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Overview

Physics Aeronautics: A Contextual Approach for Learning Physics

There are many right ways to teach physics. Teaching by inquiry in context is
perhaps the most effective way to effectively teach physics so that it becomes both
relevant and practical. This educators’ guide addresses a growing need for higher-
level inquiry in the physics classroom, provides a solid content base, and actively
engages with topics necessary to the development of 21 century skills.

Context is provided from student experiences with flight as well as ongoing
aeronautics research.

This document is the result of a Space Act Agreement between NASA and the
American Association of Physics Teachers. This project is founded on teaching
ideas presented by seasoned high school and college physics teachers and articles
that have appeared in the American Association of Physics Teachers’ (AAPT)
publication, The Physics Teacher. As such, all of these ideas are appropriate

for high school or introductory university level physics courses, and have been
reviewed by acting high school and college/university AAPT members. Although
it is not necessary for lesson and lab implementation to read the published articles
associated with the activities in this document, all of the articles are freely available
to AAPT members through the AAPT Publications website and directly from each
link at the top of each activity.

In addition, practical relevance is interwoven through the guide with applications

from current, cutting-edge aeronautics research being undertaken by the National

Aeronautics and Space Administration’s Aeronautics Research Mission Directorate

(NASA ARMD). Each of the activities in this document is aligned with at least one

of NASA Aeronautics’ research themes, including green aviation, reducing flight

delays, revisiting supersonic flight, and designing future aircraft. Inquiry lessons

presented in this document help students develop concepts, derive fundamental equations, practice reading and data analysis
skills, and relate their laboratory work to real-world applications in NASA Aeronautics research.

While this document presents itself as an educator’s
activity guide filled with resources for demonstrations,
lessons, and labs, instructional approach is also very
important. Many of these activities are structured as
paradigm labs that could easily serve as a curricular
supplement to the Modeling Method of Instruction
approach. Many of these activities can also be easily
applied or adapted to align with the Next Generation
Science Standards (NGSS) and the Common Core
State Standards (CCSS) for Reading and Writing in
Technical Subjects. Each activity includes objectives
and/or guiding questions related to the physics of
flight, followed by a very detailed listing of the NGSS
and CCSS addressed by students who successfully
complete each activity.
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About NASA Aeronautics

NASA Aeronautics works to solve the many challenges
that still exist in our nation’s air transportation system: air
traffic congestion, safety, efficiency, and environmental
impacts. Thanks to advancements in aeronautics developed
by NASA, today’s aviation industry is better equipped than
ever to safely and efficiently transport passengers and cargo
to their destinations. In fact, every U.S. aircraft flying
today and every U.S. air traffic control tower uses NASA-
developed technology in some way.

Streamlined aircraft bodies, quieter jet engines, techniques
for preventing icing, drag-reducing winglets, lightweight
composite structures, software tools to improve the flow
of tens of thousands of aircraft through the sky, and so
much more are an everyday part of flying thanks to NASA
research that traces its origins back to the earliest days

of aviation.

We are committed to transforming aviation by dramatically
reducing its environmental impact, improving efficiency
while maintaining safety in more crowded skies, and paving
the way to revolutionary aircraft shapes and propulsion.

Inside cockpits, cabins and jet engines; atop traffic control
towers; and from departure gate to arrival terminal at
airports everywhere, the DNA of the entire aviation
industry is infused with technology that has its roots in
NASA research.

NASA is with you when you fly.

Learn more about NASA Aeronautics at:
http://www.nasa.gov/aeronautics

About the AAPT

The American Association of Physics Teachers was
established in 1930 with the fundamental goal of ensuring
the “dissemination of knowledge of physics, particularly

by way of teaching.” Today, that vision is supported

by members around the world. The AAPT is a strong
professional physics science society dedicated to the pursuit
of excellence in physical science education.

National meetings are held each winter and summer, and are
opportunities for members, colleagues, and future physicists
from around the world to:

» Participate in physics workshops
* Meet and greet other physics educators
* Form networks nationally and locally

* Engage exhibitors and learn about the latest physics
resources

» Discuss innovations in teaching methods
* Share the results of research about teaching and learning.

The AAPT also hosts or supports smaller workshops and
conferences and symposia throughout the year to provide

further opportunities for professional development and
knowledge sharing. The AAPT also supports physics
teachers through peer-reviewed journals, teacher resources,
competitions and contests, and awards and grants.

Learn more about the AAPT at:
http://www.aapt.org/
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Standards and Best Practices
Standards

Next Generation Science Standards

Many of the activities in this guide provide an opportunity to teach about standard physics Core Disciplinary Ideas (CDI) in
mechanics and beyond. The specific referenced standards are listed below. Further, most Cross-Cutting Concepts (CCC) and
many Science and Engineering Practices (SEP) can be explicitly addressed through these activities.

Core Disciplinary Ideas

HS.PS2 - Forces and Interactions: http://g00.gl/Z8KDSG

HS.PS3 - Energy: http://goo.gl/TeiZH5

Science and Engineering Practices
Appendix F: http://goo.gl/ucX7iY

Asking questions (for science) and defining problems (for engineering) . ) i )

. . *Registered trademark of Achieve. Neither Achieve
Developing and using models nor the lead states and partners that developed the
Planning and carrying out investigations NGSS was involved in the product of, and does not

. . . endorse, this product.
Analyzing and interpreting data

Using mathematics and computational thinking
Constructing explanations (for science) and designing solutions (for engineering)
Engaging in argument from evidence

® Nk =

Obtaining, evaluating, and communicating information

Cross Cutting Concepts
Appendix G: http://goo.gl/WhEEjr

Patterns

Cause and effect

Scale, proportion, and quantity
Systems and system models
Energy and matter

Structure and function
Stability and change

Nk =

Common Core State Standards

English Language Arts Reading in Science and Technical Subjects

This educators’ guide provides a number of opportunities for reading technical work. Students are encouraged to use 7he
Simple Science of Flight, by Tennekes, for the guided literary and data analysis passages. Further, most activities have a
“NASA Connection” that is directly linked to a brief article about current NASA Aeronautics Research.

Grades 9-10: http://go0.g1/n3KObX
Grades 11-12: http://goo.gl/gFceem

English Language Arts Writing in Science and Technical Subjects
By extending a number of the laboratory activities, students can be asked to defend their results in writing through formal
reports.

Grades 9-10: http://g00.gl/SUqw8Y
Grades 11-12: http://goo.gl/PPg5rM
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Theoretical Foundations

Building Conceptual Models of Flight Physics

Aeronautics for Introductory Physics approach to contextual physics teaching and learning does not rely upon building
mental models that are unique to flight — rather, it is founded on the ideas of traditional physics instruction, paralleling the
structures used in the Modeling Method of Instruction in Physics. For all of the inquiry labs in this document, students are
expected to build graphical and mathematical models to describe relationships between variables in the system.

Within mechanics, there is ample room for students to build mental sub-models to describe flight because of the chaotic
nature of microscopic fluid particles. Some of these mental models can be built around the following concepts.

Models of Drag (as opposed to simple surface friction) — Teacher Resource
Models of Lift — Teacher Resource

Although students without a solid background in chemistry might not be able to build these models on their own, teachers can
offer supports. The following models are not discussed in depth within this document, but teachers and students can find very
helpful supporting information at NASA’s Beginner’s Guide to Aeronautics.

Both of the above models can be highly complex, and require some understanding of molecular kinetic theory (viscosity,
intermolecular forces, chaos, etc.), as well as Newton’s Third Law. In essence, students can work their way to understanding
that no matter the dominating mental model (simple or complex), it is the mechanical conservation laws (mass, energy,
momentum) that fully describe flight.

Additionally, acronautics offers the opportunity for students to see that a single model produced for an object moving through
a fluid might be very specific — unlike many of the “universal” mental models typically developed in the physics classroom.
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Modeling Method of Instruction in Physics

For those familiar with the Modeling Method of Instruction...

Many of the labs presented in this document are an opportunity to have students model relationships mathematically and
graphically, and to explain those relationships by building their own conceptual models for the interaction of objects

flowing through a fluid. A number of the labs could be used as paradigm labs for initial development of conceptual models.
Additionally, the nature of aerodynamics introduces students to the complexities of modeling associated with dimensionless
constants. Further, this study of flight allows students to realize that models might not be universally applicable, and that
relationships that cannot be easily represented by a single simple equation. For example, coefficients of lift and drag are often
measured experimentally for a single aircraft in a very specific set of environmental conditions — modifications in the system
might not result in a predictable change.

For those not familiar with the Modeling Method of Instruction...

The National Science Foundation funded Arizona State University (ASU) Modeling Instruction Program for 16 years, from
1990 to 2005. The American Modeling Teachers Association was founded at the expiration of NSF funding in 2005, and over
the past 10 years has reached about 5000 more teachers with Modeling workshops. At present a little over 7500 teachers have
attended one or more Modeling workshops since 1990. In 2015, about 1000 more teachers will attend workshops. AMTA
coordinates 60 or more Modeling workshops each summer in physics, chemistry, biology and middle school science (in

2013 and 2014 there were ~80 workshops each summer). At current capacity, AMTA is on track to serve 1000 teachers every
summer with Modeling workshops across the disciplines (physics, chemistry, biology, and physical science), and is working to
build capacity as demand for Middle School Modeling workshops exceeds the capacity to provide trained workshop leaders.

From: http://modeling.asu.edu/modeling/WhatModInstructionlIs-2014.htm

Modeling instruction was developed at ASU over two decades to integrate insights from physics education research with
classroom experience of exceptional in-service teachers. In a series of intensive three-week workshops over two years,
teachers improve their physics, chemistry, or physical science content knowledge and are equipped with a robust teaching
methodology for developing student abilities to:

*  Make sense of physical experience,Understand scientific claims,

*  Articulate coherent opinions of their own and defend them with cogent arguments,

e Evaluate evidence in support of justified belief.
More specifically, teachers learn to:

*  Ground their teaching in a well-defined pedagogical framework (Modeling Theory), rather than following rules of

thumb;
e Organize course content around scientific models as coherent units of structured knowledge;

. Engage students collaboratively in making and using models to describe, to explain, to predict, to design and control
physical phenomena;

*  Involve students in using computers as scientific tools for collecting, organizing, analyzing, visualizing, and
modeling real data;

*  Assess student understanding in more meaningful ways and experiment with more authentic means of assessment;

. Continuously improve and update instruction with new software, curriculum materials and insights from
educational research;

*  Work collaboratively in action research teams to mutually improve their teaching practice.

For more information on the Modeling Method of Instruction, please see Modeling Instruction: An Effective Model of
Science Education, by Drs. Jane Jackson, Larry Dukerich, and David Hestenes.

http://www.nsela.org/images/stories/scienceeducator/1 7article7.pdf

a4 N
Learn more about the AMTA at:
http://modelinginstruction.org

8 Aeronautics for Introductory Physics: Standards and Best Practices



Levels of Inquiry

Each activity in this document is also classified by its level of inquiry;
the complexity of the skill expected of students in order to investigate
the science. Historically, Herron’s levels of inquiry (0) Confirmation/
Verification, (1) Structured, (2) Guided, and (3) Open focus exclusively
on three parts of an inquiry process: problem, procedure, and
solution. However, little attention is given in that model to understand
the varying levels of complexity of the problem to be studied, the
procedure to be undertaken, or the solution to be comprehended. The
Levels of Inquiry Model by Dr. Carl J. Wenning of Illinois State
University is used throughout this document. These levels are also
supplemented by Literary/Data Analysis and Model Building, both
which can occur during or external to inquiry activities.

Discovery Interactive Inquiry Lesson Inquiry Lab Real-World Ap- | Hypothetical
Learning Demonstration plications Explanations
Low Intellectual Sophistication High
Teacher Locus of Control Student

Discovery Learning — Students experience a variety of phenomena, are asked to identify simple trends, relationships, or
similarities/differences among them.

Interactive Demonstration — The teacher provides a guided demonstration to identify preconceptions, cause cognitive
dissonance, or help students identify causation.

Inquiry Lesson/Lab — The teacher guides students in an inquiry-based discussion (lesson) or allows students to work on
their own (lab) to determine a quantitative relationship between variables. Because an experience in the laboratory can be
easily modified to be more teacher- or student-directed, these activities are grouped together in this document.

Real-World Application — Students use a known relationship to apply conceptual understanding to a new situation either
through a paper-pencil or discussion lesson, or through a hands-on lab.

Hypothetical Explanations — Students generate, develop, and test hypotheses. The focus during these activities is on the
cause and explanation behind phenomena — not on describing them. (Note: Although predictions are a key part in developing
working explanations, hypotheses are the focus here. Hypotheses have explanatory power. Predictions are simply anticipatory
statements about what will happen to something under a given set of circumstances.) Although some activities in this
document can be used to create hypothetical explanations, no activities in this document bear this level of complexity.

Literary and/or Data Analysis Activities — These activities might not directly involve any scientific inquiry, but allow
students to apply what they have learned to examine technical passages.

Model Building - Students and teachers work together to elicit, confront, and resolve misconceptions while building up
an underlying conceptual foundation by organizing course content around coherent units of structure knowledge (see the
Modeling Method of Instruction, above). In its full form, model building occurs at every stage of scientific inquiry, and
is explicitly addressed when students are asked to synthesize what they have learned based upon evidence from their
investigations.

For more information on the levels of inquiry, see: Levels of Inquiry: Hierarchies of Pedagogical Practices and Inquiry
Processes by Dr. Carl J. Wenning. http://www.dlsu.edu.ph/offices/asist/documents/Levels_of Inquiry.pdf
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Learning Cycle

Within each of the levels of inquiry, teachers can effectively employ
a self-regulated learning cycle to structure their individual lessons
and support student interaction. There are many learning cycles

that have been identified throughout educational history, including
experiential learning cycles presented by John Dewey, Hans Aebli
and Eric Mazur, among others. However, attention in the learning
cycle often fails to take into consideration the collaborative nature of
student learning, self-regulation in the classroom, and the importance
of informed decision-making. In this document, each of the inquiry
and application lessons and labs in this document are broken into
key parts based upon the Self-Regulated Learning Cycle / Cycle of
Action proposed by Dr. André Bresges of the University of Cologne,
Germany.

1. Aim:

In this phase all participants of the action should get a vision of what they want to reach. Criteria for a
successful fulfillment of the task should be formulated to clarify the end goal.

2. Plan:

In this phase all necessary information is collected that helps to reach the —aim, including the search for
already existing solutions. While structuring the gathered information, ideas for different solution paths
should be gathered.

3. Decide:

Now a consensus should be reached among all participants of the action. One of the solution paths
developed and gathered in —planning must be chosen. (Alternative solution paths may be kept in mind
if a new decision may become necessary.) Important: Latest in this phase, quantitative/measurable criteria
should be noted for measuring the success of the cycle of action (CoA).

4. Act:

All conscious actions should be performed according to the —decision. (If unplanned problems occur,
another CoA can be started, but not before finishing and documenting the ongoing CoA).

5. Verify:

The Verification is performed with the criteria created during phase 1 and 3. (—aim and —decision).
Important: A clear separation of —verification and —evaluation helps to promote scientific thinking.
Otherwise, students often have great difficulties distinguishing between results and conclusions in their
lab reports.

6. Evaluate:

The participants of the action estimate how successful the cycle of action was and may look for
improvements for another CoA. This is the highlight of the learning process. With the results from the first
CoA the —aim for further CoAs can be formulated much better.

For more information about the Self-Regulated Learning Cycle, please see:
http://www.physikdidaktik.uni-koeln.de/11287. htmI?&[.=1

10
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Aeronautical Dictionary

The following are a number of terms that, without explicit definition, tend to prove problematic to students. These terms are
not necessarily meant to be learned by students at the outset, but this dictionary should serve as a reference point as their use
becomes necessary. The following definitions have been drawn and modified from the NASA Aeronautical Dictionary, by
Frank Davis Adams, (1959).

Aeronautics, noun: The science and art of design, construction, and operation of aircraft.

Angle of Attack, noun: (1) The angle between the direction of the flow and the airfoil’s chord line (from the leading edge of
the air foil to the tailing edge). (2) A zero degree angle of attack is defined as the angle at which a body generates zero lift in
a flow. The angle of attack is the angle between the zero lift axis and the direction of the air flow.

Drag, noun: (1) A retarding force acting upon a body in opposite direction to the motion of the body. (2) A force acting upon
a body in direction of a flowing fluid (gas or liquid).

* Although overall drag occurs opposite the direction of the total motion of the aircraft, the actual direction for a
given surface will depend upon the movement of the various surfaces of the aircraft.

Lift, noun: The component of the total acrodynamic force acting on a body perpendicular to the direction of the undisturbed
airflow relative to the body. This lift, sometimes called “aerodynamic lift,” acts on any body or system of bodies such as an
airfoil, a fuselage, an airplane, an airship, a rotor, etc., at a suitable angle of attack in the airflow.

*Lift is usually though of as a force acting in an upward direction, giving sustentation to the aircraft. By definition,
however, lift can, and does, act in any direction: downward, as with a horizontal tail when required for longitudinal
trim; sideward, as with a vertical tail when an aircraft is turned. When lift in a direction other than upwards is under
discussion, it may be specified in the expressions “negative (downward) lift,” or “horizontal lift,” although the latter
expression is usually avoided.

This phenomenon of acrodynamic lift is typically explained by either or both of two laws or theorems: (1) By
Newton’s third law of motion, in which a body, causing air to flow in one direction, obtains a force upon itself acting
in the other direction. (2) By Bernoulli’s law, in which an increase of air velocity over the body gives a pressure
decrease resulting in lift. However, using Bernoulli'’s law as the sole explanation for lift is not fully true for an

open system, and can lead to misconceptions. Lift can also be a result of buoyant force, although this is generally
negligible for heavier-than-air aircraft.

Thrust, noun: The forward-directed pushing or pulling force developed by an aircraft engine or a rocket engine.

* Although thrust generally pushes an aircraft forward, a more accurate definition is to say that it acts parallel to the
direction of the engine. Some aircraft, such as vertical-lift aircraft, can apply a thrust in an upward direction. Other
airplanes with variable-angle engines might apply thrust in such a way that only a component actually causes the
airplane to move forward.

Weight, noun: The gravitational force acting on an object by the earth. An object with weight experiences a force that is
directed downward toward the center of mass of the earth.

*In all cases with respect to weight, “downward” is in reference to the center of the earth.
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Scientific Thinking

A joint project of
NASA Aeronautics
and the
American Association of
Physics Teachers
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UNIT
Scientific Thinking

ACTIVITY

Scaling and Paper
Airplanes

Objectives

Determine the relationship
between the surface area and
weight of scaled gliders.

Materials

Paper of various thicknesses
Scissors

Electronic balance (optional)

NGSS
SEP2, 4,7
ccC 1,3

WITH YOU WHEN YOU FLY: Aeronautical Physics

Inquiry Lesson/Lab: Scaling and Paper Airplanes

Robert H. Johns. The Physics Teacher, 9, 541 (1971).

Paper airplanes are a classic children’s toy, easy to make, and easy to use for inquiry
investigations. In this activity, students construct paper airplanes. Technically, paper airplanes
are actually “gliders,” as they do not provide themselves any thrust throughout their flight.
Students are asked to compare the wing’s top surface area with the weight of scaled gliders
of various sizes.

This lesson can be an opportunity for students

to perform a controlled experiment, and to
begin learning about related variables that might
influence flight, such as drag and shape. The
end purpose of this activity is much less to
derive a specific equation, but, rather, to learn to
identify and describe meaningful relationships
between variables. This activity also provides a
broad overview for many foundational concepts
associated with flight.

Objective: Determine the graphical and mathematical relationship between the surface
area and the weight of scaled gliders (“paper airplanes”).

Aeronautics for Introductory Physics: Scientific Thinking 13



Ask students to build a number of scaled, but otherwise identical, gliders.
Using some simple geometry, students can determine the approximate surface
area of the wings, and plot this against the measured or calculated weight of the
gliders. (Hint: Most packaged paper lists the mass in g/m?. Students can
determine weight from proportional reasoning and known starting surface areas
of their papers before folding the airplanes). The graph to the right displays an
example best-fit line representative of the data produced from this lab.

Weight

. Encourage students to design an airplane for which the surface area
of the wings can be easily estimated. Wings composed of right trian-
gles and rectangles are best.

Surface Area

. Ensure that the students are only measuring the surface area for the
“top” of the wings.

e Ensure that the airplane design actually results in flight that produces “lift.” It should be a good glider.

*  Ensure that students use papers with the same starting ratios. A way to simplify this is to ask students to always
begin with square — not rectangular — pieces of paper.

. Students should find that this relationship between weight and surface
area is approximately linear. However, it is possible that the smaller
airplanes do not quite fit on the straight line, as their relative size in
comparison to the paper used to actually make the folds results in a
smaller surface area.

Comparing the gliding ability of gliders can be difficult to do in a consistent
way, because students vary the amount of force with which they push the glider,
and the release angle and height can change dramatically from throw to throw.

To launch gliders consistently, build a launcher from a piece of scrap wood, two
nails, and a rubber band. A paperclip can be easily attached to any plan as a
“hook,” and the glider can be launched consistently by pulling back to the same
stretch point each time. Force can be varied by changing the type of rubber band
or pulling back more or less before launch. Alternatively, commercial paper
airplane launchers can be purchased from multiple science education companies.

Lastly, consider the implications that weight and surface area of gliders might
have for the anatomy of birds and the design of airplanes. The next activity
allows students to investigate these relationships in much more detail.

14 Aeronautics for Introductory Physics: Scientific Thinking



Teacher Answer Key: Scaling and Paper Airplanes

Objective: Determine the graphical and mathematical relationship between the weight and the
surface area of scaled gliders (“paper airplanes”).

Early engineers found that building vehicles for powered flight
was a difficult task. Before building propelled airplanes, they first
attempted to make gliders that would remain in the air for a while
after being launched. Leonardo da Vinci is well known for his
visualizations of an “ornithopter.” Perhaps less well known, the
Englishman George Cayley developed a variety of successful
gliders in the 1800s, followed by the German Otto Lilienthal.

One of the great challenges of the times was to develop a glider that
had a very small weight-to-surface area ratio. In fact, some of the
best gliders actually have the same weight-to-surface area ratios as
the best gliding birds. (Hence, the Wright brothers’ experience with
lightweight materials for bicycle design naturally gave them some
advantage in their design for gliders and early airplanes.)

In this lab activity, you will determine the relationship between weight and surface area of the wings of a
glider. Plan how you will collect the data, and what kinds of materials you will use that are available to you.
Begin by folding a piece of paper into a successful glider.

Once you have found a glider that glides well, decide what data you need to collect. Before you fold your
gliders, ensure that the pieces of paper you use have proportional dimensions:

Dimension Glider #1 Glider #2 Glider #3 Glider #4 Glider #5 Glider #6
Ratios

Length
Width

Aeronautics for Introductory Physics: Scientific Thinking 15



Estimate the surface area of the wings by identifying the simple geometric shapes that make up the wings.
Draw a top-view of your paper airplane, identifying the shapes. Describe — in words — how you calculate
the total surface area of the tops of the wings each time.

Description of calculation area:

Drawing:

Collect data for total weight and surface area for each of your gliders. Record your data on your own.
Plot your data on a graph, as shown to the lower right, and answer the following questions:

1. What is the general equation that describes this graph?

The standard equation for a linear graph is y = mx +b. Substituting the variable names, and slope
and intercept (with units), this results in a general equation of “Weight = ( N/m2) Surface
Area + N.”

2. What are the meanings of the slope(s) and intercepts on this graph?

The slope is the ratio of force per unit area. For every in-
crease of unit area, the weight increases by a certain amount.

The intercept should be zero, because a glider with no surface
area has no weight! If there is a non-zero value, this is likely
the result of error (lack of precision or accuracy in measure-
ments), or is because the relationship is not entirely linear.

—
=
20
k¥
=

3. Conduct multiple experiments to compare the surface area/ Surface Area
weight ratios for various materials

More dense materials should have a greater slope value. The y-intercept should still be zero.

4. Conduct multiple experiments to compare the surface area/weight ratios for various glider styles.

If the same material is used, the slopes should be greater for glider styles that have smaller wings.

5. Compare the surface arca/weight ratio to qualitative gliding ability (i.e. the speed required for the
glider to maintain lift, and/or how far the gliders go when launched in a consistent way).

Generally, gliders with small wings will have to have a higher speed in order to launch and glide
properly.

Look at your group’s data — how reliable is it? Share the data you collected with your classmates. Do you
results compare in a similar way to your classmates? If not, why not?
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Develop a visual, verbal, or physical model to explain why you think that surface area affects the gliding
ability of a glider.

Considering only Newton's laws, a greater surface area results in more collisions with air particles and a
greater deflection of both air particles that hit the wings of the glider, as well as the nearby air particles
that also get pushed downward by other particles surrounding them. As the air particles hit the wing, they
reflect off the wing. The air particles, that initially had a horizontal momentum, are now pushed forward
(with respect to the direction of the glider) and downward. As a result, the airplane is pushed backward
(drag), but also provided with an upward push (lift). More collisions from a greater surface area result

in more total force applied to the wings (and a greater change in momentum on the airplane). However,
greater wing surface area typically results in greater mass of the glider overall, which means that the glider
is actually less likely to accelerate. Overall, this relationship can be very difficult for students to observe.
The key is to help students to think about air particles and collisions.

Hypothesize why some gliders fly better than others.

Many factors come into play here: center of gravity (which impacts the angle of attack), glide speed (the
speed of the air over/under the wings in order for the glider to glide most efficiently), mass, angle of wings
(with respect to the horizontal plane of the wings from side-to-side), etc.
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Student Worksheet: Scaling and Paper Airplanes

Objective: Determine the graphical and mathematical relationship between the weight and the
surface area of scaled gliders (“paper airplanes”).

Early engineers found that building vehicles for powered flight was
a difficult task. Before building propelled airplanes, they first
attempted to make gliders that would remain in the air for a while
after being launched. Leonardo da Vinci is well known for his
visualizations of an “ornithopter.” Perhaps less well known, the
Englishman George Cayley developed a variety of successful
gliders in the 1800s, followed by the German Otto Lillenthal.

One of the great challenges of the times was to develop a glider that
had a very small weight-to-surface area ratio. In fact, some of the
best gliders actually have the same weight-to-surface area ratios as
the best gliding birds. (Hence, the Wright brothers’ experience with
lightweight materials for bicycle design naturally gave them some
advantage in their design for gliders and early airplanes.)

In this lab activity, you will determine the relationship between
weight and surface area of the wings of a glider. Plan how you will
collect the data, and what kinds of materials you will use that are
available to you. Begin by folding a piece of paper into a
successful glider.

Once you have found a glider that glides well, decide what data you
need to collect. Before you fold your gliders, ensure that the pieces
of paper you use have proportional dimensions:

Dimension Glider #1 Glider #2 Glider #3 Glider #4 Glider #5 Glider #6
Ratios

Length

Width

Estimate the surface area of the wings by identifying the simple geometric shapes that make up the wings.

Draw a top-view of your paper airplane, identifying the shapes. Describe — in words — how you calculate
the total surface area of the tops of the wings each time.

Description of calculation of area:

Drawing:

18 Aeronautics for Introductory Physics: Scientific Thinking



Collect data for total weight and surface area for each of your gliders. Record your data on your own.

Plot your data on a graph, as shown to the lower right, and answer the following questions:

1.

What is the general equation that describes
this graph?

What are the meanings of the slope(s) and
intercepts on this graph?

Weight

Conduct multiple experiments to compare the
surface area/weight ratios for various materials. Surface Area
How do the graphs of the data compare?

Conduct multiple experiments to compare the surface area/weight ratios for various glider styles.
How do the graphs of the data compare?

Compare the surface area/weight ratio to qualitative gliding ability (i.e. the speed required for the
glider to maintain lift, and/or how far the gliders go when launched in a consistent way).

Look at your group’s data — how reliable is it? Share the data you collected with your classmates.
Do you results compare in a similar way to your classmates? If not, why not?

Develop a visual, verbal, or physical model to explain why you think that surface area affects the
gliding ability of a glider.

Hypothesize why some gliders fly better than others.
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UNIT
Scientific Thinking

ACTIVITY

Wings According to
NIVAS

Objectives

Compare and relate variables
that influence the flight of
birds and planes.

Materials
The Simple Science of Flight,
Ch. 1

NGSS
CCC 1,2,3,6

CCSS

Reading in Science
Writing in Science

WITH YOU WHEN YOU FLY: Aeronautical Physics

Literary/Data Analysis: Wings According to Size

Henk Tennekes. The Simple Science of Flight.
The MIT Press: Cambridge, Massachusetts. Ch. 1 Free Sample:

http://mitpress.mit.edu/sites/default/files/titles/content/9780262513135_sch_0001.pdf

The relationship between paper gliders, birds, and airplanes
is surprisingly similar. Yet, when air speed around the

wings necessary to sustain level flight is considered, these
relationships can become quite complex. A quantitative
analysis of bird anatomy and their comparison to airplanes
can be found by reading Henk Tennekes’ The Simple Science
of Flight. Chapter 1, used for this activity, is available as a
free sample from MIT Press at:

http://mitpress.mit.edu/sites/default/files/titles/
content/9780262513135_sch _0001.pdf.

This activity allows students to investigate data tables

and graphs that display non-linear relationships and their
corresponding equations. The purpose of this activity is
primarily to introduce students to variables that influence lift,

and to recognize that airplanes follow many of the same rules of proportion as do birds.

* Cover image and graphics from The Simple Science of Flight are reproduced here with
permissions from The MIT Press.
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Teacher Answer Key: Wings According to Size

Read The Simple Science of Flight, chapter 1: Wings According to Size. (A free copy of this chapter can be viewed and
downloaded from http://goo.gl/7dIYBO0). As you read through the passage, focus on the relationships of variables that
influence flight.

1.

Based on the first two pages of the chapter, how is “carrying capacity” of an airplane (or any other object)

calculated?

Carrying capacity = weight / surface area that carries the weight

Performance can also be measured by fuel consumption. What variables do you think influence fuel consumption of

any moving object?

Weight of the aircraft / animal, metabolism / fuel efficiency, presence of drag (resulting from the aerodynamics as well

as the weather conditions), etc.

Lift, Weight, and Speed

3. The author identifies four factors that influence the lift of an airplane or flying bird. Complete the chart below.
(Note: You will need to choose a symbol for the angle of wings.)
Factor Symbol Unit Rationale (Why does it influence lift?)
Wing size S m? More surface area increases carrying capacity, more
change in momentum
Air speed V m/s More wind results in more collisions with air particles more
often.
Air density D kg/m? Air particles can transfer a greater amount of momentum to
the flying object.
Angle of wings | o (inferred) Degree With more tilt of the wings, the air particles are influenced
more greatly.
4, How must lift (L) compare to weight (W)
in order for an object to cruise at a constant
altitude? Why?
They must be equal, otherwise the object
will accelerate upward or downward if there
is a net (uneven) force. This is a result of
Newton's second law of motion.
Wing Loading

Look at Table 1, reproduced here to the right, to
answer the following questions:

5.

What is the specific trend between a bird’s
weight and the speed it needs to be able to
cruise? (Is this a direct, linear
relationship?) Explain.

In general, larger birds have to fly faster.
However, the relationship does not appear to
be linear. A doubling in weight typically only
requires a small increase in velocity.
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6.  This table shows data for various seabirds. How
would you expect the data in each column to
change if this table showed, instead,
non-migrating backyard songbirds? Why?

Non-migrating backyard songbirds do not need to
soar like sea birds. As a result, it is reasonable to
expect that non-migrating backyard songbirds are
not as efficient as their sea bird counterparts, and
likely have to sustain much higher velocities per
unit weight in order to “soar” simply because they
do not have to do it that often.

7. How would the data from your lab experience
with the paper planes compare?

1t is unlikely to be very similar. Paper gliders tend
to demonstrate a very linear relationship between
W and S, while birds do not. Hence, the required
velocities for gliding are also likely to also be
different.

Look at Figure 1, reproduced on the next page, to
answer the following questions:

8. Describe the relationship between weight and
wing loading for these seabirds. (Careful — this is
not a standard linear graph!) If necessary, re-plot
the data on a linearly-scaled graph. Why do you
think this trend is present?

When the weight increases by 100 times, the W/S (carrying capacity) only increases by five times. This difference might
have something to do with the fact that the increase in weight is not in muscle mass only, but also includes bones and
fat, which do not contribute to the ability to carry.

9.  What is the general meaning of equation (3)? Compare equations (1), (2) and (3) below.

Equation What does it mean? How is it different from the others?

W =0.3dV*S Weight is lifted by a flying object is dependent Raw equation. 0.3 comes from average
upon angle of attack, density, air speed, and angle of attack of 6 degrees.
surface area.

w/S = 0.38V? Carrying capacity is dependent upon a constant d has been substituted with value at sea
and air speed. level.

W/S = ¢ W33 Wing loading is proportional to the cube root of Quantifies Figure 1.
weight.
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Great Flight Diagram

Look at Figure 2, reproduced to the right, to
answer the following questions:

10.

I1.

What is the meaning of the vertical
line on the graph? What can you infer
about birds/planes to the left or to the
right of the vertical line?

The line represents 22 miles per hour
(mi/hr) winds. Birds to the left of the
line are slow flyers, and might not be
able to overcome strong winds if they
go out over the ocean.

Where is Equation (3) visibly repre-
sented on the graph?

The vertical and top horizontal axis
represent the variables found in
equation 3.

Aeronautics for Introductory Physics: Scientific Thinking

23



12.

13.

14.

Given what you know about the vertical line and the angled line on the graph, compare the following flying objects’
capabilities. How are they different?

Boeing 747 Highest weight, wing loading, and cruising speed.

Pteradon Heavy, slow flyer.

Human-powered Airplane | Heavier than pteradon, but nearly same wing loading and cruising speed.

Likewise, compare a crane fly, spotted sandpiper, and Beech King airplane. How are they different?
(Compare weight, wing loading, and cruising speed). How are they similar?

All three of these fall on the same trend line. A crane fly is small and slow, a spotted sandpiper is heavier and faster,
and a Beech King airplane is even heavier and faster than the sandpiper.

Based upon the graph and the information presented in the text, explain one of the reasons why the Concorde is now
out of commission.

Unlike all of the aircraft in the “group,” the Concorde fell slightly to the left of the trend line. This means, that for its
group, it tended to be a little bit heavier for its ideal cruising speed, and had a slightly lower wing loading value, than
the rest of its counterparts. Most importantly, the Concorde did not fly at its ideal cruising speed. As the fastest
commercial jet then in service in the world, it flew much faster than the ideal speed listed on the diagram. Its ideal
speed was much lower because the Concorde’s wings had to be big enough for it to take off and land at lower speeds.
As a result, the Concorde had to “drag along” the larger wings during its high-speed flight.

Use Figure 3 (below to the right) and Figure 4 to
answer the following questions.

15.

16.

24

What do birds do to modify their wings for vari-
ous stages of flight? (Takeoff, cruising, landing).
Why is this so important?

As birds take off; their wings are fully expanded.
A larger surface area is needed in order to attain
lift at a slow speed. As birds go faster and faster
as they cruise, they can decrease the surface
area of their wings. This is important in order to
reduce drag and increase efficiency.

Standard passenger airplanes DO modify their
wings during takeoff and landing. Watch the
following video of an airplane wing release its
extender flaps here: http://goo.gl/pd1bDM
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Student Worksheet: Wings According to Size

Read The Simple Science of Flight, chapter 1: Wings According to Size. As you read through the passage, focus on the rela-
tionships of variables that influence flight.

1. Based on the first two pages of the chapter, how is “carrying capacity” of an airplane (or any other object) calculated?

2. Performance can also be measured by fuel consumption. What variables do you think influence fuel consumption of
any moving object?

Lift, Weight, and Speed

3. The author identifies four factors that influence the lift of an airplane or flying bird. Complete the chart below. (Note:
You will need to choose a symbol for the angle of wings.)

Factor Symbol | Unit MY Rationale OTHER’s Rationale

Why does it influence lift? Interview Your Partner

4. How must lift (L) compare to weight (W) in order for an object to cruise at a constant altitude? Why?

Wing Loading
Look at Table 1, reproduced here to the right, to answer the
following questions:

5. What is the general trend between a bird’s weight
and the speed it needs to be able to cruise?

6.  This table shows data for various seabirds. How
would you expect the data in each column to change
if this table showed, instead, non-migrating backyard
songbirds? Why?

7. How would the data from your lab experience with
the paper planes compare?
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Look at Figure 1 to answer the following questions:

8. Describe the relationship between weight and wing loading for these seabirds. (Careful — this is not a standard linear
graph!) If necessary, re-plot the data on a linearly-scaled graph. Why do you think this trend is present?

9.  What is the general meaning of equation (3)? Compare equations (1), (2) and (3) below.

Equation What does it mean? How is it different from the others?
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Great Flight Diagram

This Great Flight Diagram displays the OPTIMAL cruising speeds for a variety of flying things. Look at Figure 2,

reproduced to the right, to answer the following questions:

10.

I1.

12.

What is the meaning of the vertical line on the graph? What can you infer about birds/planes to the left or to the right

of the vertical line?

Where is Equation (3) visibly represented on the graph?

Given what you know about the vertical line and the angled line on the graph, compare the following flying objects’

capabilities. How are they different?

Boeing 747

Pteradon

Human-powered Airplane
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13.  Likewise, compare a crane fly, spotted sandpiper, and Beech King airplane. How are they different? (Compare weight,
wing loading, and cruising speed). How are they similar?

14.  Based upon the graph and the information presented in the text, explain one of the reasons why the Concorde is now
out of commission.

Use Figure 3 (below to the right) and Figure 4 to
answer the following questions.

15.  What do birds do to modify their wings for vari-
ous stages of flight? (Takeoff, cruising, landing).
Why is this so
important?

16. Standard passenger airplanes DO modify their wings during takeoff and landing. Watch the following video of an air-
plane wing release its extender flaps here: http:/goo.gl/pd1bDM
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Successful Flight Test of Shape-Changing Wing Surface

h

://www.nasa.gov/content/successful-flight-test-of-shape-changing-wing-surface/#.VHOIn029-Rh

Analysis Questions
Explain two ways that shape-changing surfaces are different from typical airplane wings.
Explain two potential benefits of shape-changing surfaces over typical airplane wings.

Click on the “More” link immediately below the text to see an image of the “corrugated” trailing edge
of a wing. Why do you think this is beneficial? (Hint: Perform an Internet search to find out how owls
can fly so silently).

What do you think potential designs of the future might look like? Consider what you know about birds
as you consider possible designs.
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Constant Velocity

A joint project of
NASA Aeronautics
and the
American Association of
Physics Teachers
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UNIT
Constant Velocity

ACTIVITY

Flying Speed

Objectives

Estimate the average speed
of an airplane as it travels
between two points.

Materials
Internet access
Timer
Planefinder.net
Google.com/maps

NGSS
CDI HS-PS2
SEP2,7
CCC 1

WITH YOU WHEN YOU FLY: Aeronautical Physics

Real-World Applications: Flying Speed

In this activity, students use an equation that they can previously derive through inquiry
(Distance = Speed * Time). They use a real-time plane finder to watch a plane as it travels

from one recognizable point to another while at cruising speed (far away from its departure or

arrival airport) in order to estimate its speed.

Direct students to go to the
following website:

http://planefinder.net/

Ask students to browse the
page and to note the greatest
concentration of air flights
around the world. Students may
be provided a map, and asked
to mark the countries and areas
where there is the most flight
activity.

Discuss potential reasons for
air flight concentrations being
where they are. Consider:

* Economics

* Population density

* Geography (deserts, mountain ranges, ‘“remote” areas)
*  Weather (locations of storm systems, hurricanes)

* Time of day (consider time zones)

* Cultural holidays
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Ask students to zoom in to a particular area where
there is a regular amount of air traffic. The goal
at this point is to identify an aircraft that is
moving from one notable location to another
(such as a city, interstate intersection, lake, etc.),
so that speed may be determined. (Note: If
students zoom in very close to an aircraft and
select Settings — Plane, they can get the airline,
flight number, origin and destination airports, as
well as the speed, in knots (KTS). However, most
students will not recognize KTS. This value can
be used to evaluate the calculated speed, but
should not be used directly for this activity).

Choose one aircraft, and time it as it goes from

one point of interest to the other. Students should

choose a range of time somewhere between one

and five minutes to ensure that enough time is collected for accurate calculations. (Caution: If the
goal is for students to determine the cruising speed of aircraft, they should look at an aircraft once it
is well along its flight path. Students should not choose planes travelling in significantly curved
paths, or near airports, where speeds change. However, looking at speeds near takeoff and landing is
a great extension activity).

Make sure that students choose recognizable points of interest,
because students will next need to determine the distance crossed by
re-locating and measuring the distance between the two points using
Google Maps.

To measure the distance between the points, follow the example
procedure below:

. Go to www.google.com/maps to get to Google Maps

. As an example, a student might have observed a plane go
from Holtwood, Pa. to Whitehall, Md. in a period of 2.387
seconds.

. Students should find, on Google Maps, the initial point of
the plane’s timing.

. Right-click on the initial location to get a menu. Choose
“Measure distance.” The second point of interest can be
clicked, and an estimate given for the distance between the
two points. In this example, the distance is 22.58 miles.

. To make speeds more relevant, it is suggested that stu-
dents convert time in seconds to hours. Using a simple
conversion, student can find that 2.387 s is equivalent to
0.03978 hr.

. Using the equation Distance = (Speed) Time, and re-arrang-
ing for speed, students can get Speed = Distance/Time. In
this example, Speed = 22.58 mi / 0.03978 hr, which is equal
to 567.6 mi/hr. This is a very reasonable estimate! Most
commercial airplanes cruise at about 550 mi/hr.
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Take a broader look at the flight paths across the United States.
. Do you notice any patterns for eastward or westward flights?

*  How do flight paths change upon entering or leaving airports?
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A Day in the Life of Air Traffic Control

With the massive increase in passenger and air cargo planes, the skies have become a very busy place.
NASA Aeronautics works hard to solve the problem of air traffic congestion. Modeling air traffic over
a span of time to determine problems points is integral to managing the network of highways in the
sky. Help students to see how busy the airspace over the US really is by watching the video, “A Day in
the Life of Air Traffic Control over the US.”

1. Have students to to: http://www.aviationsystemsdivision.arc.nasa.gov/research/modeling/
facet.shtml

2. Ask students to read the article about NASA’s work with FACET to manage air traffic across the
nation.

a. What is FACET?

b. How does it benefit the environment, economy, and education?

3. Ask students to play the linked video (click view Facet Animation) showing 24 hours of air
traffic over the United States. http://www.aeronautics.nasa.gov/videos/facet24.mov and answer
the following questions:

a. From which direction doe most of the flights leave / arrive? (SE, NE, NW) Why don’t they
go directly N, S, E, and W?

b. The simulation begins at 0 UTC (Coordinated Universal Time), which corresponds to 7 p.m.
Eastern Standard Time. Describe in words, what happens to the density of flight traffic, on
average during a 24 hour period?

c. Draw a simple graph showing the average flight density versus time.
d. What are the three or four busiest airports in the US?

4. What are two or three practical solutions to decreasing traffic congestion in the US?
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Student Worksheet: Flying Speed
Objective: Estimate the average speed of an airplane as it travels between two points.

There is a significant amount of aircraft in the skies every day of the year. Because these aircraft must be
monitored to help pilots get to their destination efficiently, and to avoid in-air collisions, it is possible to
track any commercial aircraft around the globe. There are many websites and apps available to help people
track specific flights or to browse flights around the world. For this activity, go to http:/planefinder.net/

1. Which parts of the world experience the least air traffic?

2. Choose one country or region surrounded by little air traffic, and explain why you think it does not
have a busy airspace. (Consider the economics of these countries, population density, geography,
weather, time of day, and the observance of any cultural holidays).

3. Which parts of the world experience the most air traffic?

4. Choose one country or region surrounded by lots of air traffic, and explain why you think it has
a very busy airspace. (Consider the economics of these countries, population density, geography,
weather, time of day, and the observance of any cultural holidays).

5. How do you anticipate that the airspace of the future will change? Do you think the skies will get
busier or less busy? Why?

6.  The goal of this activity is for you to determine
the average speed of an aircraft during its cruise
portion of its flight. Explain what information you
will need to determine average speed.

7.  Zoom in to a particular area where there is a
regular amount of air traffic. The goal at this point
is to identify an aircraft that is moving from one
notable location to another (such as a city, inter-
state intersection, lake, etc.), so that speed may
be determined. Avoid starting or ending at an
airport, as aircraft speed changes significantly
at those points.

8. Choose one aircraft, and record the time it as it flies from one point of interest to the other in a
straight line. Choose a range of time somewhere between one and five minutes to ensure that enough
time is collected for accurate calculations. If your airplane significantly changes direction or follows
an indiscernible path, consider choosing a different aircraft. Record the time here:
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9. Measure the distance between the two points
of interest by following the example
procedure below:

*  Go to www.google.com/maps to get to
Google Maps

*  On Google Maps, find the initial point
of the plane’s timing.

»  Right-click on the initial location to get
a menu. Choose “Measure distance.”
The second point of interest can be
clicked, and an estimate given for the
distance between the two points.

10.  Show your work, and, if appropriate, explain
how you can calculate the average velocity
of the airplane.

11.  For a typical passenger jet, the airplane will cruise at around 500-550 miles per hour. How does your
answer compare? You might need to convert your velocity units to make a fair comparison.

12.  What aspects of this activity might lead to error in your measurements and calculations? Provide
three specific examples, and explain if this would increase or decrease your calculated value.

13.  Compare your results to that of your peers. Why might your peers have calculated different values?

14. Take a broader look at the flight paths across the United States.
*  What patterns do you notice for eastward or westward flights?

* How do flight paths change upon entering or leaving airports? Why do you think this is the case?
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Problem Set: Comparative Velocities

Background

Airplanes were developed with a primary goal: to take their occupants across the skies at speeds never before imagined. For
thousands of years, before the invention of the wheel, humans were limited by the speed of their legs. Using a mathematical
model (equation) you developed in your regular class activities to represent the relationship between position and time for an

object moving at a constant velocity, perform these very simple calculations to get a sense for how fast and far we can now

easily travel because of aircraft.

Problem Set

L. Determine your average walking speed. Explain how you accomplished this:

2. Convert your speed in meters per second (m/s) to kilometers per hour (km/hr), then use that speed to solve the
following problems. How much time would it take you to walk the following routes, assuming you never stopped along

the way?
Land Routes Distance to Walk Time to Walk Time to Fly Non-Stop
(Show work) on Commercial Aircraft

Oregon Trail 3,219 km 3 hours
(MO to OR) (2,000 miles)

Immigration route used from

1830s to 1860s for settlers head-

ing west for new land.
Silk Road 6,437 km 8 hours
(Western China to (4,000 miles)
Constantinople)

Cultural and commercial trade

route used from 200 BCE to

1450s CE to connect culture and

trade between the East and West.
Early Land Migration | 17,703 km 19 hours
(Northern Russia to (11,000 miles)
Tierra del Fuego)

Possible route taken by early

civilizations from the Asian con-

tinent, beginning about 30,000

years ago to their arrival at the

southernmost tip of South Amer-

ica about 15,000 years ago.
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3. How long would it take each of the following NASA planes to travel the exact same routes above, assuming they were
at their maximum speed for the entire duration of the flight?

38

Land Routes Distance to Walk NASA Aircraft Speed Time to Flight
(show work)
Oregon Trail 3,219 km X-1: 1,127 km/hr
(MO to OR) (2,000 miles)
Chuck Yeager was the first
Immigration route used from person to break the speed
1830s to 1860s for settlers head- | of sound in 1947 using
ing west for new land. rockets in conjunction with
traditional jet engines.

Silk Road 6,437 km D-558: 2,124 km/hr

(Western China to (4,000 miles)

Constantinople) Scott Crossfield was the
Cultural and commercial trade first person to fly more than
route used from 200 BCE to twice the speed of sound
1450s CE to connect culture and | (Mach 2) in 1953.
trade between the East and West.

Early Land Migration | 17,703 km X-15: 7,274 km/hr

(Northern Russia to (11,000 miles)

Tierra del Fuego) William J. “Pete” Knight
Possible route taken by early broke the record for the
civilizations from the Asian con- | fastes piloted airplane flight
tinent, beginning about 30,000 speed ever recorded, at 6.7
years ago to their arrival at the times the speed of sound
southernmost tip of South Amer- | (Mach 6.7) in 1967.
ica about 15,000 years ago.
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Problem Set: Vectors in Relative Velocities Problems

Jfrom Beginner’s Guide to Aeronautics

BACKGROUND: (Note: This background is most appropriate after students have been introduced to these concepts through
constructivist and/or inquiry activities.)

One of the most confusing concepts for young scientists
is the relative velocity between objects. Aerodynamic
forces are generated by an object moving through a
fluid (liquid or gas). A fixed object in a static fluid does
not generate aerodynamic forces. Hot air balloons “lift”
because of buoyancy forces and some aircraft - like
Harrier jets - use thrust to enable the vehicle to hover,
but these are not examples of aerodynamic lift. To
generate lift, an object must move through the air, or air
must move past the object. Aerodynamic lift depends
on the square of the velocity between the object and
the air. Now things get confusing because not only can
the object be moved through the air, but the air itself
can move. To properly define the relative velocity, it is
necessary to pick a fixed reference point and measure
velocities relative to the fixed point. In this slide, the
reference point is fixed to the ground, but it could just as easily be fixed to the aircraft itself. It is important to understand the
relationships of wind speed to ground speed and airspeed.

Wind Speed

For a reference point picked on the ground, the air moves relative to the reference point at the wind speed. Notice that the
wind speed is a vector quantity and has both a magnitude and a direction. Direction is important. A 20 mi/hr wind from the
west is different from a 20 mi/hr wind from the east. The wind has components in all three primary directions (north-south,
east-west, and up-down). In this figure, we are considering only velocities along the aircraft’s flight path. A positive velocity
is defined to be in the direction of the aircraft’s motion. We are neglecting cross winds, which occur perpendicular to the
flight path but parallel to the ground, and updrafts and downdrafts, which occur perpendicular to the ground.

Ground Speed

For a reference point picked on the ground, the aircraft moves relative to the reference point at the ground speed. Ground
speed is also a vector quantity so a comparison of the ground speed to the wind speed must be done according to rules for
vector comparisons.

Airspeed

The important quantity in the generation of lift is the relative velocity between the object and the air, which is called the
airspeed. Airspeed cannot be directly measured from a ground position, but must be computed from the ground speed and
the wind speed. Airspeed is the vector difference between the ground speed and the wind speed.

Airspeed = Ground Speed - Wind Speed

On a perfectly still day, the airspeed is equal to the ground speed. But if the wind is blowing in the same direction that the
aircraft is moving, the airspeed will be less than the ground speed.

Aeronautics for Introductory Physics: Constant Velocity 39



Examples

Suppose we had an airplane that could take off on a windless day at 100 mi/hr (liftoff airspeed is 100 mi/hr). We are at an
airport with an east-west runway that is one mile long. The wind is blowing 20 mi/hr towards the west and the airplane takes
off going east. The wind is blowing towards the aircraft which we call a headwind. Since we have defined a positive velocity
to be in the direction of the aircraft’s motion, a headwind is a negative velocity. While the plane is sitting still on the runway,
it has a ground speed of 0 and an airspeed of 20 mi/hr:

Airspeed = Ground Speed (0) - Wind Speed (-20) = 20 mi/hr

The airplane starts its take off roll and has a constant acceleration a. From Newton’s second law of motion, the ground speed
v at any time t is:

Av=at
and the distance Ax down the runway at any time is:
Ax=1/2 a £ +vt

For a fixed length runway, this specifies the time to be used in the velocity equation. Let’s assume that at 5000 feet down the
runway, the velocity is 80 mi/hr. Then the airspeed is given by

Airspeed = Ground Speed (80) - Wind Speed (-20) = 100 mi/hr

and the airplane begins to fly. Now another pilot, with exactly the same airplane decides to take off to the west. The wind
is now in the same direction as the motion and this is called a tailwind. The sign on the wind speed is now positive, not
negative as with the headwind. The acceleration along the ground is the same, so at 5000 feet down the runway, the ground
speed is again 80 mi/hr. The airspeed is then given by:

Airspeed = Ground Speed (80) - Wind Speed (20) = 60 mi/hr
This airplane doesn’t have enough airspeed to fly. It runs off the end of the runway!
Significance of Understanding Relative Velocity

The importance of the relative velocity explains why airplanes take off and land on different runways on different days.
Airplanes always try to take off and land into the wind. This requires a lower ground speed to become airborne, which means
the plane can take off or land in the shortest distance traveled along the ground. Since runways have a fixed length, you want
to get airborne as fast as possible on takeoff and stopped as soon as possible on landing. In the old days, a large conical tube
known as a windsock was hung near the runway for pilots to see which way the wind was blowing to adjust their takeoff and
landing directions. Now mechanical or electronic devices provide the information that is radioed to the cockpit.

The relationship between airspeed, wind speed, and ground speed explains why wind tunnel testing is possible and how kites fly.

e In the wind tunnel, the ground speed is zero because the model is fixed to the walls of the tunnel. The airspeed is
then the negative of the wind speed that is generated in the tunnel. Whether the object moves through the air, or the
air moves over the object, the forces are the same.

*  Akite usually has no ground speed because a kite is held on the end of a string. But the kite still has an airspeed that
is equal to the wind speed. You can fly a kite only with the wind at your back.
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Problem Set from Beginner’s Guide to Aeronautics

Student Worksheet
Teacher Key

A pilot is about to take off from a Nasaville airport that has two runways. Runway A runs east-west and Runway B runs 30
degrees west of north. There is a wind of 25 mi/hr out of the northwest (see figure above).

1. Which runway should the pilot choose?

2. What is the magnitude of the velocity vector of the wind along the desired runway?

3. Ifanairspeed of 100 mi/hr is required for takeoff, what is the ground speed required?

4.  Before the pilot is able to take off, the wind shifts. The wind is now directly out of the north at 25 mi/hr.
Will the pilot choose the same runway?

What is the ground speed required now?
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Problem Set from Beginner’s Guide to Aeronautics

Student Worksheet

Teacher Key

In airport takeoff situations, the ground speed of the aircraft and the wind speed are the only factors in airspeed. The U.S.
Navy has an additional variable. Its mobile airports - aircraft carriers - move on the ocean at speeds that can be in excess of
35 mi/hr. Airspeed in this unique situation is a sum of the ship’s speed through the water, wind speed, and the speed of the
aircraft over the deck of the ship provided by the ship’s catapult.

A catapult is like a huge rubber band and is used
to propel an aircraft to higher speeds over a short
distance in a few seconds. For more information
on aircraft carriers and catapults, click on Aircraft

Carriers. Assume that a typical catapult can propel an

aircraft from zero to 150 mi/hr in two seconds. The

aircraft carrier problem is pictured graphically in the
following illustration. (Note: See the airspeed equation
at the bottom.)

You are the captain of the Aircraft Carrier USS
Enterprise (CVN-65). Assume that the required

airspeed for takeoff of an F-14 is 170 mi/hr. Using the
airspeed equation and information provided, complete

the following table and answer the questions that
follow. Assume that a positive wind velocity is in the

direction of travel of the ship.

Catapult Speed (v)) mi/hr | Ship Speed (v)) mi/hr | Wind Speed (v ) mi/hr Airspeed Go/No Go (>170 mi/hr)
150 20 -10
150 20 10
150 30 -30
150 0 20
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With no wind, what should the speed of the ship be to launch an F-14?

Airspeed = Ship Speed (v,) + Catapult Speed (v,) - Wind Speed (v, )

On launch, any aviator wants to maximize lift. What would you do as captain of the ship any time you launch aircraft?

Are wind direction and ship speed factors in landing as well? Explain.
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UNIT
Constant Velocity

ACTIVITY

Estimating the Speed
and Distance of an
Airplane

Objectives

Estimate the speed and
distance of an airplane using
the speed of sound.

Materials
Meter stick
Lap timer

NGSS
CDI HS-PS2
SEP 1-7
CCC34

WITH YOU WHEN YOU FLY: Aeronautical Physics

Real-World Applications: Estimating the Speed and Distance of an
Airplane

Laurence 1. Gould & Charles Waiveris. The Physics Teacher, 29, 108 (1991).

There are many ways to estimate the distance and speed of an airplane, and one of the
simplest ways is to compare the location of a plane by sight with the location of its sound,
similar to the process of estimating the distance of a lightning bolt by using the time it takes
for the thunder to arrive. In this activity, the speed of sound is assumed to be a standard 343
meters per second (m/s). The value of the speed of sound can be determined experimentally in
advance using simple mechanics (with a long tube and two microphones to determine speed
from transmission to reception of a sound pulse).

This activity best takes place at a location between two to six kilometers away from a regular
plane flight path. It is advisable to find a public viewing location near an airport. Smaller
distances result in less time delay for the sound, and greater distances make it difficult to
accurately measure locations. Using simple trigonometry (law of cosines) and an estimate for
the speed of sound (343 m/s, adjusted for climate conditions), reasonable values for airplane
speed and distance can be obtained.

Two approaches are provided for this activity — as a more open-ended inquiry lab as well
as through direct instruction.

Inquiry Approach — Simplified and Updated by Florian Genz, University of Cologne/
Germany
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The inquiry approach is ideal because of its more holistic, conceptual approach. This approach requires observers to be
directly underneath the flight path of aircraft. This approach uses a sound intensity meter, and provides a good opportunity
for data analysis through the GeoGebra interactive online worksheet. Students can also complete this activity using a readily
available YouTube video.

Why? There are many ways to estimate the distance and speed of an
airplane but few labs connect everyday technology, such as smartphone
sensors, with motivating problems in physics.

Where? This activity best takes place at a location 2-6 km in front of
the runway and under a regular plane approach path. Alternative: Watch
youtu.be/i0bd9UQKLGO

Setup:

1. Position the camera exactly facing up (the internal G-Sensors or a
plumb-bob may help).

Fix a long ruler in front of the video camera.
3. Determine the distance between the ruler and the camera.
Film an airplane at approach from below.

Determining the plane’s height

A plane is usually loudest when directly above an observer. Observe
the video and note the time when the plane passed exactly overhead.
Then analyze the soundtrack of the video clip and determine at which
timestamp the plane was loudest. By noting the time difference in
seconds the height can be determined:

hplane = At * Vsouna
In this activity, the speed of sound is assumed to be:
Vsouna = 343 ?
Determining the plane’s speed:

Using simple trigonometry (similar triangles) delivers:

Students may find these relations on their own or with little hints.

With the Geogebra interactive worksheet “Application Lab: Estimating Height and Speed of Airplanes” young learners can
get a feeling for the scales. It visualizes their measurements and it allows students to vary and compare their results fast:
http://ggbtu.be/m646385
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Assumptions

These calculations assume horizontal flight. Typical path angles are 0=3° at approach (NOT at takeoff!). Advanced students
may click “error estimation” and find that small approach angles are negligible.

For estimating the height horizontal flight was assumed. Typical sink rates at approach are 700 ft/min (= 3.6 m/s). This
results in the loudest (=closest) position being not exactly above head. For h > 1000 m and At < 3 s students may find it
negligible, too.
Further assumptions:

*  No wind.

*  Infinite speed of light.

*  Constant speed of sound.

*  No lens errors (e.g. barrel distortion).

Didactic plea: Students may come up with better solutions — or none. Keep in mind: Our aim is to promote scientific
thinking, and not simply to produce a solution!

The following student worksheet is structured by the concept of Hacker, Volpert & Dorner’s “Vollstindige selbstregulierte
Lernhandlung” (“Complete self-regulated learning action”’) modified by A. Bresges (2008).
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Student Worksheet: Estimating the Speed and Distance of an Airplane
INQUIRY APPROACH
Objective: Estimate the speed and height of an airplane using the speed of sound.

Why? Approaching planes near
airports can look very close and

slow. Children living near airports
sometimes have nightmares that a
plane above them will “fall” from the
sky into their bedroom. Can you help
them by proving to them how fast and
high the planes still really are?

To do this activity, you will need

to find a location not far from an

airport, where you can see airplanes

fly overhead as they are just about

to land. Try to find a location that is

between 2 to 6 kilometers away from  1912: People looking up to the sky, watching the first aircraft ever
airplanes as they fly. to fly over Townsville

(Image Credit: John Oxley Library, State Library of Queensland).
You may use:
e Along ruler (for challenge B)
e Atablet or smartphone with
. a movie cutting app
. a noise analysis app

Challenge A: Measuring a plane’s travelling height

1. You might already have found out that the speed of sound (vsound) is somewhere around 343 m/s.
Also you know that the speed of the sound multiplied with the time it travels is the travel height of
the plane. Make a sketch or find a formula for this!

2. Collect ideas how to measure or calculate the missing physical values. There is no right and wrong
here! Which tools can you use? Which measuring points or positions are suitable? Which physical

(alone) units are useful?
3. Now listen to the ideas of your partner(s) and present your ideas. Make a team decision on how to
continue. Deciding to ask for help here is also a decision. Try to write down your problem before.
(small group/pair)
4. Do what you decided. If problems occur, go back to planning and try again.
(small group/pair)
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5. Estimate how reliable your measurements are. Can you repeat them exactly? What is your measuring
tolerance?

(small group/pair)

Finally discuss WHAT you actually measured and present your findings to the whole class.
(class) Listen carefully to the findings of the other groups and try to find differences and similarities.

Now that you already have successfully completed circle of a self-regulated learning action try to do it
again, but this time with an even harder challenge:

Challenge B: Measuring the plane’s speed
You know the travelling height (hplane) of the plane now. Maybe this triangle
sketch will give you ideas on how to first measure the plane’s traveling distance

(dplane).

1. My ideas are...
(alone)
2. We decided...
(small group/pair)
3. This we had to change:

(small group/pair) Because...

This worked as planed:

4. Verification

Quantity —

(small group/pair) Unit —
#1

#
#3
#4

Average:
Our measuring results seem to...

5. What if the plane doesn’t fly horizontally? Would it influence the measurements? Discuss with the
class. Is it possible with your method to record the speed and height of a plane from other directions?

(class)

* Ultimate challenge: Can you persuade a much younger child of your findings with simple words?
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Direct Instruction Approach

The direct instructional approach closely models the method referenced in The Physics Teacher, and might provide greater
clarity to the teacher or student who needs more scaffolding or who appreciates mathematical puzzles. Additionally, the
approach suggested does not require students to be directly underneath the flight path — only near it.

The more direct approach, outlined in The Physics Teacher article, uses the following method:

Once an airplane begins to pass overhead, hold out the meter stick perpendicular to the line of sight toward the airplane (A).
Once the position is noted (a), simultaneously begin the lap timer (T0). A helper should also measure the distance of the
sighter’s eye to point a (x). When the sound of the airplane also appears to come from point A, record the sighted position (b)
of the plane’s current location (B), and again press the lap timer (T1). Again, wait for the sound to appear to come from point
B, and record the sighted position (c) of the actual plane (C), and press the lap timer again (T2).

The change in time for the intervals can be defined as:
hLh—-To=14
and

I,-T, =t

The actual speed and distance of the airplane can then be estimated
using the law of cosines. The view of the flight path can be denoted by
triangle AOB, with sides D1, D2, and D12. Most high school students
will at least have some level of familiarity with the Pythagorean
theorem’s more general expression for any triangle:

c?= a? + b? — 2abcos#.
This can be substituted for actual values from the activity, to give
(D12)* = (Dy)* + (D;)? — 2Dy D, cos b.

Because distance, D, can be expressed as the product of speed and
change in time (v t), this equation can be further defined as

(T?pfl)z = (vst1)* + (vstz)? — 2(t1v5)(t2v5) cos B,

and simplified to

Jt2 + t;%2 — 2tyt, cos b,

vy = =
ty

The angle can be estimated with the simple form of the

Pythagorean theorem, as:

x

N A —
Jx2+(b—a)?

If possible, students can also attempt to identify the type
of plane, and to compare their resulting speeds to speeds
typical of planes as they take off or land.

Sample data is reproduced here in Table 1.
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Student Worksheet: Estimating the Speed and Distance of an Airplane
DIRECT INSTRUCTION APPROACH
Objective: Estimate the speed and distance of an airplane using the speed of sound.

From your previous investigations, you might have found out that
the speed of sound is somewhere around 343 m/s, and perhaps a
bit higher or lower depending upon atmospheric conditions. In
this activity, you will use trigonometry and the difference in time
between the location of an airplane and the apparent location of
its sound, in order to find out both the speed and distance of an
airplane.

To complete this activity, you will need to find a location not

far from an airport, where you can see airplanes fly overhead as
they are just about to land or takeoff. Try to find a location that is
between two and six kilometers away from airplanes as they fly.

1. What travels faster — sound or light? Explain how you know.
(Consider lightning and thunder, or the sights and sounds of
fireworks).

For this activity, you may assume that light travels instantaneously

(although it actually doesn’t), and that sounds travels at 343 m/s.

Similar to the situations identified in #1 above, it is possible to look

at a plane, and to hear the sound appearing to travel behind it. In

this activity, you will use a timer to mark the time and location of an airplane at two points on a meter stick, and also time
how long it takes for the sound to appear to catch up to the plane’s previous positions.

This task will take some coordination, so be patient, and make sure you are in a location where multiple airplanes pass by
every hour. Be sure to read the instructions first, as you will not have time to read them once you begin!

2. Hold out a meter stick parallel to your face. Have your partner record the distance between your eyes and the point on
the meter stick, so that it makes a 90 degree angle (0 — a). Put a piece of tape at this position.

Record the distance from eyes to meter stick here: 0 — a: m

Record the position of “a” here: a: m

3. Watch for the first aircraft to pass by. When the aircraft is located at “a,” call TIME! Your partner should begin the
stopwatch.
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Listen carefully for the airplane’s sound until it also appears to be located at “a.” At that moment, quickly glance at the
airplane’s location and call out the position on the meter stick. At that moment, your partner should hit the “lap” button
on the timer and record the position you called out. This position is now known as “b.” See the image below if you need
help.

Record the first lap time here: T1-TO=tl: S

Record the position of “b” here: b: m

Listen carefully for the airplane’s sound until it also appears to be located at “b.” At that moment, quickly glance at the
airplane’s location and call out the position on the meter stick. At that moment, your partner should hit the “lap” button

@ 9

on the time and record the position you called out. This position is now known as “c.
Record the second lap time here: T2 -T1=12: S

Record the position of “c” here: c: m

Now that you have all of your data, you can estimate the
speed and distance of the airplane. For simplicity, focus
only on the first triangle, AOB, with sides D12, D1, and
D2. Note that this is not a right triangle. However, the
extended form of the Pythagorean theorem can be used,

2= a?> + b? — 2abcos?.
which can be substituted with the symbols for the sides.
(D13)? = (D1)? + (D;)? — 2D, D, cos 8.

However, you don’t have the value of any of the sides!
Instead, how can you represent an expression for D? (Hint:
Use your equation for distance, speed, and time, and solve
for D. Substitute this expression for D into the equation,
ensuring that you are using the proper time).

Because distance, D, can be expressed as the product of
speed and change in time (v t), this equation can be further
defined as

(pt1)? = (0st1)? + (vst3)? — 2(£105) (22 v5) cos 6,
where v_is the speed of sound and \A is the speed of the plane.

5

Explain how the equation above can be simplified to: vy = :; 1w.f' t,2 + ty2 — 2tyt; cos .
1
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10.

I1.

12.

13.

[IPS L}

Now, all that remains is to solve for the angle near your eye. Use your markings on your meter stick for positions “a
and “b,” as well as the value of x, to solve for the angle. Show work.

Substitute all values into the equation from #8, and calculate the speed of the plane.

Perform the same analysis for triangle AOC. Calculate the speed of the plane using that data.

How does the data for your airplane speed compare
with each other? How does it compare to sample
data produced by other physics students in Table 1?

Would it be possible to perform the same analysis
with triangle BOC? Why or why not?
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UNIT
Constant Velocity

ACTIVITY
Falling and Air
Resistance

Objectives

Use linear relationships,
graphs, and body movement to
simulate air traffic control.

Materials

Internet access:
http://smartskies.nasa.gov
Paper (type rolls)

Paper placards

Timers

NGSS
CDI HS-PS4-1
SEP 1-7

WITH YOU WHEN YOU FLY: Aeronautical Physics

Real-World Applications: Noise Doppler-Shift Measurement of
Airplane Speed

Ivan F. Costa and Alexandra Mocellin. The Physics Teacher, 45, 356 (2007).

While out measuring the distance and speed of
airplanes using trigonometry and/or sound intensity,
a further option is to measure the speed of airplanes
using Doppler shift. (However, ensure that students
develop a good conceptual understanding of the
Doppler effect before pursuing this activity).

Simple fast Fourier transform (FFT) analyzers can
be obtained freely through mobile device apps or
probeware companies. Allow students to first hear
the Doppler effect of aircraft as they pass by. Then,
use an FFT analyzer to determine the

average frequency of the plane as it

comes toward the observer, is near the

observer, and as it goes away from the

observer.

Three primary frequencies should

be identified in the FFT profile —

frequency when coming toward,

frequency when directly above/beside

the observer, and frequency when

leaving. Although this pattern can be

observed in Figure 3 as a kind of stair

step graph, different FFT analyzers

will represent these values in different ways. (Additionally, students will note that there is
a lot of background noise, originating from erratic vibration, turbulence, etc.) Using these
frequencies, apply the Doppler shift equation to estimate the speed of the source.
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New Acoustics Techniques Clear Path for Quieter Aviation

http://www.nasa.gov/larc/new-acoustics-techniques-clear-path-for-quieter-aviation/#. VHS30029-Rh

Analysis Questions
e What is “auralization”? Why is it important?

What is “psychoacoustics”? Why is it important to use human test subjects, rather just than
electronic sound analyzers?

Click on the hyperlink near the end of the article to listen to a variety of Aircraft Flyover Sim-
ulation files. Listen to a number of different scenarios, then comment on at least five variables
that you think researchers must take into account when doing “auralization” work. If you are
uncertain, click on the research papers associated with the files to learn more.
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UNIT
Constant Velocity

ACTIVITY
Smart Skies

Objectives

Use linear relationships,
graphs, and body movement to
simulate air traffic control.

Materials

Internet access:
http://smartskies.nasa.gov
Paper (type rolls)

Paper placards

Timers

NGSS
CDI HS-PS2
SEP2,4,5,7
CCC3,4,7

WITH YOU WHEN YOU FLY: Aeronautical Physics

Real-World Applications: Smart Skies

http://smartskies.nasa.gov/

The following activities are a synthesis of currently available Smart Skies and FlyBy Math
modules produced by NASA. This handout provides an introduction to the tasks, but formal
teacher guides and student worksheets and resources are located online at the links to the side.

Objective

Model the difficulties and problems associated with air traffic control using mathematics and
simulations. NASA has developed two comprehensive curricular modules, titled F/y By Math
and Line Up With Math, as well as a free app, Sector 33, which can be used independently.

Fly by Math

Fly By Math makes use of five different scenarios
of airplanes approaching each other. Students

are provided with each scenario, and asked to
determine a variety of information about the
airplanes, including the time it will take for each
plane to merge onto the main route (problems
1-4) and the time when the trailing plane will
catch up to the leading plane (problem 5).

54 Aeronautics for Introductory Physics: Constant Velocity



Students will solve each of the above problems using up to six different calculation methods:

Counting feet and seconds using a jet route diagram
Drawing blocks to make a bar graph

Plotting points on two vertical number lines
Plotting points on a Cartesian coordinate system
Deriving and using the distance-rate-time formula

Graphing two linear equations

In addition, students can use the Fly By Math Simulator to plot airplane
distance versus time, and see the effects of changing speed and starting
distance from the origin by modifying variables in the linear equation.

Line Up With Math

Line Up with Math makes use of six different problems
about airplanes. Airplanes must be carefully aligned to be
within three nautical miles of each other upon approach
into an air sector to ensure that plane distances are both
safe as well as efficient. Students must find solutions to
problems involving two-plane and three-plane conflicts
resolved with route changes, two-plane and three-plane
conflicts resolved with speed changes, and three-plane,
four-plane, and five-plane conflicts resolved with speed
changes or with speed and route changes. Students use an
online air traffic control simulator, supported by student
worksheets, to model the movements and placements of
airplanes, and to change their speeds and/or routes.

Students and the wider community can access the benefits
of Line Up With Math with the stand-alone Sector 33 app
for i0S and Android mobile devices.

Sector 33

Sector 33 is an app that allows users of all backgrounds
to experience what it is like to manage air traffic control.
Sector 33 is the actual airspace around the San Francisco
Bay area.

Sector 33 can be downloaded, for free, from the Apple
iTunes Store and the Google Play Store.

iOS iTunes Store: https://itunes.
apple.com/us/app/sector-33/
1d486953105?7mt=8

Android Google Play Store:_
https://play.google.com/store/
apps/details?id=gov.nasa.stem
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Sector 33 App Description

It’s a stormy Friday evening in Northern California as the evening rush of air traffic fast approaches the San Francisco Bay
Area. All flights going to San Francisco airport from the east pass through “Sector 33” — YOUR sector of the airspace.

As the lead air traffic controller for Sector 33, you must merge the arriving planes into a single traffic stream as they pass over
Modesto, Calif. on the western edge of your sector. The planes must be properly spaced and arrive over Modesto as soon as
possible. Every minute you delay a plane during the traffic rush, that delay is passed on to ALL the other planes flying behind
it. Although time is of the essence, to assure safety, the planes must NEVER violate minimum spacing requirements.

Can you handle Sector 33?
Features
e Thirty-five problems
*  Two to five airplanes
. Speed and route controls
. Thunderstorm obstacles
*  Four levels of controller certification
. Locked levels
*  Scoring for each problem
. Scoring for each certification level
e In-game introduction
*  In-game hints
*  Help section
e Extra videos
*  Links to related websites
*  Links to social websites

In the US Sector 33 airspace, three main air highways merge together over Modesto. In order to ensure that the planes are
efficiently trafficked upon arrival at their destination airport — to save fuel and decrease the incidence of delays — all of the planes
must be within three nautical miles of each other, but no less than two nautical miles, to ensure safety. In the scenario, the user
must provide instructions to each of the airplanes on their speed and route. The game player must use mathematical strategy,
ratios, and time sequencing by thinking ahead. Failing to do so results in a loss of points, and, in the real world, possible tragedy.

As an example, Level 3-g is displayed. Three airplanes,
AALI12, DALSS, and UAL74 are approaching Modesto at the
same speed of 600 knots. AAL12 is approximately 19 nautical
miles from Modesto, while DALSS is 21 nautical miles
away, and UAL74 is 23 nautical miles away if it follows

the southern-most path, or 26 miles away from Modesto if

it directed to branch off toward position OAL. Because all
airplanes must achieve a spacing of three nautical miles away
from each other by the time the last plane reaches Modesto,
there are a variety of possible solutions, as all of the planes’
speeds are relative to one another. However, not all solutions
are viable, given weather conditions that block certain
pathways, and the inability to speed up planes (only decrease
speed from a maximum of 600 knots).
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Although this might appear quite complex, students are built up from simple to more complex scenarios along the way, and
are given a variety of helpful hints:

1. Sending a plane along an intermediary branch (i.e. from positions MINAH to OAL, or LIDAT to OAL) adds an addi-
tional three nautical miles to the total distance.

2. Speed options decrease by 60 knots each (i.e. from 600 knots to 540 knots). Because the definition of one knot is “one
nautical mile per hour,” a decrease in speed by 60 knots decreases the distance covered in one hour by one-sixtieth of
the distance covered per hour (i.e. the distance covered in one minute).

In reference to the example problem in level 3-g above, one possible solution would require the user to :

1. Decrease DAL8S’s speed to 540 knots for one minute, in order to increase distance from AAL12 by one more nautical
mile.

2. Send UAL74 from LIDAT to MOD, and decrease speed to 540 knots for two minutes, or 480 knots for one minute, in
order to space UAL74 three nautical miles away from DALSS.

This engaging, educational game demonstrates to students not only the complexities of managing relative speeds and

distances, but demonstrates, on a small scale, how difficult it can be to safely and efficiently manage systems of hundreds of

planes that might pass through a single airspace sector each day.
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Air Traffic Operations Lab Answering Big Questions About the Future of Air Travel

http://www.nasa.gov/content/air-traffic-operations-lab-answering-big-questions-about-the-future-of-
air-travel/#.VHSn5Y29-Rg

Questions for Analysis

The article references that “algorithms” are used to model air traffic. What is an algorithm?

Why is computer modeling of air traffic insufficient? Why must human test subjects be used?

NASA Tool Helps Airliners Minimize Weather Delays

http://www.nasa.gov/aero/nasa-tool-helps-airliners-minimize-weather-delays.html#.VHS 1e429-R

Questions for Analysis

At the time the article was written, how much did jet fuel cost per gallon?

By cutting 6.2 minutes of flight time from each of 538 American Airlines flights, how much
money was saved per flight? How much money was saved in total?

What values and interests do you think influence what kinds of research get done, in general?
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UNIT
Constant Velocity

ACTIVITY
Pitot Tube

Objectives

Build a model Prandtl pressure
tube. Qualitatively determine
“Bernoulli’s” principle.
Measure static, dynamic, and
total pressure using student-
determined units.

Materials

Translucent bendy straws
Translucent cup

Colored water

Ruler

Tape

Wind source of variable speed
(fan, hair dryer)

Fluid barometer (optional)

NGSS

CDI HS-PS2
SEP2,3,6
CCC2,4,5,6

WITH YOU WHEN YOU FLY: Aeronautical Physics

Interactive Demonstration: Pitot-Static Tube

Using visual clues or global positioning system (GPS) instrumentation, it can be very easy for
observers to determine the speed of an aircraft with respect to the ground (groundspeed).
However, as you have seen earlier, what is really more important to aircraft is its speed with
respect to the surrounding air (airspeed).

The way that aircraft determine their speed requires the use of small tubes (pitot tubes) that
point toward the source of the airflow. This tube measures the total pressure (atmospheric
pressure and pressure resulting from the airflow directed into the tube). Additionally, other
tubes are open to the air 90 degrees to the airflow, which measures the static pressure
(atmospheric pressure at the point of the opening, resulting from flow over the aircraft as well
as other climatic conditions). The difference in these values (total pressure — static pressure)
results in dynamic pressure. (Note: Dynamic pressure is actually the difference between the
pressures at two points, and should be mathematically represented with a delta (A) when not
written in its differential form.)
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To demonstrate this, help students to construct a very simple static pressure probe. Place a single straw vertically in a cup
of colored water. Take another straw (or portion of a straw), and use it to blow directly across the opening of the vertical
straw. When the students blow, the fluid will rise to a particular level. At high air speeds, the fluid rises to a higher level.
At very high speeds, students will observe the device behave as an atomizer and sprinkle fluid. (Caution: Food coloring

might stain fabric).

The fact that atmospheric pressure has an
effect can be demonstrated with a barometer.
Barometers are traditionally produced by
filling a tube completely with a fluid (such as
mercury, because of its high density), and then
inverting the tube into a reservoir. A vacuum is
created inside of the top of the tube, because the
atmosphere can only push up a certain quantity
of it in the tube. As atmospheric pressure
changes, more or less fluid gets pushed into the
tube. The reading of the relative height is then
converted into units of atmospheric pressure.

Alternatively, a manometer can be used to
measure pressure difference as well. Although,
like barometers, manometers have one (or

two) ends that are open to the surrounding
atmosphere, they do not need to be. Manometers
can be used to measure the pressure of a gas
relative to another gas that does not need to be
the atmosphere.

60

Ask students to qualitatively determine the relationship between
static pressure and wind speed above the opening. Students will easily
recognize that as wind velocity increases, static pressure decreases.

Pedagogically, however, there is a bit more complexity. To understand
pitot tubes, it is important to understand pressure difference, a concept
that is best emphasized through and understanding of reservoirs,
barometers, and manometer. The fact that the fluid rises up in the straw
when air is blown over it is not just a matter of the fact that pressure was
decreased across the top of the straw. In fact, it is the air pressure pushing
down on the fluid in the reservoir (the liquid in the cup) that is greater
than the pressure inside of the straw. Hence, the fluid height is actually a
result of a difference in pressures between the two. (Likewise, consider
offering students the option to use a straw to drink up a soda — it is not the

“sucking” action that causes the fluid to flow, but the pressure from the air
on the surface of the soda that pushes it down and up into the vacuum of
the mouth).
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Pitot-static tubes work on the principle of difference of pressure to determine the relative airspeed. In the case of the straw
demonstration, speed can be inferred based upon how high the water goes up the straw (which is a result of the difference
between the pressure inside of the straw and around the straw on the surface of the water). In the case of pitot-static tubes,
pressure is compared in a tube facing directly into the wind (total pressure), to the pressure at a tube that points 90 degrees
to the wind (static pressure). If the static pressure is MUCH lower than the total pressure, then the airspeed is very high. If
the static pressure is a LITTLE BIT lower than the total pressure, then the airspeed is very low. If the two pressure values are
the same, then the airspeed is zero (and, hopefully, the aircraft is at rest on the ground!)

Next, allow students to fashion a model pitot-static tube using the following worksheet.
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Teacher Answer Key: Pitot-Static Tube

Provide students with materials, and encourage them to make a model pitot tube and then pitot-static tube. The simplest
pitot-static tube can be fashioned out of a cup, water, and some straws. Students might decide to make their pitot-static tubes
similar to manometers (with a connected reservoir) or with an open reservoir, such as a cup open to the atmosphere.
Encourage students to demonstrate their understanding by asking them to do the following:

1. Blow air directly over a static pressure tube (vertical tube inserted into
water, but not resting against the bottom of the cup). What
happens? Why do you think this happens?

As air is blown across the tube, the fluid level settles at a level higher
than it was before. Sometimes, the fluid from the reservoir even leaves
the top of the tube and sprays all over. This is because the pressure
outside of the tube around the reservoir (atmospheric pressure) is
greater than the pressure inside of the vertical tube. Hence, the
pressure inside of the tube must decrease when the wind blows over it.

2. Demonstrate how relative speed of air
blowing over the tube can be determined.
Use a wind source with a high or low
setting to show how the device works.

As wind blows over the Static tube, its
fluid level will settle at a higher level
than before (lower pressure than before).
As wind blows into the pitot tube, its flu-
id level will settle at a level lower than
before (higher pressure than before).

3. Identify the variables that influence the
actual static pressure.

Atmospheric pressure and wind speed

are the greatest contributors. Wind

speed can also be influenced by regional factors, including
turbulent flow that results from aircraft shape or climactic changes.

4.  Build a model pitot-static tube with the available materials. Again, blow
air directly across the Static tube and into the pitot tube. What happens?
Why?

The fluid in the pitot tube settles lower than the reservoir level (because
the pressure is higher inside of the tube), and the fluid in the Static tube
settles higher than the reservoir level (because the pressure is lower inside
of the tube). If this cannot be seen, either because the straws are opaque
or it is difficult to see the fluid, then have students listen to the sound pro-
duced in the tubes. As students force faster air over the pitot tube, the pitch
decreases. As they force faster air over the Static tube, the pitch increases.
The change in pitch is a result of the resonance of tubes of different length,
which depends upon the level of the fluid in the tube.
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Identify the variables that influence the total pressure.

All of the above variables influence total pressure. However, wind speed has a much greater impact on the pitot tube
because particles are actually being forced into the tube.

Explain how the changes in fluid levels could be quantified and interpreted to make meaning of dynamic pressure.
(Note: Allow students to look at a glass barometer. They will notice that the pressure gradations are linear. Therefore,
for an incompressible fluid, twice the pressure results in twice the chance in height of the fluid).

Fluid levels could actually be measured with a small ruler. Large changes in fluid height mean that there has been a
large change in pressure, and vice versa. Total pressure (at the pitot tube) could be subtracted from the static pressure
(at the static tube) to determine a relative fluid height representing the dynamic pressure. While the actual value for

dynamic pressure might not be easily calculated, it should be relatively easy to determine if the dynamic pressure is
greater or less than the static pressure.

Describe the benefits/disadvantages to using a fluid reservoir that is open to the atmosphere, versus connecting the two
tubes to make a manometer.

Opening the fluid reservoir to the atmosphere results in a third pressure value that is likely a known value (if an
atmospheric barometer is available). When using a manometer that is closed to the atmosphere, it is possible to know

relative pressure (how many times greater the pressure of one gas is compared to the other), but actual pressure cannot
be known without knowing the actual pressure of at least one of the gasses.

Explain why it is vitally important to pilots to know their airspeed (and not just their groundspeed).

Airspeed is what provides the lift. If an airplane is traveling at exactly the same velocity as the air around it, its relative
speed is zero, and no lift will be produced.
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Student Worksheet: Pitot-Static Tube

Watch your teacher demonstrate a static pressure tube made from straws.

1.

64

Blow air directly over a static pressure tube (vertical tube inserted into water, but not resting against the bottom of the
cup). What happens? Why do you think this happens?

Demonstrate how the relative speed of air blowing over the tube can be determined. Use a wind source with a high or
low setting to show how the device works.

Identify the variables that influence the actual static pressure.

Build a model pitot-static tube with the avail-
able materials. Include a sketch of your design.
Again, blow air directly across the static tube
and into the pitot tube. What happens? Why?

Identify the variables that influence the total
pressure.

Explain how the changes in fluid levels could

be quantified and interpreted to make meaning

of dynamic pressure. (Note: Allow students to look at a glass barometer. They will notice that the pressure gradations
are linear. Therefore, for an incompressible fluid, twice the pressure results in twice the chance in height of the fluid).

Describe the benefits/disadvantages to using a fluid
reservoir that is open to the atmosphere, versus
connecting the two tubes to make a manometer.

Explain why it is vitally important to pilots to know
their airspeed (and not just their groundspeed).
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UNIT
Constant Velocity

ACTIVITY
Bernoulli Effect Lab

Objectives

Build a cambered airfoil.
Measure the airfoil’s pressure
foil in varying situations.

Materials

Thin and transparent straws
Transparent container
Colored Water

Ruler

Clay

Tape

Cardboard

Cord wire
Suspension material
Large box fan

Sharp knife or blade

NGSS

CDI HS-PS2
SEP2,3,4,7
CCC 1,2,4,5,6

WITH YOU WHEN YOU FLY: Aeronautical Physics

Inquiry Lesson/Lab: Bernoulli Effect Lab
Developed by Florian Genz, University of Cologne

Most textbooks (elementary through
college) attribute a large part, if not all
of, the force of lift directly to
Bernoulli’s principle. In the simplest
terms, most books describe that an
airplane’s lift originates from the idea
that air must flow faster over a
cambered airfoil rather than under it,
resulting in a decrease of pressure on
top of the airfoil. While this statement
is not entirely untrue, it is often based
upon very faulty assumptions, and a
disproportionate contribution to the
total lift force. As student progress, they
will learn more about these common
misconceptions in the activity “Models
of Lift.”

In closed systems of incompressible
fluid, Bernoulli’s Principle states the
relationship between differences in
static pressure, ps, and flow velocity, v:

Ap,g=1/zpv2

In the previous activity, students will

have determined that wind speed above

a static pressure tube influences the

pressure in the tube. Faster air currents

result in a lower pressure than slower air currents.
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Again however, Bernoulli deals with incompressible fluids (such as most liquids), not gases. Additionally, a closed tube
system is very different from an airplane’s wing. For example, holding cardboard horizontally over or under the wing to
simulate a “closed system” can change the pressure profile dramatically. Also winglets (cardboard on the side edges) make
the pressure profile more Venturi-tube situation-like (https://commons.wikimedia.org/wiki/File%3AVenturiFlow.png By user:
ComputerGeezer and Geof (Modified from :de:Bild: Venturirohr.jpg) CC-BY-SA-3.0, via Wikimedia Commons).

Objective: Qualitatively or quantitatively determine the pressure profiles of a cambered airfoil.

The following instructions are for a low-tech, qualitative approach to this lab. Using precision laboratory equipment, however,
it is possible to get a much deeper understanding of the relationship between pressure profiles due to Bernoulli effects, and
the total impact on lift. Reference Leybold Lesson P1.8.6.3 in the “Additional Resources” at the end of this document for
an example high-tech version of a similar lab. By observing the force generated from the pressure profile of the airfoil, and
comparing it to total lift observed on an electronic balance, it becomes possible to see that the Bernoulli-based path-length
explanation has very little effect on total lift.

For the low-tech version:

To prepare a cambered airfoil, use a firm piece of cardboard and use a hole-puncher to make holes for the straws. To get

a pressure profile for your cambered airfoil, pressure must be measured both above and below the airfoil at given chord
thicknesses. (At least four straws should point “up,” and four straws at the same chord thickness should be inserted and then
inverted back dow