennies that have different average masses because of the difference in the zinc/copper content. Students can weigh two containers (film canisters if you can still find them), each with 10 pennies, either pre-1982 or post-1982. Record the mass of the 10 pennies of each type. (Students need to know the mass of the empty canister!). From this the students can get their average mass of a penny for each type. Next provide sealed canisters of 10 pennies, each with different ratios of pre- and post- 1982 pennies. (Provide the mass of each empty canister since the students are not to open the canister.) Have the students mass their assigned canister with penny mix. Explain the math for calculating the number of each type of penny present:
TOTAL MASS of PENNIES= (x times the mass of pre-1982 penny) + [(10–x) times the mass of post-1982 penny], where x = number of pre-1982 pennies; 10–x = number of post-1982 pennies.
(ChemMatters Teacher’s Guide, April 2007) 
16. There are many in-class activities concerning lasers described in the February 2013 ChemMatters Teacher’s Guide for the article “Fighting Cancer with Lasers”.

17. For an interactive student activity, try the simulation of Fusion at the IPPEX site (Internet Plasma Physics Education Experience), http://ippex.pppl.gov/interactive/Quest%20for%20New%20Energy_final_5.swf. It allows students to investigate the relationships between temperature and atomic motion (speed), kinetic energy and mass, and kinetic energy and Coulomb force. Then they run a very simple reaction and by varying the speed of the particles, they see when (at what temperature) fusion occurs. Then it provides more information on fusion reactions and ends with an on-screen “Questions and Answers” page. You could also use this projected on a large screen as an all-class demonstration/investigation. Other interactive activities like this on mass, volume and density; electricity and magnetism, matter, and energy can be found on the parent site: http://ippex.pppl.gov/interactive/. These interactive simulations require Java.
18. This is a very nice series of slides in a pdf format that could be used in class. Entitled “Making a Star: Fusion for Sustainable Energy” and produced by General Atomics, it covers the basics of fusion and includes several nice illustrations or actual photos of their DIII-D Tokamak reactor.

19. The IPPEX Web site provides students with information and activities concerning fusion. Several are listed here, all of which require Java:

a. This applet from IPPEX simplistically simulates a tokamak reactor and its plasma flow. Seen head on, the plasma in the shape of a disk fluctuates and the observer must use eight magnets around the perimeter to control the plasma to keep it from touching the walls of the reactor vessel, seen as a larger disk. (http://ippex.pppl.gov/tokamak/containment.htm)

b. This IPPEX applet is similar to the tokamak simulation below, except this one is not timed. (http://ippex.pppl.gov/tokamak/tokamak.htm)

c. Another applet from IPPEX allows the observer to control magnetic field strength, plasma density and auxiliary heating to initiate a fusion reaction inside the tokamak reactor: http://ippex.pppl.gov/tokamak/tokamakv2.htm. This is version 2 and is better.
d. You can access all the above and more at the IPPEX home page, http://ippex.pppl.gov/.
Note, the Fusion Data Analysis tab did not work for me.

20. Here is a POGIL activity that deals with both fission and fusion; however, you could focus solely on the fusion parts.
Out-of-class Activities and Projects (student research, class projects)
1. Students could do research to compare the advantages and disadvantages of using the following as sources of energy: coal, oil, fission and fusion. Topics for consideration might include: 
a. costs involved in 

1) obtaining the material, 

2) running the power plant

3) dealing with the products of the reaction

b. amount of energy produced per kilogram of source material

c. amount of source material needed to provide our needed energy

d. availability of source material
e. safety involved with 

1) obtaining the material, 

2) running the power plant

3) dealing with the products of the reaction

For fission, the Nuclear Regulatory Commission, the NRC, might be a good place to start: http://www.nrc.gov/
2. Students could do a head-to-head comparison of fission vs. fusion as power sources for the future.
3. Students can explore the many uses of radioactive isotopes. One way to allow them to do this is to assign each student a particular radioactive isotope (or let each choose one) and have the students prepare reports describing the uses of their isotope, whether it is naturally occurring or if it is prepared artificially (and how), and any risks associated with its use. 
4. If you want students to learn about lasers but don’t have much class time for their study, you might want to assign students to visit this Web site to learn on their own about them: http://www.colorado.edu/physics/2000/lasers/. It provides a dialogue between a student and teacher, and it has animations along the way to help students understand the science behind the content. 
5. Students can research cold fusion. Many scientists are still doing research into this phenomenon (or lack thereof). And there are many more scientists who proclaim that all the research is “junk science.” There are many pro-cold fusion sites, among them: http://coldfusioninformation.com/ and http://coldfusionnow.org/.

6. Students could research the claims made at this site for the Polywell fusion reactor: http://polywellnuclearfusion.com/index.html.
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The Background Information section of the Teacher’s Guide for the April 2010 ChemMatters article “Nuclear Power: A Safe and Clean Source of Energy?” (above) contains more information about nuclear (fission) reactors.

Sitzman, B. and Goode, R. Nuclear Energy: When Will the Lights Go Out? ChemMatters 2011, 29 (2), p 2. The two authors discuss our energy needs and the various sources presently being used to supply that energy, with a focus on fission. Notice that fusion is not yet among the sources.

Washam, C. Mystery of Mummies. ChemMatters 2012, 30 (1), pp 17–19. A small portion of this article describes how radiocarbon dating works, using C-12 and C-14, and how it is used to determine the age of mummies.


The February 2013 ChemMatters Teacher’s Guide contains a 4-page description of what lasers are and how they work, in the discussion of “Fighting Cancer with Lasers”.

Web Sites for Additional Information (Web-based information sources)
More sites on fusion reactions
In the Sun and stars—For information about fusion in stars, try the following sites:

· http://hyperphysics.phy-astr.gsu.edu/hbase/astro/procyc.html (click on any of the linked terms for more information)

· http://www.answers.com/topic/proton-proton-chain-reaction
· This page from the “Astronomy Hyper Textbook” Web site provides QuickTime animated versions of the individual steps in the proton-proton chain. Although the animated reactions go fast (even on the “slow” scale), you can click and drag the cursor across the progress bar of each animation to focus on individual parts or sequences. (http://zebu.uoregon.edu/textbook/energygen.html)
·  http://www.physics.mun.ca/~jjerrett/protonproton/pp.html This one page isn’t quite as flashy as the one above showing the proton-proton chain, but the animation is slower and easier to follow. 
· NASA has a Web site called Cosmicopia, and a page of that site contains “Nucleosynthesis in the News”, a series of more than 100 news articles in reverse chronological order, dating back to 1998. (http://helios.gsfc.nasa.gov/nucleo.html)
In fusion reactors/experiments—See below.
· View http://en.wikipedia.org/wiki/Nuclear_fusion for a much more detailed discussion of fusion.

· This page from HyperPhysics shows equations for various fusion reactions: http://hyperphysics.phy-astr.gsu.edu/%E2%80%8Chbase/nucene/fusion.html.

· DocBrown’s Chemistry Web site has a page with a series of simple fusion equations, if you need more examples: http://www.docbrown.info/page03/3_54radio08.htm#heavy.
More sites on the fundamental forces of nature


This single page from Carnegie Mellon University describes the four fundamental forces and summarizes their effects in a table: http://telstar.ote.cmu.edu/environ/m3/s3/06forces.shtml.


HyperPhysics at Georgia State University offers a page describing the four fundamental forces of nature at http://hyperphysics.phy-astr.gsu.edu/hbase/forces/funfor.html.


This site provides a student-prepared basic PowerPoint describing the four fundamental forces of nature. My only hang-up is that she calls the strong nuclear force the “strong atomic force”. You can’t get directly to this PowerPoint, but if you go to the Bing search page below, it will take you to a page of listings of “fundamental forces”: http://www.bing.com/search?q=fundamental+forces+science&qs=n&pq=fundamental+forces+science&sc=0-0&sp=-1&sk=&first=15&FORM=PERE. Then click on the title “Fundamental Forces”—NOT the one from Georgia State University, although that’s a good one also; see above. Under the correct title you’ll see schools.nashua.edu/.../forces/Fundamental%20Forces.ppt When the dialog box appears, you have two choices, save or open. If you save it you can avoid the domain name/password box. Or if you click “Open”, you can just hit cancel when it asks for domain name/password and it will take you right to the slide presentation.

The Khan Academy has a 10-minute video lecture on the four fundamental forces at http://www.khanacademy.org/science/cosmology-and-astronomy/universe-scale-topic/light-fundamental-forces/v/four-fundamental-forces.

More sites on history of fusion research

This site contains the 1999 24-page paper “Reflections on Fusion’s History and Implications for Fusion’s Future” by Robert Conn, of the Fusion Energy Research Program at the University of California, San Diego. It summarizes in great detail the history of fusion, essentially since the end of World War II. (http://fire.pppl.gov/3.Conn.pdf)

Here is a timeline detailing many of the giant and even small steps realized by fusion scientists:/ http://en.wikipedia.org/wiki/Timeline_of_nuclear_fusion.

A timeline of research efforts at Princeton University, involved with fusion research since 1951 and home of the Princeton Plasma Physics Laboratory (PPPL) and the Tokamak Fusion Test Reactor (TFTR), can be found here: http://pppl-edit.princeton.edu/about/history/timeline.

More sites on binding energy

HyperPhysics has a one-page site on binding energy that also calculates and compares energy output by fission and fusion for equal masses of fuel inputs at http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/nucbin.html.


The schoolphysics Web site has a page that discusses binding energy. They provide the same binding energy graph two ways—one right side up and one upside down. The idea behind it is that the first way it shows how much energy it takes to split the nucleus, and the other way it shows how much energy is given off when the nucleus forms. (http://www.schoolphysics.co.uk/age16-19/Nuclear%20physics/Nuclear%20structure/text/Binding_energy_per_nucleon/index.html)

This site from Miami Dade College, discusses “magic numbers” of nucleons and how they have added stability. It also shows calculations for two mass defect problems: http://www.mdc.edu/kendall/chmphy/nuclear/nucplus.htm.

More sites on isotopes
Scientific Instrument Services’ Web page contains a complete list of all isotopes of all elements, arranged alphabetically or by atomic number, and an interactive periodic table that shows the isotopes of each element and their relative abundance: http://www.sisweb.com/mstools.htm.
More sites on protium/deuterium/tritium

This page from Science Daily reports on “Ultra-Dense Deuterium May be Nuclear Fuel of the Future: http://www.sciencedaily.com/releases/2009/05/090511181356.htm. It seems logical that this very dense material could help fusion researchers, who are trying to compress nuclei in high-temperature, high-pressure scenarios.

More sites on plasma
This page from Plasma.org provides a nice photo of plasma contained within the Princeton tokamak reactor: http://www.plasmas.org/rot-energy.htm.

This page from the site above gives good background information on plasmas: http://www.plasmas.org/index.html.

More sites on fusion

Here is a ~20-minute video (1996) from General Atomics. It is a bit slow and basic, and perhaps “middle school-ish”, but it explains fusion well, relates it to the sun, compares chemical to nuclear reactions, shows plasma and magnetic control, and mentions ITER at the end of the video. It nicely explains through animation why the torus is the shape of choice for magnetic plasma control. (http://fusioned.gat.com/images/nature_energy_source.mp4) You may be able to pull clips out for classroom use.


Also from General Atomics, this site allows you to tour through a virtual Tokamak reactor vessel: http://fusioned.gat.com/virtual_dIII_d.html. It will require you to download a VRML plug-in, which is available right on the screen. Once inside the tokamak, you can move around and see inside and outside the structure.


A short 3:30-minute video from Dr. Richard Moyer of the Center for Energy Research at the University of California, San Diego very basically describes the fusion reaction and why we need fusion power. (http://cer.ucsd.edu/pages/outreach/video1.shtml)


This 28-minute video from the U.S. DOE archives (it is very dated, perhaps late 1980s, early 90s) covers the science and technology of fusion very completely. It includes onsite interviews with scientists at several tokamak and laser fusion research facilities, showing the actual machines. (http://energy.gov/articles/vintage-doe-what-fusion)


This site from HyperPhysics provides a concept map of Nuclear Energy with links that take you to various pages dealing with fission, fusion, and nuclear accidents: http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/nengcn.html#c1

CPEP, the Contemporary Physics Education Project, from the U.S. Department of Energy Office of Science, offers a nice fusion chart, “Fusion—Physics of a Fundamental Energy Source”. This Web page shows the actual chart and is expandable so you can view minute details on the chart: http://www.cpepphysics.org/fusion_chart_view.html. You can print the chart on 8-1/2” x 11” paper, although you may need to resize it to fit. You can also view enlarged individual parts of the chart in pdf files as well and print those. The chart is available for sale in normal chart sizes as well through Ward’s Science, from the same Web page. There is also an instructor’s manual that accompanies the chart and can be purchased from Ward’s.


Here is another, much simpler poster depicting fusion, with a few fun facts, available for download (8-1/2” x 11”) from FusionEd (dated 1996): http://fusioned.gat.com/images/pdf/FusionPoster.pdf.


CPEP also offers an Online Fusion Course at http://fusedweb.llnl.gov/CPEP/. There are six topic pages, with each page providing links to myriad other sites for more information. The six pages deal with energy sources, key fusion reactions, how fusion works, conditions necessary for fusion, plasma, and achieving fusion conditions. This site is well worth investigating.

The October 2012 report “Assessment of Fusion Energy Options for Commercial Electricity Production” from the Electric Power Research Institute, cited in the “More on the history of fusion” is available for download here: http://cer.ucsd.edu/pages/outreach/video1.shtml.

This 9-minute video “Fusion 2100” from EFDA, the European Fusion Development Agreement, depicts a classroom of the future, with the teacher and class discussing fusion research and, naturally, everything is history of fusion research to the students. It nicely summarizes fusion developments, including the beginnings of ITER, and it gives some nice 
sci-fi-like effects. It might hold your students’ interest. (http://www.efda.org/2011/08/fusion-2100/?view=vgallery-4)



EFDA, mentioned above, has an extensive Web site that offers many downloadable materials, including posters and animations. Its home page is: www.efda.org/.

More sites on how lasers work

This site contains three different student/teacher interactive pages dealing with lasers: http://www.colorado.edu/physics/2000/index.pl?Type=TOC.

Bob Becker gives students a very good, basic understanding of how lasers work in this “Question from the Classroom” article from the April 2003 issue of ChemMatters: http://portal.acs.org/portal/PublicWebSite/education/resources/highschool/chemmatters/archive/CNBP_028409)

“Laser Fundamentals” provides more detail about how a laser works and gives descriptions of several different types of lasers: http://www.fas.org/man/dod-101/navy/docs/laser/fundamhientals.htm.
More sites on National Ignition Facility (NIF)

You can view a list of the videos available from the NIF here: https://lasers.llnl.gov/multimedia/video_gallery/ They include “How NIF Works” and “Take a Ride on a Beamline”, which shows in animation the path of the laser beams shot into the hohlraum, the fusion target, and the subsequent fusion blast.

This video from the Lawrence Livermore National Labs is actually in 3-D, provided you have 3-D glasses with which to view it. The video shows the NIF facility and a laser shot to make fusion happen: http://www.youtube.com/watch?v=0qZGUy_S9Fo. It has no narration.

Edwin Moses of the NIF, presents a 54-minute plenary speech about the NIF plant at the CLEO 2009 Conference. It’s divided into 6 different approximately 9-minute-long video clips. The first is this one: Part 1 – National Ignition Facility: Exploring Matter Under Extreme Conditions at http://www.youtube.com/watch?v=mhlwwanlf7A. Each succeeding clip appears at the right in the upcoming videos. (Stick with the NIF following numbered parts, as other video parts appear there also.)

This may be the best of the video clips about NIF—short (5:22) and to the point. It includes information about the facility itself, and it shows the animated sequence of laser-firing and creating fusion in the target chamber. (http://www.youtube.com/watch?feature=player_embedded&v=yixhyPN0r3g)

This series of four videos by Stevebd1 covers all angles of NIF. They play sequentially from the first one, or you can choose whichever you want. (http://www.youtube.com/watch?v=PHWetDogV8k&list=PL7E30D7D9373280AA)


Also on the NIF Web site, they offer a virtual tour of the facility (requires Java). You click on any of 18 parts/rooms in the schematic of the entire facility. It is highlighted on the schematic. Clicking on that takes you to an image of that room/part of the facility. You can then roam (360o) around the room. (https://lasers.llnl.gov/multimedia/virtual_tours/) Note, this function was not working when I visited the site, 9/5/13.


NIF has a nice collection of resources for teachers that includes outside sites as well as their own, at https://lasers.llnl.gov/education/resources.php.


Here is a July 2012 NIF press release reporting on the 500 terawatt and 1.89 MJ shot from their bank of 192 lasers: https://www.llnl.gov/news/newsreleases/2012/Jul/NR-12-07-01.html.


Here’s an October 2010 report from Lawrence Livermore National Laboratories about its first successful shot. There is a before and an after photo of the hohlraum; the damage is quite impressive. https://www.llnl.gov/news/newsreleases/2010/nnsa/NR-NNSA-10-10-02.html
More sites on magnetic fusion confinement

This 20-second QuickTime video clip shows plasma generation inside the Tore Supra Tokamak fusion reactor: http://fusioned.gat.com/images/ToreSupraTurco.mpg.

More sites on International Thermonuclear Experimental Reactor (ITER)


The official site for ITER is http://www.iter.org/. It contains much news about progress of ITER. Other pages from the site are referenced below.

· This page from the site, http://www.iter.org/mach shows a large diagram of the interior of the proposed machine that has links that appear as you scroll over the parts of the machine.

· These can then open to more information about each part.

· This page from ITER provides detailed schematics of many parts of the proposed design, including very large enlargements of the schematics: http://www.iter.org/album/media/7%20-%20technical.

· Another ITER page has available over 120 video clips of various facets of the project, including design, construction, international cooperation, and science and technology. The clips are also organized by topic. Unfortunately the clips are high resolution and don’t seem to buffer well; they are very choppy. You do have the option of downloading high resolution copies of the videos, but they too download very slowly. (http://www.iter.org/video) (I think the other countries funding and building the reactor have higher internet speeds than we do here in the U.S.)

An 8-page booklet from the Euratom Branch of the European Commission, entitled “Nuclear Energy Research: The Sustainability Challenge” provides a bit of background on ITER and a nice timeline of both fission and fusion research and development, from 1930 – 2010: http://ec.europa.eu/research/energy/pdf/sustainability.pdf.

Here is a poster describing how ITER will produce a fusion reaction: http://www.futureleap.com/wp-content/uploads/2013/03/sungraphic-kath.jpg.

A 6:23 video clip describing the development and construction of the ITER facility in Aix-en-Provence, France can be viewed at http://www.youtube.com/watch?v=kdfQUftpv1Q. This clip focuses primarily on the international cooperation needed to get it constructed, rather than the science behind it.

Here’s another one about ITER: http://www.youtube.com/watch?v=kdfQUftpv1Q. The first 25 seconds are done by a British narrator. The next 2-1/2 minutes describe ITER; this portion of the clip may be done in the U.S., since we are listed first in the group of countries cooperating to construct the reactor. It has more technical content than the previous clip. The last 3 minutes returns to the original narrator. Audio level is inconsistent between the three sections.

More sites on cold fusion

This page provides a 38-minute video of parts of the actual 1989 press conference at the University of Utah at which Pons and Fleischmann made the (in)famous announcement of their discovery: It includes questions from the audience and answers from both the researchers and university administrators.

http://coldfusioninformation.com/cold-fusion-press-conference-at-university-of-utah-1989/. The last eight minutes are video taken in the basement of the research lab where Pons and Fleischmann did their work. Fleischmann and another scientist explain the actual experiment, equipment and analytical instruments used in it. Note: be careful in your choice of other information from the host site upon which the video is stored: it is a very pro-cold fusion site; just look at the first sentence of the caption under the video.


Here is a 12:24 video of the April 2009 airing of a CBS “60 Minutes” report by Scott Pelley called “Cold Fusion is Hot Again” that interviewed scientists about cold fusion research being done presently: http://www.cbsnews.com/video/watch/?id=4967330n.

This site is very obviously pro-cold fusion: http://coldfusionnow.org/.

Here is an almost-2-hour video on cold fusion research. The first hour is one television show hosted by James Doohan, Scotty of Star Trek fame. The second hour is a pseudo-investigative show, one of the series Phenomenon: The Lost Archives, hosted by Dean Stockwell. (http://www.youtube.com/watch?v=j8jR2N6TP_0) This portion treats the cold fusion debate as a conspiracy. The video provides much information for students to evaluate.

The Natural Philosophy Alliance 19th annual conference, July 27, 2012, featured Edmund Storms as its guest speaker. He presented a 1-hour talk on “What is Cold Fusion and Why Should You Care?,” which can be found here: http://www.youtube.com/watch?v=QE1W8NcYsSE&list=TLmTSGUY9cmYw
This BBC production is said to be “an old documentary (1994),” re-published on September 27, 2012. It provides documentary clips from various researchers at the time of the Pons-Fleischmann publication, as well as follow-up interviews at later times, of both skeptics and supporters alike. This video also will give students much information to evaluate. http://www.youtube.com/watch?v=1kb_T8sCWL8&list=TLmTSGUY9cmYw
More sites on fusion in stars
For a very brief, but clever, discussion of the life cycle of stars and where elements come from, see “They Came from Outer Space” at http://www.astrocentral.co.uk/stardust.html.
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