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ynamic simulation has great poten-

tial as a tool for teaching physics

and general science. My colleagues
from the Vermont Institute of Science,
Mathematics, and Technology, Jim Jones
from Northfield, Vermont, and I have de-
veloped a family of simulators to teach
several topics in physics, including circu-
lar motion, collisions, energy storage, and
heat flow. These simulators provide stu-
dents with laboratories for experimenting
with phenomena in the context of real
situations, such as driving, home energy
conservation, and sports.

Teaching Physics

The simulators serve as companions to a curriculum
created with National Science Foundation support
making physics more appealing and understandable to
all high school students. This type of curriculum em-
phasizes the connection with evervday life and orga-
nizes physics into units with applied topics. such as
transportation (mechanics), home (heat flow and elec-
tricity), sports (mechanics), and communications (wave
motion). Though this curriculum influenced the selec-
tion of topics and pedagogical approach, these simula-
tors can also be used independently with other physics
curricula. We concentrate on the topic of heat flow,
which was modeled as a dynamic svstem of elements
working together in the context of home energy conser-
vation. A free download (PC/Windows application
only) of the heat flow simulator we demonstrate here
can be found at www.vismt.org/heatflow.htm!

Dynamic simulation vs.
traditional approaches

Physics students mainly learn about phenomena that
are dvnamic in nature. However. traditional methods of
teaching emphasize static aspects and do not help stu-
dents develop intuition about the dynamics of ditterent
phenomena. Some textbooks, for example. emphasize
using formulas to get particular answers. such as the
amount of centripetal force required to keep a car on
the road when it is going at a speed (v) on a curve of
radius (r). Computers, multimedia, and the Internet
have provided new tools for illustrating and explaining
these dynamic phenomena. Many of the available ani-
mations and videos serve as demonstrations but don’t
allow students to manipulate and experiment with
them. This engagement is necessary for really under-
standing scientific concepts rather than just memoriz-
ing formulae.

Laboratory exercises have traditionally provided this
kind of experiential engagement essential for really un-
derstanding science. However, laboratory exercises are
usually limited to equipment that can be safely used in
schools. Computer simulation permits the laboratory ex-
perience to be extended into real situations, such as driv-

ing a car, which relates physics to students” daily lives.
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The simulators described in this paper were devel-
oped under the auspices of the Vermont Institute of
Science, Mathematics, and Technology (VISMT) with
‘funding from the National Science Foundation. Jim
Jones, a physics teacher from the Northfield (Vi)
Middle/High School played a key role in develop-
ment and field testing.

System dynamics, the technique used to construct
the simulation models, has been applied to many dif-
ferent curriculum areas including physics, chemistry,
and biology.

quirements of the climate and house. The heat must
stay on all the time (as shown by the line straight
across), and the indoor temperature still drifts down-
ward over the course of the day to a level that is un-
comfortable but somewhat above what it would be
with no heat at all.

The 80 000 Btu heating plant (red line) overcomes
this flow and maintains a comfortable temperature but
uses a lot more fuel to produce about 1.5 million Btu
(about 1.5 billion J) over 24 hours. The student will find
that the third simulation (blue line) provides the best
results. By adding insulation, the 40 000 Btu heating
plant that was inadequate before can now maintain a

FIGURE 2 . .

constant temperature with much lower fuel consump-
tion. The fourth graph shows that conduction of heat 1s
considerably less because of the insulation. (The blue
line shows a less-negative value, signifying less conduc-
tion of heat from the house to the outdoors.)

Students can also translate these results into eco-
nomic terms. Another screen displays heating and cool-
ing costs for each simulation along with the relevant
capital cost for the conservation measures used. A tuto-
rial helps students do a cost-benefit analysis using these
data and tells them how to calculate a return on invest-
ment from various conservation measures.

Scripting and other pedagogical issues

The simulators described previously are works in
progress and are continuing to evolve in ways that we
hope will make them better teaching tools. They have
had limited field testing with teachers and students.
Early in development these simulators presented too
many options for students to investigate. The potential
for wasting effort and “spinning wheels” was present
as students tried too many different changes at once.
An initial response to this problem was the creation of
the suggested experiments. These suggestions are de-
signed so students can focus on one variable at a time
rather than making too many changes at once.

Even with this approach, the predominant reaction
was that the simulators threw too many variables at the
student at once. This difficulty called for an approach

Heat conduction and temperature change on a summer’s day—with

and without insulation.
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[image: image3.png]known as scripting or scaffolding: gradually building a
structure of concepts and understanding, one idea at a
time. Horwitz discusses the pros and cons of scripting,
indicating that open-ended exploration can be a power-
ful way for students to construct their own knowledge
but can also be inefficient and frustrating to students
(1999). Barowy and Roberts discuss the drawbacks of
overly restrictive scripting or inquiry that is too heavily
influenced by teachers (1999). Scripting provides a
means to control the interaction and identify when help

FIGURE 3

is needed to keep students from getting stuck. How-
ever, scripting cannot be too restrictive or the value of
open-ended exploration will be lost altogether. Flexible
scripting or scaffolding can respond to student needs
without cutting off exploration.

Limited scripting has been built into these simula-
tors and more will be added in the future. An example
of scripting occurs in the heat flow simulator: Stu-
dents are first taken through two simulations involv-
ing a house experiencing passive heating on a

Results of simulations with different heating systems and insulation.
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Design problems built into heat flow simulator.
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tent possible, assessments will be built
into simulator use and be supplemented
with “offline” exercises including pencil-
and-paper instruments. The pilot simula-
tors already contain challenge assign-
ments and design problems that use the
concepts learned to deal with a real prob-
lem, such as highway design or accident
investigation. Figure 4 shows the two de-
sign problems built into the heat flow
simulator. These kinds of design prob-
lems are what Wiggins and McTighe sug-
gest are the performance tasks necessary
for assessing enduring understanding
(1998). Assessment will be made more
comprehensive with exercises at different
points to assess what students have
learned and give them additional help
with troublesome concepts before they

summer’s day, one with insulation and one without.
These simulations are similar to what they may have
done with cardboard house models and heat lamps—
providing a bridge between the simulator activity and
the learning they have already experienced. They also
provide an opportunity for extensive coaching that
helps students learn how to operate the simulator, in-
terpret simulation results, and use the simulator as a
tool for conducting inquiry.

Next steps

The next generation of simulators will focus on sev-
eral areas. One is to improve the graphic presentation
to lower the information density on each screen and
support scripting. The models will also benefit from
advances in interface technology, adding animation
to demonstrate concepts and voice-overs to narrate
screens rather than having students read large
amounts of text.

Tutorials that use the relevant mathematical formu-
lae are already built into the present simulators. Further
work will extend these tutorials into “What do you
think will happen?” exercises to go along with the
simulations. One of the teachers using the simulators
has also used simulation results with his students as
“data,” asking them to derive the mathematical rela-
tionships that would have produced these results.

More work will be done on building assessment tools
into the models. Horwitz suggests that learning with
computer-based manipulatives may not be easily mea-
surable with pencil-and-paper tests (1999). To the ex-

move on to more advanced concepts.

Finally, simulators will be improved
so students can “look under the hood”
and see the underlying structure of the
simulation models. The models were de-
veloped using the techniques of system dynamics, a
methodology that emphasizes the relationship be-
tween structural elements and dynamic behavior.
Making this approach more visible can help students
see common principles (e.g., the tendency in many sys-
tems to move toward equilibrium) across different ar-
eas of physics and even between physics and other
subjects. Students will also be able to learn more in
general about the value of models and their limitations
as representations of reality. More field testing with
teacher focus groups and in classrooms will likely
identify additional improvements that will make these
simulators more effective. <>
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Determinants of heat flow into and out of a house.
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In the heat flow
simulator, students are
first introduced to four
different types of heat
flow {conduction, infil-
tration, solar, and heat-
ing and cooling sys-
tems. The concept
introduced here and re-
inforced through ex-

periments done with

‘ the simulator is the fol-
l lowing: Heat flows
from higher-tempera-
ture areas to lower-
temperature areas, and
the rates of flow are
proportienal to the dif-
ference in temperature.

Before experiment-
ing with the heating
and cooling systems
part of the simulator,
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The simulators described in this paper provide a virtual
laboratory using real examples without the attendant
risks and logistical difficulties. For example, teachers
can’t take students in cars on icy roads to teach them
about mechanics.

Heat flow and energy conservation

Traditional curricula usually deal only with heat flow
between objects. Newer curricula relate the topic wo stu-
dents’ lives by focusing on hear flow into and out of
dwellings and have students do experiments with heat
lamps and cardboard models. Through the new cur-
ricula, students think about the economic implications of
the physics and how investments in insulation and other
energy conservation measurses save money. The heat flow
simulator enables students to scale up their investigations
from cardboard models to a simulated house and wy
many more variations than they could with physical arti-
facts (Figure 1). This simulator lets students do experi-
ments in which they vary a house’s design characteristics,
location, and the time of the year, and observe the flow
of heat into and out of the house and how the indoor
temperature changes over time. Students can study pas-
sive heating and cooling of the house as the outdoor
temperature changes. They can also add a furnace and
air conditioning and various conservation measures, such
as insulation and observe how these affect costs and com-
fort levels in the house (see sidebas “Physics simulators”
to learn more about simulators available for doing ex-
periments in other areas of physics).
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students first repeat
simmulations of class-
room experiments they did with cardboard models, but
at the scale of a house. Figure 2 shows the resulting heat
flow and indoor temperature with insulation (blue) and
without insulation (red). The large peak in heat flow
with po insulation shows how the difference between
indoor and outdoor temperatures during the day drives
conduction. The much smaller peak shows how insula-
tion resists heat flow. As a result, the temperature in-
crease over the course of the day 1s about 1°C lower.
Students can then add heating and cooling to the
simulated house and explore how different options af-
fect heat flow and the energy and cost required to keep
a house atr a comfortable temperature. For e¥ample, 2
student might want to experiment with different sized
heating plants and then look at the effect of insulauon
in lowering heating requirements. Figure 3 shows the
results of three experiments that a student might set up,
using a house in the northern United States in January.
The house initially has drafty construction and no ef-
fective insulation. The student starts with a 40000 Beu
heating plant that produces 10 080 kcal (or about 42
million J) per hour and then doubles that number to a -
80 000 Bru heating plant that puts out 20 160 kcal (84
million J) per hour. A third simulation tries the 40000
Btu heating plant again, using 7.6 cm of wall insulation
and 15.2 cm of insulation in the ceiling. (Btu’s are refer-
enced because these are the ratings students are likely to
find on equipment in their own homes and schools.)
The results in Figure 3 reveal that the 40000 Beu
heating plant {green line) is not sufficient for the re-






with Dynamic Simulation








