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Instructional Guidance for Standard 1:
Interactions, Models, and Scales
1.1 Interactions, Systems, and Scale (5-8)
1.2 Interactions and Properties (5-8)

1.3 Interactions and Atomic and
Subatomic Models (5-8 and 9-12)

1.4 Interactions and Objects Moving Very
Fast (9-12)

Instructional Guidance for Standard 2:
Conservation Principles
2.1 Conservation of Mass, Energy, and Charge
(5-8 and 9-12)
2.2 Conservation of Linear Momentum (9-12)

2.3 Nuclear Interactions and the Conservation
of Mass-Energy (9-12)

Instructional Guidance for Standard 3:
Newton’s Laws of Motion
3.1 Constant and Changing Linear Motions
(5-8 and 9-12)
3.2 Forces and Changes in Motion
(5-8 and 9-12)
3.3 Contact Interactions and Forces
(5-8 and 9-12)
3.4 Gravitational Interactions and Forces (5-8
and 9-12)

3.5 Magnetic and Electrical Interactions and
Forces (5-8 and 9-12)

Instructional Guidance for Standard 4:
Energy Transfer and Storage
4.1 Contact Interactions and Energy
(5-8 and 9-12)
4.2 Electric Circuit Interactions and Energy
(5-8 and 9-12)
4.3 Mechanical Wave Interactions and Energy
(5-8 and 9-12)
4.4 Radiant Energy Interactions
(5-8 and 9-12)
4.5 Heating and Cooling Interactions and
Energy (5-8 and 9-12)

Instructional Guidance for Standard 5:
Forces, Energy, and Fields
5.1 Forces and Fields (5-8 and 9-12)
5.2 Energy and Fields (5-8 and 9-12)

5.3 Electromagnetic Interactions and Fields
(5-8 and 9-12)

USING THE INSTRUCTIONAL
GUIDANCE FOR EACH STANDARD

Each standard is divided into sections, one for each objective (see
sidebar). These sections provide minimal guidance for interpreting
the learning outcomes (LOs) and essential knowledge (EK) statements
in each objective, especially the difference in the level of intellectual
abstractness and sophistication of reasoning expected at the middle
school and high school levels. The purpose of the Instructional
Guidance is to provide middle school, high school, and college
instructors with sufficient guidance to understand the types of events
and tasks in which students engage to meet the goals of each
objective.

Three items in each objective guide the interpretation of the LOs and
EK statements. The first is a Table of Common Student Conceptual
Difficulties for the content of the objective. The table also includes the
specific LOs and EK statements that most directly provide an
opportunity for teachers to address the conceptual difficulty. The
research literature in students’ conceptual difficulties guided the
writing of the learning outcomes and essential knowledge
statements. Consequently, the table may also facilitate
understanding some ideas in the EK statements that are not found in
most state standards. For example, many students believe that a
force (e.g., throwing a ball) is imparted to the object that is pushed or
pulled. Consequently, an EK statement is:

Grades 5-8. During contact interactions, forces are not
transferred to objects (unlike energy) — the interaction stops as
soon as the objects stop touching. [M.3.3.3]

The second item of instructional guidance is a Table of Content
Boundaries for each grade-level band. These tables describe the
bounds and depth of knowledge for each grade-level band. They
identify objects and phenomena appropriate for the learning
outcomes. Any special limitations for specific learning outcomes are
also described. In addition, the tables summarize the models and
representations expected and excluded, and the technical terms
introduced in the objective.

Finally, most objectives include some example questions or problem
situations for a few of the learning outcomes. These example
problems are intended to facilitate the understanding of how the
essential knowledge is to be developed and used through reasoning
and in problem solving. For the most part, the examples reflect tasks
that are typically not found in textbooks. It should be noted that the
examples are only a few of the many questions and problem situations
that could be used to meet the goals of each objective.
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Using the Instructional Guidance

GUIDE TO USING THE INSTRUCTIONAL
GUIDANCE FOR EACH OBJECTIVE

OBJECTIVE 2.1
CONSERVATION OF MASS, ENERGY, AND CHARGE (Grades 5-8 and Grades 9-12) continued

Grades 9-12

The approach taken to the conservation of energy equation is similar to that of John Jewett (2008d)
in his article Energy and the Confused Student: A Global Approach to Energy:

“It is my position in this article that there is only one fundamental energy equation and that all

other energy equations are special cases. The fundamental equation is called the conservation of

energy equation or the continuity equation for energy, both of which can be abbreviated as CEE:
AEsystem = 2T,

where T represents the amount of energy transferred (T for transfer) across the boundary of the
identified system by a given mechanism. The general conceptual basis of the equation is this: the
only way the total energy (Esystem) of a system can change is if energy crosses the system boundary
by one or more mechanisms described by T. The mathematical basis is this: the total change in
energy of the system during some time interval is exactly equal to the net amount of energy

crossing the system boundary. The summation sign indicates that energy may cross the
boundary by several methods. . .” [page 210] /
Table of Common Student Conceptual Difficulties

Where Addressed

Student Difficulty. Students often believe that Essential Learning
Knowledge Outcome
1. All energies are the same.
a. Energies are always the same (electrical, kinetic, thermal,
etc) for all defined systems and time intervals. [Because
’ H.2.1.1 H.B.3
one form of energy can always be transformed into H212 H.B.4
another form of energy.] H.2 1 '4 H.B.S

b. There are no energy terms for transfer (energy in transit
from one location to another) that are different from the
energies that objects can have.

AN

2. Energy is only conserved in a closed system. When the
system is open, energy can sometimes disappear. [Things, H.2.1.1 H.B.2
like light bulbs, “use up” energy.]

3. There is nothing special about the conservation of energy - all

o . M.2.1.4 M.B.3
quantities are conserved in a closed system.
4. The conservation of energy is useless; it does not help think H2.1.1 H.B2
about or solve problems (qualitatively or quantitatively). o )
5. The conservation of mass, charge, and energy are not H.2.1.6 H.B.7

fundamental principles of science.

Introductions describe
any approaches to the
content that are not
traditional but are
supported by cognitive
and educational research.
References are usually
included.

Table lists students’
common conceptual
difficulties with the
objective content from
physics education
research (see Research
Base for Tables of
Common Student
Conceptual Difficulties in
Appendix B). Also listed
are the EK statements and
Los that provide the
opportunity for teachers to
address each conceptual
difficulty.

Learning Outcomes are
identified by grade level
(M for middle school, H for
high school), and the
bullet number of the
learning outcome. For
example, H.B.3 indicates
thigh school, third bulleted
learning outcome.
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Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
¢ Objects and events similar to Objectives 4-1 through 4.5, and Objective 5.2. However,
situations involve multiple interactions (contact, gravitational, electrical, electric circuit,
radiant, and thermal interactions.
¢ H.B.2. Methods of energy storage within a system include (See Objectives 4.1 through
4.5):
- kinetic energy
- thermal energy
- elastic energy (e.g., spring)

- gravitational potential energy
- electric potential energy
- magnetic potential energy

e

Boundaries Table lists the
objects and events that
limit the content of the
objective. Other
boundaries for specific

LOs are also listed.
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Using the Instructional Guidance

GUIDE TO USING THE INSTRUCTIONAL
GUIDANCE FOR EACH OBJECTIVE (continued)

Representations/

Models describes the
analogue and mental
models in the objective. It

ﬂlstt)hdesct(ibflls visual and PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
mathematical

representations of ideas, High School (Grades 9-12)

and speqial mathematical Methods of energy transfer include (See Objectives 4/1 through 4/5):

symbols introduced. } - mechanical energy transfer (work) - electrical energy transfer in circuits, and

- mechanical wave energy transfer - radiant energy transfer (EM)
- thermal energy transfer (heat)
Exclusions. two-and three-dimensional forces

N\ | REPRESENTATIONS/MODELS
¢ More complex analogue models can be considered for the conservation of energy: for
example, a banking account that includes savings, investments with dividends, interest
charges, etc. See comments below for H.2.1.1.
¢ Symbol A to represent “change in.”
¢ Mathematical model of energy conservation (AEsystem = Ein - Eout)

¢ Mathematical model for mass-energy equivalence: Eout = Amc?2
. Energy diagram (see description below)

/v TECHNICAL VOCABULARY

/ * conservation of energy principle

Technical Vocabulary H.B.2 Example Problem

specifies the technical

vocabulary for the vent: A battery is connected to a switch and bulb.

objective, as well as any (@) System of interest is the complete circuit; time interval is the tiny (unnoticeable) time after the
exclusions. switch is closed and while the bulb’s brightness is increasing. The energy change within the

system is a decrease in the chemical energy of the battery and an increase in the thermal energy
of the bulb filament (because the temperature of the bulb filament is increasing).* There is a
transfer of radiant energy (mostly visible light and infrared) out of the system. [Note: A heat
conduction energy transfer is much slower than a radiant energy transfer, so for this tiny time
interval, it can be ignored.]

(b) System of interest is the bulb filament; time interval is the tiny (unnoticeable) time after the
switch is closed and while the bulb’s brightness is increasing. The energy change within the
system is an increase in the thermal energy of the bulb filament (because the temperature of the
bulb filament is increasing).* There is a transfer of electrical energy into the bulb filament (from
the battery) and a radiant energy transfer out of the system.

(c) System of interest is the bulb filament; time interval is a few minutes while the bulb brightness is
not changing. There is a transfer of electrical energy into the system and a transfer of radiant
energy out of the system. There is no change in energy of the filament. (Changes in the internal
energy of the bulb filament are ignored at the high school level.)

Energy Diagrams

There are, of course, many different ways of drawing energy diagrams. The most extensive discussion is
by Greg Swackhamer in his paper Cognitive Resources for Understanding Energy.

S emSesesssssssssssssssssssssssssssssses N
Final sections provide \ Environment l | System (closed) = Everything '
some examples to ) e i
facilitate understanding of Thermal ! Eodropmant ? sl
level of intellectual ko : '
abstraction and (eeeesssssssssassssasezeas LLLICH S — ) } 5 armal 5 omal '
sophistication required for ] ! Enegy, ey !
the grade-level band. The ! i Sheeat S '
examples tend to differ ! Transfer \ ' *Declease in || Electrical

. \ ' 1| Battery chemical Energy Bulb
from those found in ! ! \ energy Transfer i
traditional textbooks. Of | System (open) = Battery and Bulb : \
course, specific wordingin |  teeeen S e e e
the examples is not Some diagrams show the transfers of energy ~ Some diagrams show changes of stored energy
required. Learning
outcomes (LOs) are
identified by grade band

and bullet number (e.g.,
M.B.2).
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INSTRUCTIONAL GUIDANCE FOR
STANDARD 4. ENERGY TRANSFERS AND STORAGE

Interactions of an object with other objects can be described and explained by using the concept of the
transfer of energy from one object to another, both within a defined system and across the boundary of the
system. Energy transfers across the boundary of a system can change the energy within the system. In the
conservation of energy equation, one or more of the energy transfers across the system boundary could be
applicable, not applicable, or too small of an effect to be measurable, depending on the problem situation.

Energy is an abstract, mathematical idea that cannot be separated from the fundamental conservation of energy
principle. An article by Robin Miller (2005) about teaching energy in middle school and high school concluded that:

“ ... energy is not a mechanism that explains how things happen. It does not help us to understand how or
why they happen. When we introduce pupils [students] to energy ideas, we are not providing them with an idea
that is of immediate practical use. Instead we are introducing them to a very general, overarching point of view
that can be used to think about an enormously wide range of phenomena, across all the sciences. Energy
provides an integrating framework. It can be intellectually satisfying to see diverse events from a single
unifying perspective. Itis a ‘neatidea’, rather than a practically useful one. Later, of course, it can become very
useful for anyone who pursues science further. But it only really comes into its own when we can treat the
ideas mathematically, and calculate amounts of energy in different situations.

These standards adhere to this view, which is consistent with the treatment of energy in the AP Physics B courses.

OBJECTIVE 4.1
CONTACT INTERACTIONS AND ENERGY (Grades 5-8 and Grades 9-12)

Students understand that a mechanical energy transfer (work) across the boundary of a system can change the kinetic
energy, stored elastic energy, thermal energy, chemical energy, or other types of energy stored within the system.
Table of Common Student Conceptual Difficulties Grades 5-8 and Grades 9-12

Students’ conceptual difficulties with energy persist through several years. This table shows the overlap between the middle
school years and high school.

Where Addressed
Student Difficulty* Students often believe that: Essential Learning
Knowledge Outcome

1. Energy is confined to a specific origin:

a. Energy is found only in living things (or is what we get from food).

. . . - All of the Essential Knowledge
b. Energy is associated only with movement or activity.

and Learning Outcomes in

c. Energy is only associated with fuels, or what we get from power stations. o
Objectives 4.1 through 4.5

2. Energy is a “thing.” [This is a fuzzy notion, probably because of the way we talk about Newton-
meters or joules. It is difficult to imagine an “amount” of an abstraction.]

M.B.2
. M.4.1.2 M.B.3
3. The terms "energy" and "force" are interchangeable.
H.4.1.2 H.B.3
H.B.4
4. Energies are always the same (mechanical, kinetic, thermal, etc) for all defined systems and time H413 H.B.2
intervals. T o
5 There are no energy terms for transfer (energy in transit from one location to another) that are M.4.1.2 M.B.3
different from the energies that objects can have. M.4.1.3
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Instructional Guidance for Standard 4

Where Addressed
Student Difficulty™ Students often believe that: Essential Learning
Knowledge Outcome
H.4.1.3 H.B.1
6. Work M.4.1.2 M.B.2
a. "Work"is synonymous with "labor". It is hard to convince someone that more work is probably
being done playing football for one hour than studying an hour for a quiz. H.4.1.2 H.B.2
b. Aforce acting on an object does work even if the object does not move. M.4.1.2 M.B.2
c. “Workdone on an object” and “work done by an object” does not transfer energy into or out of a H.4.1.2 H.B.4
system. H.4.1.3 -
7. Doubling the speed of a moving object doubles its kinetic energy. H.4.1.5 H.B.5

-+ See also conceptual difficulties in Objective 2.1 (Conservation of Mass, Energy, and Charge), and Objective 4.5 (Heating and Cooling
Interactions and Energy

Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)
* Objects and Events. Simple objects and events such as:

- Negligible friction and drag: humans, ropes, car with hitched trailer, pulling or pushing on another solid system with negligible
friction or drag -- e.g., low-friction carts, puck-balloon system, a human-skateboard system, ice skater system, throwing a ball,
kicking a soccer ball or batting a softball, etc.,

- With friction and drag: books, boxes, or cars with brakes on, sliding over another surface and slowing down or being pushed or
pulled and moving with a constant speed or speeding up; boat moving through water; big solid objects moving through air; wind
moving solid objects

- Springs and rubber bands pulling or pushing horizontally on another object and visa versa.

Exclusions: vertical, projectile, or three-dimensional motion; elastic interactions between rigid bodies; at-rest situations (e.g., book sitting
on the table); gravitational interactions; static friction interactions; interactions which require Newton’s third law;

REPRESENTATIONS/MODELS
* Analogue model: storage of energy in physical systems

* Energy diagrams
Exclusions:

TECHNICAL VOCABULARY

* motion (kinetic) energy * elastic energy
* mechanical energy transfer * motion energy (kinetic energy)
* chemical energy * thermal energy

Exclusions: The term “work” is not used (until grades 9-12) because of the conceptual difficulties students have understanding and using this
term.

Underlined words and phrases are defined in the Glossary.

M.B.1Example Diagram
See Instructional Guidance for Standard 1, Objective 1.1: energy diagram should be similar to the diagram students
create to represent interactions and interaction chains. The diagram below is only one example.

energy source source/receiver energy receiver

energy
transfer

hand enesgy ball hand

transfer
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Instructional Guidance for Standard 4

Detail of
i iction i : Skatehoard — Outer casing
Information About Friction in Wheeled Objects Wheel Bearing Sitachcd
to wheel
Inner casing 1 Ball bearing

The rubbing wheel parts of a skateboard include the ball
bearings and casings shown in this detailed diagram. The
inner casing is attached to the axle and does not spin. The
wheel is attached to the outer casing, which rolls over the ball

attaches to axle

bearings and allows the wheel to spin.

Other wheeled objects have a similar design.

M.B.3 Example of Energy Diagrams

energy source

energy receiver

. boy | mechanical
Example 1. A boy pulls a sled and it speeds up. Draw an ullin energy sled
energy diagram that describes the applied interaction - = transfer
between the boy and the sled as the sled speeds up. gaecresss ingraase
in chemical in motion
energy energy

energy source

energy receiver

Example 2. A book slows down as it moves across the | mechanical tabletop
table, and the surface of the book and tabletop become book l‘::;?:r and book
a little warmer. Draw an energy diagram that describes — —
the friction interaction as the book slows down. in motion in thermal
energy energy

Example 3. A skateboard slows down on the smooth

energy source

energy receiver

pavement and the rubbing wheel parFs (wheel bearing) [ mechanical i
get a little warmer. Draw an energy diagram that skateboard | energy wheel parts
describes the friction interaction between the transfer
skateboard and the rubbing wheel parts as the ceoresse norease

in motion inthermal
skateboard slows down. energy energy

energy source

energy receiver

Example 4. After a boat’s motor is turned off, the boat | mechanical
| d dth t d D boat energy water
slows down an e water speeds up. Draw an energy SiaisFor
diagram that that describes the drag interaction ey S——
between the boat and the water. in motion in motion
energy energy

Example 5. An archer launches an arrow from the

energy source

energy receiver

stretched string of her bow. The arrow speeds up and string | mechanical

the string of the bow returns to its relaxed position. of bow l‘::;?:r AL

Draw an energy diagram that describes the elastic —— R

interaction between the stretched string of the bow and in elastic in mation
energy energy

the arrow.

© Pat Heller and Gay Stewart 2010
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Instructional Guidance for Standard 4

Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
* Objects and Events. Same as in middle school, but more complex situations.

Exclusions: vertical, projectile and three-dimensional motion and forces.

REPRESENTATIONS/MODELS

* Energy principle for mechanical energy transfers (W) only:
AEkinetic + AEelastic + AEthermal + AEchemical + AEother = Win - Wout.
* Mathematical representation of kinetic energy (Ekinetic = 1/2 mv2).

* Mathematical representation of change in elastic energy (AEelastic=1/2 kAX2).

TECHNICAL VOCABULARY
* work (mechanical energy transfer)

Underlined words and phrases are defined in the Glossary.

H.B.1 Example Problems

Example #1. A compressed spring is released, pushing a box across the floor. The defined system is box, and the time
interval is from the instant the spring is released to the instant the spring is in its relaxed position.

AE kinetic AEelastic AEthermal AEchemical AE other

1L

The conservation of energy equation for this situation is:

AEsystem = Ein - Eout
AEBinetic + AEelastic + AEthermal + AEchemical + AEother = Win = Wout

The spring is not part of the defined system, so AEg|3stic = 0. Assume AEchemical = 0, AEother = 0, and AEthermal =0 -

(.e., assume these changes in energy are negligible compared to the mechanical energy transfer into the system, the
mechanical energy transfer out of the system, and the increase in the kinetic energy of the box. The transfer of energy

into the system (work done on the system) is the average force of the spring on the cart, Eave , times the distance the
average force acts, Ax (i.e., the final position of the relaxed spring minis the initial position of the compressed spring).
The average force is the average of kAx, a constant spring force, and a zero spring force

(Fave = 1/2 kAX). The transfer of energy out of the system (work done by the system) is the kinetic frictional force (fk)
times the distance the frictional force acts (AX).

So Wi =?aveAx=(%kAx)Ax=%kAx2, and W, =fi Ax
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Instructional Guidance for Standard 4

AEkinetic = Win - Wout

lmv2 =lkAx2 - f A
2 2

Example #2. A compressed spring is released, pushing a box across the floor. The defined system is the spring and box,
and the time interval is from the instant the spring is released to the instant the spring is in its relaxed position."

AE kinetic  AEelastic AEthermal AEchemical AE other Win

HHH

The conservation of energy equation for this situation is:

AEsystem = Ein - Eout
AEkinetic + AEelastic + AEthermal + AEchemical + AEother = Win - Wout

In this situation, assume AEchemical = 0, AEother = 0, and AEthermal = O (i.e., these changes in energy are negligible
compared to the decrease in the elastic energy of the spring and increase in the kinetic energy of the box). The external
force is the frictional force on the box, so the transfer of energy out of the system (work done by the system) is Wout =
fiAx, where Ax is the distance the frictional force acts (i.e., the final position of the relaxed spring minis the initial
position of the compressed spring).

AByinetic +ABelastic = —Wout

lmv2 —lksz = —fi Ax
2 2

Notice that both examples must result in the same answer, since the conservation of energy principle holds for all types
of interactions and all defined systems.

OBJECTIVE 4.2
ELECTRIC CIRCUIT INTERACTIONS AND ENERGY (Grades 5-8 and Grades 9-12)

Students understand that an electrical energy transfer from the source of electric current to the electrical
device(s) in a circuit can change the energy stored in the system. All electrical devices transfer energy out of the
system. The energy changes within the system depend on the properties of the electrical energy source and the
electrical device(s) in the circuit. The electric charges that flow in the circuit are in the conductors of the
circuit. A battery or other source moves electric charges through the circuit but does not create electric
charges.

Table of Common Student Conceptual Difficulties Grades 5-8 and Grades 9-12

Students’ conceptual difficulties with electric circuits and energy persist through several years. This table shows the overlap
between the middle school years and high school.

The energy diagram here is an example of a graph found in many research-based introductory physics materials (See van Heuvlen, 1999;
Modeling Instruction In High School Physics Project, http://modeling.asu.edu/Projects-Resources.html/.
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Instructional Guidance for Standard 4

Where Addressed
Student Difficulty.® Students often believe that: Essential Learning
Knowledge Outcome
1. “Electricity” is a vague term that refers to both whatever flows in a circuit (e.g., electric current, M.4.2.7a M.B.6
electrons) and to the flow of energy in a circuit. M.4.2.2 o
2. Electric current is the flow of energy, which is “used up” by the electrical device:
a. Current flows out of both terminals of a battery (or both connections in an electrical outlet) and
meets at the electrical device, producing light and heat. MA.21c M.B.3
b. Current flows from a battery (or other source of electricity) to a light bulb (or other item that T H.B.6
- - H.4.2.2
consumes electricity), but not from the light bulb to the battery. H.B.7

c. Current flows around a complete circuit, but objects like light bulbs use it up, so less current
returns than leaves the source of the electricity.

3. Alternative Model of a Circuit

a. All of the electrical current (or electrons that make up the current) comes from (or is contained M.4.2.1e
in) the battery or generator.

M.B.3
b Wires are hollow like a water hose, and electric current (or electrons) move inside the hollow M.B.4
M.4.2.1d -B-
space.
H.B.2
c. The electric current (or electrons) from a battery is always the same, regardless of the number of M.4.2.1f
electrical devices that are in a single loop (in series) or the number of loops connected to the o
battery (because how can the battery know what is hanging on it). H.4.2.3
4. Electric current as the flow of electrons:
a. Electronsin wires jump from atom to atom during a current. H42.1 H.B.1
b. The flowing electrons carry energy to the electric device(s), deposit the energy in the devices, H.4.2.3 H.B.2
and then flow back to the battery. e o
c. The flowing electrons inside of wires move at the speed of light.
5. Resistors
. H.B.1
a.  Resistors consume charge. H.4.2.5 H.B.3
b.  Charges slow down as they go through a resistor. o
6. Potential Difference (“voltage”)
a. Current is the same thing as voltage. Voltage flows through a circuit. H.4.2.4 H.B.3
b. Voltage is energy. H.4.2.6 H.B.4
c. The bigger the battery, the more voltage.
. H.B.6
7. Power and energy are the same thing. H.4.2.6 B

-+ See also conceptual difficulties in Objective 3.5 (Magnetic and Electrical Interactions and Forces)

Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)

* Objects. Simple electric circuit materials, such as batteries, small solar cells, bulbs, small motors with attachable fan blades, small
buzzers

* Events. Simple series and parallel circuits

Exclusions: Combined series and parallel circuits

REPRESENTATIONS/MODELS
* Analogue models of electric circuit

* Energy diagrams
Exclusions: Circuit diagrams

TECHNICAL VOCABULARY

* circuit (open and closed)
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Instructional Guidance for Standard 4

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

* series and parallel circuits
* electric current (flow of charges through the conductors)

Exclusions: Electric current as flow of electrons.

Underlined words and phrases are defined in the Glossary.

M.B.1 Example Problem

Which of the bulbs in the circuits at right will light? Justify

your answer based on the path of conductors from one end
of the battery, through the bulb filament, to the other end o=
of the battery. (a) (b) ()

M.B.2 Mental Models of Electric Current

As shown in the Table of Common Student Conceptual Difficulties, many
students equate electric current or “electricity” with energy that is used up
by the bulb. Three common alternative models are: (a) Current flows out of
both terminals of a battery and meets at the electrical device, producing
light and heat; (b) Current flows from a battery to a light bulb where it is
used up, so there is no current from the light bulb to the battery; and (c)
Current flows around a complete circuit, but the light bulbs use some of it,
so less current returns than leaves the battery.

M.B.4 Analogue Models of Circuits

Research indicates that many analogue models are more confusing than helpful. Middle-school students may have
severe difficulties understanding the hydraulic analogue of an electric circuit and think the two circuits belong to
entirely different areas of reality (AAAS Benchmarks Online, Chapter 15). There is some indication that an analogy of the
battery to your heart is helpful; your heart moves (pumps) blood through your body, but does not create blood;
similarly, a battery moves (pumps) electric charge through the circuit, but does not create electric charges.

M.B.5 Example Problems

Circuitl Circuitll
a. Compare the magnitude of the current at points A, B, and Cin Circuit I. Justify your answer.

b. Compare the magnitude of the current at points A, B, and C in Circuit Il. Justify your answer.

Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)

* Objects. Include batteries, bulbs, ammeter/voltmeter, resistors, small motors, small buzzer
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Instructional Guidance for Standard 4

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
High School (Grades 9-12)

* Events. Simple series circuits

Exclusions: parallel circuits

REPRESENTATIONS/MODELS
* Foraseries loop, the conservation of energy equationis: AV} + AV, + qAV3 +...= QAVpattery

* Power (energy per unit time) for a series circuitis AV} +1AV3 +1AV3 + ... = Phattery

TECHNICAL VOCABULARY
* potential difference (energy per unit charge) measured in volts (V)
¢ electric current (Coulombs per second) measured in amperes (A)

Exclusions: If possible, avoid “voltage” for potential energy difference and “electrons or charges as “energy carriers.”

Underlined words and phrases are defined in the Glossary.

H.B.4 Analogue Models of Energy Potential Difference cé»m@
=l o
Research indicates that many analogue models are more confusing 2 ~ Z
than helpful - for example charges as “energy carriers” implies that 2 i) °
the charges somehow deposit their energy at the electrical device. of - 5
The figure at right shows a mechanical equivalent to potential =0
energy difference in a one-device circuit. The motor and conveyor motor and 2 R ° gear
belt on the left is the energy source (battery), the tubes are the Eoertvever o
conducting wires, the gear is the electrical device, and the balls are O R0

the moving charges. As the balls are lifted, the electrical energy

input is “converted” to gravitational potential energy, plus some

dissipated thermal energy. The balls then roll through a tube, losing only a tiny amount of gravitational potential
energy in the process, in the same manner that current flows with very little loss of energy through conducting wires.
Next, the balls drop from the tube onto the gear. In the process, gravitational potential energy is “converted” into the
kinetic energy of the gear (Mazur, 2005).

H.4.2.5 Example Problem

thermal

ene

transfer
Personal Fan theat)

electrical motor-axle- mechanical

battery energy energy air
transfer fan system || ;qnfer
decrease increase
in chemical in motion
energy energy

For a small, battery-operated personal fan and a short interval after fan has been running awhile, the temperature of the
motor and casing has stopped changing. The conservation of energy equation is:

AEsystem = Ein - Eout
AEchemical = -(Wout + Q)

If the thermal energy transfer (Q) is very small compared to the mechanical energy transfer out of the system, and can
be ignored, then

AEchemical = ~Wout
If the motor circuit can be considered resistive, then  AEchemical = -qAVbattery, SO

9AVpattery = Wout
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-~ qav, W
In terms of power (energy per unit time), Pejectrical = % =IAVpattery » and Pmechanical = Z’t“t
W,
So 1AV} - —out
battery At

Of course, no motor is 100% efficient, nor is the circuit linearly resistive.

OBJECTIVE 4.3
MECHANICAL WAVE INTERACTIONS AND ENERGY (Grades 5-8 and Grades 9-12)

Students understand that a mechanical wave from a vibrating source transfers energy through a material to
surrounding objects without a transfer of material. Interaction of a mechanical wave with different objects can cause
the path of the wave to change. Energy changes within the receiver object depend on the properties of the object.

Table of Common Student Conceptual Difficulties Grades 5-8 and Grades 9-12

Students’ conceptual difficulties with energy and waves persist through several years. This table shows the overlap between
the middle school years and high school.

Where Addressed
Student Difficulty. Students often believe that: Essential Learning
Knowledge Outcome
1. Mechanical Waves
a. Waves transport matter; matter moves along with water waves as the waves move through a M.4.3.1 M.B.1
body of water.
M.4.3.1; M.4.3.1c M.B.6
b. Waves do not have energy.
H.4.3.2 H.B.7
c. Awave’s amplitude affects its speed. Big waves travel faster than small waves in the same
. M.4.3.1d M.B.1; M.B.5
medium.
d. All waves are transverse waves — sound, surface water waves, and light. M.4.3.1b M.B.3
2. Sound and Pitch M.4.4.1
4.4.1a
a. Sounds can travel through empty space (a vacuum); sounds cannot travel through liquids and M.A42
solids. M.B.2
b. Pitchis related to intensity; pitch is the same as loudness; hitting an object harder changes the M.B.4
. M.4.3.2
pitch of the sound produced. M.B.6
; ; : o Wi m " M.4.3.1d
c. The pitch of a tuning fork will change as it "slows down", (i.e. "runs" out of energy) M43
3. Doppler Effect. The pitch of whistles or sirens on moving vehicles is changed by the driver as the HA43.4 HB.6
vehicle passes. T o
4. Reflection, Refraction, Diffraction, and Interference H431
a. When waves interact with a solid surface, the waves are destroyed s.1a H.BA
b. Refraction does not change the frequency or wavelength of the wave. H.4.3.1b H.B.2
c. Waves bend around corners, but they don’t bend around solid barriers or openings in barriers. H.4.3.1c
d. Double-slit interference shows wave crest and troughs. H.4.3.3 H’B;_:;BH?;B’Z;
5. When two pulses, traveling in opposite directions along a spring or rope, meet, they bounce off
. e H.4.3.3 H.B.3; H.B.4
each other and go back in the opposite direction.
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Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)
* Objects and Events. Waves on a Slinky, long stiff springs, or stretched cord; waves on the surface of water, sound.

Exclusions: refraction, diffraction, and interference.

REPRESENTATIONS/MODELS
* Visual representations, animations, and simulations of waves on strings, a Slinky, surface water waves, sound waves

* mathematical representation of wave speed in a uniform material, Vwave = constant = M.

TECHNICAL VOCABULARY
* transverse waves and compression (longitudinal) waves

* frequency, wavelength, and amplitude of waves

* wave speed

Underlined words and phrases are defined in the Glossary.

M.B.3 Example Problems

System of Interest
energy source

energy receiver

Example #1. You move a stretched spring up and down moving mechanical
. . . wave H

with your hand. The other end of the spring is attached hand energy string
to a string. A loop at the other end of the string is around transfer .

f . decrease increase
a pole. The system is your hand and the string. in chemical energy I oo

of food-oxygen energy
subsystem

mechanical
wwave
Pt System of Interest
transfer
vibrating bral Example #2. You hear the sound of a plucked guitar string. The
guitar sﬁ;:ysr:':m system is the guitar string and your ear-brain subsystem.
string mechanical
decrease e"lllr:l"’gey increase
in motion transfer in chemical
energy energy
M.B.6 Exploration

Watching the string in Example #1 above (or holding the other end of the string) can provide qualitative evidence that
the magnitude of the mechanical wave energy transfer in a fixed time interval increases with increasing frequency and
amplitude of the wave.
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Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)

* Objects and Events. Include a ripple tank and/or other demonstration/class equipment that illustrate mechanical wave reflection,
refraction, diffraction, interference, standing waves, and beats (sound). Some simulations may be substituted.

¢ H.B.2. Solid boundaries and variables should include solid barriers of different sizes, the interface between two materials, a solid
barrier with a single slit of different sizes, a solid barrier with two slits of different sizes, and different distances between the slits.

REPRESENTATIONS/MODELS
* Visual representations, animations, and simulations of reflection, refraction, diffraction, and interference of mechanical waves.
» Conservation of energy equation for mechanical waves in a system consisting of two materials:
Eincident - Ereflected - Etransmitted = Edissipated
* Energy diagrams

TECHNICAL VOCABULARY

* incident, reflected and transmitted radiant energy

Underlined words and phrases are defined in the Glossary.

H.B.1, H.B.2, and H.B.3

(a) (b)

=Y ;”'“-gﬁ_;_

(e) ()

Students should be able to recognize, explain, and sketch the wave phenomena shown above (beats, refraction, two-
source interference, Doppler effect, standing waves, and single-slit diffraction, respectively).

OBJECTIVE 4.4
RADIANT ENERGY INTERACTIONS (Grades 5-8 and Grades 9-12)

Students understand that radiant energy from a source can be transferred to surrounding objects without a material
(medium), and there are two models that illustrate how this happens. The energy changes within a receiver object
depend on the properties of the object. There is a continuous range of radiant energies, which includes visible light.
Humans can only perceive visible light energy — either from a source or that which is reflected off objects —
when the light interacts with the eye-brain system.
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Table of Common Student Conceptual Difficulties Grades 5-5 and Grades 9-12

Students’ conceptual difficulties with light and color and the models of light persist through several years. This table shows

the overlap between the middle school years and high school.

Where Addressed
Student Difficulty.™ Students often believe that: Essential Learning
Knowledge Outcome
1. Nature of Light
a. Lightis associated only with a source and/or its instantaneous effects. Light is not M.4.4.1 M.B.3
considered to exist independently in space. Light is not conceived as moving from one M 4 4 2 M.B.4
point to another with a finite speed. We see because we look, it has nothing to do with Hec o
light.
b. An object is seen whenever light shines on it, with no recognition that light must move
between the object and the observer's eye.
c. Lighttravels from the eyes to the object. M.4.4.2 M.B.3
Light is not necessary to see since we can see a little in a dark room.
2. Ray Diagrams. Lines drawn outward from a light bulb in a sketch represent the "glow"
surrounding the bulb. Light from a bulb only extends outward a certain distance and then stops.
How far it extends depends on the brightness of the bulb.
3. Lightinteractions at barriers and interfaces between two materials:
a. Lightis reflected away from shiny surfaces, but light is not reflected from other surfaces (no M.4.4.2b M.B.3
diffuse reflection).
b. Light reflects from a shiny surface in an arbitrary manner. M.4.4.2b M.B.3
. . . . . - H.B.3
c. Light always passes straight through transparent material (without changing direction). H.4.4.1 B
d. Double slit interference shows light wave crests and troughs. H.4.4.1 H.B.3
4. Color
a. Coloris a property of an object, and color is not affected by the eye-brain system or other
receiving systems.
b. White light is colorless and clear, enabling you to see the "true" color of an object. M.4.4.2d M.B.4
c. Sunlight is different from other sources of light because it contains no color. M.4.4.2e H.B.1
A white light source, such as an incandescent or fluorescent bulb, produces light made up
of only one color.
e. When white light passes through a prism, color is added to the light.
I . . M.4.4.1 M.B.1; M.B.2
6. Lightis not energy because it does not “do work on” objects.
H.4.4.2 H.B.3
7. Gamma rays, X-rays, ultraviolet light, visible light, infrared light, microwaves, and radio waves are
. . H.4.4.4 H.B.2
all very different entities.
9. The speed of light never changes (from special relativity). H.4.4.7 H.B.3; H.B.4
o ) ) M.4.4.3 M.B.5
10. Light is a mixture of particles and waves.
H.4.4.6 H.B.4
11. History of particle-like and wave-like models of light:
a. History has no place in science.
. . ) . ) H.4.4.6 H.B.4
b. The null result in the Michelson-Morley experiment means that it was a failure.
c. The ether exists because something must transmit light.

-+ See also conceptual difficulties in Objective 1.3.
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Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY
Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)

* Objects. Opaque objects with smooth, shiny or rough surfaces, diffraction grating or prism, light sources (long filament bulbs in
porcelain sockets work well), high quality constriction paper of different colors

* Events. Light and seeing; interaction of light with opaque objects.

Exclusions: Investigating refraction, diffraction, and interference of light

REPRESENTATIONS/MODELS
* Light-ray diagrams (light source to eye-brain subsystem; light source to object to eye-brain subsystem)
* Pictures, animations, or computer simulations of the diffraction and interference of light

* Energy diagrams

TECHNICAL VOCABULARY

* ray diagram
¢ diffuse reflection:

Underlined words and phrases are defined in the Glossary.

M.B.1 Examples?

The demonstration/experiment work best in a darkened room, using flashlights or straight filament bulbs. Students
have difficulty observing and understanding diffuse reflection. A physical model of a rough surface is a crumpled piece
of aluminum foil that has been unfolded. The foil reflects enough light in different directions to be clearly seen. The
experiments should also include the observation of the greater temperature change of dark objects (e.g., holding white
and black pieces of construction paper near a straight-filament light bulb).

SMOOTH CRINKLED

4 v I’

CRINKLED ALUMINUM FOIL

M.B.3 and M.B.4 Example Problem

Example #1. A girl is sitting outdoors at a picnic table. Explain, using words
and diagrams, how the girl sees an apple on the picnic table

Light is hitting the apple from all directions. Light from the sun hits
many locations on the apple and bounces off in all directions from
each location (diffuse reflection). Some of this reflected light reaches
the girl’s eyes. Light reflected from the table hits many locations on
the apple and bounces off in all directions from each location. Some of
this reflected light reaches the girl’s eyes. All the light reflected off the
apple that reaches her eyes goes into her eye-brain system and she
sees the apple.

2 Goldberg, Bendall, Heller, and Poel, 2006.
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Example #2. Explain, using words and a ray diagram, why the girl in the drawing sees the lemon in the tree as yellow.
[Drawings for these problems are not shown.]

Example #3. Explain, using words and a ray diagram, how the boy in the drawing can see the orange in the tree.

Example #4. Explain, using words and a ray diagram, why the girl in the drawing can see the squirrel when they are
both standing in the shadow of a tree.

Example #5. Explain, using words and a ray diagram, how the boy in the drawing can see the book on the table when
no lights are on in the room and no sunlight is shining through the one window in the room.

Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
* Objects. Diffraction gratings, light sources, demonstration or computer simulation of two-slit interference.
» Events. Reflection, refraction, diffraction, and interference of light energy.

* H.B.4. Boundaries should include the interface between two materials (including the case of a transparent boundary
like water), a solid boundary with a single slit of different sizes, and a solid boundary with two slits of different sizes and
different distances between the slits.

REPRESENTATIONS/MODELS
* Particle-like and wave-like analogue models of light propagation.
* Mathematical representation of conservation of energy for system consisting of two materials (e.g., air and water):

Eincident - Ereflected = Ematerial = Eabsorbed - Etransmitted

* Visual representations, animations, and computer simulations of refraction, diffraction, and interference of light.

Objects and Phenomena
Nor mal
’\\[7 Incident } AT
£ angle & Air single or double slit
Incident /“.
Light : :
H Double-slit pattern
: Refracted
0 Light
Water E"/ w
:Refracted =~
i Angle -__4. -~ laser beam

Normal

Students should recognize and be able to sketch light refraction, diffraction, and two-slit interference.

H.B.1 Evidence That Prism Does Not Create the Colors of Light

For example, Newton demonstrated that the colors from a prism could be mixed together to form white light. He also
demonstrated that if one color of light from a prism is then passed through an identical prism, no new colors are
produced. Red remains red and is refracted the same amount; blue remains blue and is refracted by the same amount.
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H.B.2 Electromagnetic Spectrum

In the wave model, radiant energy is directly proportional to
“frequency” and inversely proportional to wavelength. Students
find energy versus wavelength diagrams and graphs confusing
because of the inverse relationship. The electromagnetic spectrum
(with seven energy bands) should be labeled with energy (joules)
and/or frequencies, NOT with wavelengths.

C%) GAMMA RAYS

X-RAYS

ULTRAVIOLET

«a

VISIBLE LIGHT

H.B.3 Example Problem

= =
D
*@ @ INFRARED &
&
\ Air ’ \ e \ Air ?)
N4 N N4 =
MICROWAVES =
| S | ) 2
Glass Diamond Wood ((E))
V&M
.I RADIO WAVES
Instead of water, suppose a beam of light was incident on smooth o‘)ﬁ AMm\%g
glass and smooth diamond, which are more dense optically that [
water, or on a smooth, opaque object like wood. What happens to
the energy of the reflected light? AIRCRAFT &
SHIPPING BANDS

Eincident - Ereflected = Ematerial

The more optically dense the material, the more energy is reflected by the material (at the extreme of a smooth, opaque
object, most of the energy is reflected). So the energy of the reflected light increases from water to glass to diamond to
wood.

H.B.4 History of the Wave and Particle Models of Light’

(a) Explain how Isaac Newton (particle model) and Christian Huygens (wave model) answered the following questions: Why
does light travel in straight lines? Why can light travel through a vacuum? Why is the angle of incidence equal to the angle
of reflection? When light goes from air into glass or water, why does light bend toward the perpendicular to the surface?
Why does a prism separate a beam of white light into the colors of the rainbow? Why does red light refract least and violet
light refract most?

Christian Huygens (1629-1695) proposed that
light is emitted as a series of waves in a
medium called the “ether.”

Isaac Newton (1643-1727) proposed that light
is a stream of tiny particles, called Corpuscles.

In the 17 century, it was believed that waves
required a medium and could not travel
through a vacuum, which was why Huygens
invented the “ether” for light propagation.

Light, being particles, can naturally pass
through vacuum. (At Newton’s time, no known
wave could travel through a vacuum.)

Why can light travel through a
vacuum?

: Images and some information from http//:learningscience.edu.hku.hk/Files/Light_P(E).ppt.
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Why does light travel in straight
lines?

Nobody could measure the
diffraction and interference of light
at the time of Newton and Huygens.

7

A ball thrown into space follows a curved path
because of gravity. Yet if the ball is thrown with
greater and greater speed, its path curves less
and less. Thus, billions of tiny light particles of
extremely low mass traveling at enormous
speeds will have paths which are essentially
straight lines.

Huygens proposed a wavelet theory of wave
propagation. A wave starts at P and
"wavefront” W moves outwards in all
directions. After a time, t, it has a radius r. Each
point on the wavefront starts a secondary
wavelet. These secondary wavelets interfere to
form a new wavefront W’ at time t’. So waves
travel in straight lines from a point at the origin
outward in all directions.

The Problem: Waves can also bend around
corners (e.g., sound).

How does the particle theory
explain the Laws of Reflection?

The rebounding of a steel ball from a smooth
plate is similar to the reflection of light from
the surface of a mirror

When wavefront W, (AC) reaches point A, a
secondary wave from A starts to spread out.
When the incoming wavefront reaches B, the
secondary wave from A has reached D, giving a
new wavefront W2 (BD). Angle of incidence =
Angle of reflection can be proved by geometry.

How does the particle theory
explain the Laws of Refraction?

Nobody could measure the speed of
light at the time of Newton and
Huygens.

A cannon ball hits the surface of water and is
acted upon by a “refracting” force that is
perpendicular to the water surface. It therefore
slows down and bends away from the normal.
Light does the opposite. Newton explained this
observation by assuming that light travels
faster in water, so it bends towards the normal.

N

Water

The Prediction: Light travels faster in water.

As wavefront Wi reaches the boundary
between media 1 & 2, point A of wavefront W,
starts to spread out. When the incoming
wavefront reaches B, the secondary wave from
A has travelled a shorter distance to reach D. It
starts a new wavefront W.. As a result the wave
path bends towards the normal.

The Prediction: Light travels slower in water.

Why does light have different
colors?

The particles of different colors have different
properties, such as mass, size and speed.

Huygens could not explain why light has
different colors. He did not know that different
colors of light can be associated with different
“frequencies.”
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Why does a prism separate a beam
of white light into the colors of the
rainbow? Why does red light
refract least and violet light refract
most?

Newton’s assumptions:

1. The light particles of different colors have
mass. Red light particles have more mass than
violet particles.

2. All light particles experience the same
refracting force when crossing an interface.

Thus, red light particles with more mass will be
refracted less by the same force than violet
light particles by the same force.

The wave model could not explain why a prism
separates white light into different colors.

b) Explain why, for the next hundred years, most scientists believed that Newton'’s particle model had the greater
explanatory power.

(c) Explain why the experiments of Thomas Young (1803) and Hippolte Fizeau (1851) led scientists to accept the wave
model of light.

Young's Expél Right slit open

Sunlight

Narrow slils

Left slit open

Both slits open

Observing screen

\ wave theory

particle theal
Pattern observed on screen ; 7 - I

observed

In 1803, Thomas Young'’s experiment showed that when sunlight passes through two slits, an interference pattern
results, which cannot be explained with Newton's particle model. In 1851, Hippolte Fizeau’s experiment showed
that the speed of light in water is less than the speed of light in air. This experiment put the seal of approval on the
wave model of light propagation and the existence of the ether.*

(d) Give examples of experiments in the early 20th century that revived the particle model of light (e.g., the Michelson-
Morley experiment, the photoelectric effect).

See Instructional Guidance for Standard 1, Objective 1.3 for an explanation the supporting evidence of the particle
model of the photoelectric effect. See Instructional Guidance for Standard 1, Objective 1.4 for a description of the
Michelson-Morley experiment, which found no evidence for the ether.

¢ Image of Thomas Young's experiment from http://www.illuminatingscience.org/2006/10/
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OBJECTIVE 4.5
HEATING AND COOLING INTERACTIONS AND ENERGY (Grades 5-8 and Grades 9-12)

Students understand that a thermal energy transfer (heat) from one object to another can change the thermal
energies of the objects. The interactions depend on the properties of the materials and on how far the system
is from equilibrium. There are three different methods of thermal energy transfer: conduction, convection,
and thermal radiation. At a constant temperature in any time interval, the amount of thermal radiation
emitted by an object to its surroundings is equal to the amount of thermal radiation absorbed by the object

from its surroundings in that same time interval (thermal equilibrium).

Table of Common Student Conceptual Difficulties Grades 5-8 and Grades 9-12

Students’ conceptual difficulties with heat energy persist through several years. This table shows the overlap between the
middle school years and high school.

Where Addressed
Student Difficulty.t Students often believe that: Essential Learning
Knowledge Outcome
1. Heatis a substance; heat is not energy. M.4.5.1 M.B.4
. . ) M.4.5.1
2. Heat (transfer of thermal energy) is the same as the energy possessed by an object (internal or M.4.5.2 M.B.4
thermal energy). T
ay) HA45.6 H.B.7
3. Temperature M.4.5.2a M.B.1
a. Thermal energy and temperature are the same. M.4.5.4a o
b. Temperature is a property of a particular material or object (e.g., metal is naturally colder than M.4.5.4 H.B.3a
plastic). H.4.5.4 o
. o M.4.5.2b M.B.1
c. The temperature of an object depends on its size.
H.4.5.1 H.B.1
4. Objects with different temperatures, which are either in constant contact with each other or in M.4.5.2a M.B.2
contact with air at a different temperature, do not necessarily move toward the same temperature. T o
5. Conduction and Convection
a. Objects that readily become warm (conductors of heat) do not readily become cold. M.4.5.2 M.B.3
4.5.2a .B.
b. Heatand cold are different, rather than being opposite ends of continuum. Heat and cold flow
L M.4.5.4c M.B.4
like liquids. Cold can be transferred.
c. Heatonly travels upward.
6. Expansion and Contraction
a. All solids expand at the same rate.
) ) M.4.5.3d M.B.5
b. All substances (including water) expand when heated. M.4.5.48 M.B.6
c. Expansion of matter is due to expansion of particles rather than to increased particle speed and
particle spacing.
7. Thermal Conductivity
a. Thermal conductivity is the maximum amount of heat a substance can conduct. HA45.3 '_T‘BB‘?)Za
b. Skinis a good thermometer. o H.B.3b
c. Sweaters will make you warmer.
8. Specific Heat Capacity
a. Specific heat capacity is the same as the thermal energy of a substance. H.4.5.1 H.B.1
b. (Specific) heat capacity is the maximum amount of heat (thermal energy) that a substance can o o
have.
9. Thermal Equilibrium H
a. Thermal equilibrium is equivalent to the steady flow of heat. ng: H.B.3d
b. Objects at the same temperature are not necessarily in thermal equilibrium. o
10. Change of State (melting and freezing)
a. When temperature at boiling or freezing remains constant, something is "wrong". Temperature
should change since thermal energy is being added or removed H.4.5.2 H.B.7
b. Ice cannot change temperature.
c. The temperature of an object drops when it freezes.
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Where Addressed
Student Difficulty.t Students often believe that: Essential Learning
Knowledge Outcome

d. Melting/freezing and boiling/condensation are often understood only in terms of water.

e. At the atomic scale, the constant temperature during melting and boiling can be explained by
increased energy “overcoming” the attractive forces between the particles of the solid or liquid.

- See also P.2.1 for conceptual difficulties with the conservation of energy principle.

Grades 5-8

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)

* Objects and Events. Hot and cold water, thermometers, long metal rods, metal cubes, candles, and other equipment or demonstration
materials for convection, conduction, and radiant thermal energy transfers.

REPRESENTATIONS/MODELS

* Energy diagrams
* Visual representations, animations, or computer simulations of convection, conduction, and radiant thermal energy transfers (including
infrared photograph).

TECHNICAL VOCABULARY
* thermal energy transfer (heat)
* conduction, convection, and radiant thermal energy transfers

Underlined words and phrases are defined in the Glossary.

radiant
energy

Syst f Int t
M.B.4 Example Energy Diagrams bl et

transfer
Example 1. Your hand is held next to, but not touching, a cup cup of hot :> hand
of hot chocolate. The system is the cup of hot chocolate and chocolate i
your hand. decrease energy increasa
in thermal transfer in thermal
energy energy
radiant
energy ocean
teansfer matter Example 2. The sun warms the ocean. The defined system is the

increase energy ocean.
in thermal transfer
energy (evaporation)

System of Interest

radiant

radiant
energy
transfer trans?;r
Example 3. You hold your hand about 18 inches thermal ‘
above a small candle. The defined system is the {convectiom|  candle hand
energy flame an
candle and your hand. transfer
decrease thermal increase
inchemical (convection) in thermal
energy energy energy
transfer
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Grades 9-12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)

* Objects and Events. Same as for middle school. Additional events include heating and cooling solids, water, and air, boiling water, and
freezing water. See also Suggested Experiments or Demonstrations below.

Exclusions. Heating or cooing other liquids than water.

REPRESENTATIONS/MODELS

* Mathematical representation of the conservation of energy for special situations in which the only transfers of energy into and/or
out of a system are thermal energy transfers (heat) and/or mechanical energy transfers (work), and the only change of energy within a
system is an increase or decrease of thermal energy:

AEsystem = Ein - Eout

AEthermal = (Qin - Qout) + (Wi - Wout)

* Visual representations, animations, and computer simulations of the specific heat of different materials and thermal conductivity.

TECHNICAL VOCABULARY
* transfer of thermal energy (heat)
* specific heat
* thermal conductivity

Underlined words and phrases are defined in the Glossary.

Suggested Experiments or Demonstrations

* Heating and/or cooling different masses of the same material by the same method for the same time interval [H.B.1]

* Heating one end of different materials of approximately the same shape and length by the same method for the
same time interval [to establish a relative scale of thermal conductivities from good insulators to good conductors;
metals are good conductors. [H.B.2]

e Students touch objects in the room (metals, wood, plastics, rugs or blankets, etc) to determine if they feel like they
are at the same temperature or different temperatures. [H.B.3]

* Heating and/or cooling the same mass of different substances by the same method for the same time interval to
establish the difference between thermal energy transfer (heat), thermal energy, and temperature. [H.4.5.3]

* Hold different flat objects (e.g., rough and smooth dark and light colored paper of different sizes) close to a heat
source (e.g., long filament bulb) for the same time interval. [H.4.5.5]

H.B.7 Example Problems

Example #1. The air in a closed pump is compressed quickly by pushing on the piston with an average force, F,e, for a
distance AX. The system is the airin the pump.
The conservation of energy equation for this situation is
AEsystem = Ein - Eout
DEthermal = (Qin - Qout) + (Win - Wout)

AEthermal = Win = Faye A
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Example #2. A Styrofoam cup of hot tea is left in the room until it reaches room temperature. The system is the tea in
the cup.

The conservation of energy equation for this situations is

AEsystem = Ein - Eout

AEthermal = (Qin - Qout) + (Win - Wout)

There is no transfer of mechanical energy into or out of the system, and assume that the transfer of thermal energy
out of the Styrofoam cup is negligible. The change in the thermal energy of the tea is ¢tM¢(Troom — Tinitial), Where
Ct is the specific heat of tea, m¢ is the mass of the tea, Tygom is the temperature of the room, and Tipitia) is the initial
temperature of the tea.
AEthermal = - Qout
¢tMt(Troom — Tinitial) = - Qout

Example #3. Cool water from the tap is poured into an electric tea kettle and heated. The system is the water, and the
time interval is from just after the water is heated to just before the water boils (100°C).

The conservation of energy equation for this situations is
AEsystem = Ein - Eout

AEthermal = (Qin - Qout) + (Win - Wout)
There is no transfer of mechanical energy into or out of the system, and assume that the transfer of thermal energy
out of the electric tea kettle is negligible. The change in the thermal energy of the water is C,ymMw(Tfinal — Tinitial)s
where ¢, is the specific heat of water, my is the mass of the water, Tgjn,) is the final temperature of the water
(100°C), and Tipitial is the initial temperature of the cool water from the tap.

AEthermal = Qin
CwMw(Tfinal = Tinitial) = Qin
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