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CHAPTER 1 o ]
Definition of Physics

* State a definition of physics.

This is one of several large parabolic antennas at the Goldstone complex of the worldwide Deep Space Network that
Jet Propulsion Laboratory manages for NASA. It spans 112 feet from rim to rim and stands nine stories tall. NASA
used it for years to communicate with ships and devices in solar system exploration missions such as the Mariner,
Voyager, and Galileo. When newer antennas replaced this antenna in communications use, it was converted to a
radio telescope.

Definition of Physics

What is physics? Here is a definition you might find in a dictionary:

Physics is the science of matter and energy and of interactions between the two. Physics is grouped into
traditional fields such as acoustics, optics, mechanics, thermodynamics, and electromagnetism, as well as in
modern extensions including atomic and nuclear physics, cryogenics, solid-state physics, particle physics, and
plasma physics.

This is an accurate definition, but it doesn’t really mean much to a beginning physics student, especially if he/she
doesn’t know definitions for acoustics, optics, cryogenics, etc.
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Physics is the branch of science that studies the physical world using objects as small as sub-atomic particles and as
large as galaxies. It studies the natures of matter and energy and how they interact. Physicists are inquisitive people
who want to know the causes of what they see. How does the moon move? Why does the moon move? Why
do the stars shine? Why do your hands get warm when you rub them together? Physicists, like all scientists, hope
to find explanations that describe more than one phenomenon and offer a better understanding of how the universe
works. Perhaps physics should be defined as the search for understanding of how the universe works.

Summary

* Physics is the branch of science that studies matter and energy and how they interact.

Practice

Use this resource to answer the questions below.

http://www.youtube.com/watch?v=AhRODKspPos

1. In this video the definition of “physics” is, The Study of

Review

1. Give a definition of physics.
2. Can you think of examples of where you might have observed physics in action in your home or in your
environment?

 physics: Physics is the science of matter and energy and of interactions between the two, grouped in traditional
fields such as acoustics, optics, mechanics, thermodynamics, and electromagnetism, as well as in modern
extensions including atomic and nuclear physics, cryogenics, solid-state physics, particle physics, and plasma
physics.

References

1. Courtesy of NASA/JPL-Caltech. http://www.jpl.nasa.gov/news/news.php?feature=560. Public Domain
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CHAPTER 2 _ L
Scientific Method

* State the steps in the scientific method.
* Define hypothesis.

* Define theory.

* Define law.

Don Frazier, a NASA chemist, conducting an experiment using a laser imaging system.

In science, we need to make observations on various phenomena in order to either form or test hypotheses. If we
can find the phenomenon occurring in nature to observe, we are fortunate —but frequently, we must "arrange" for
the phenomenon to occur at a time and in a place of convenience for us —convenient because it is a place where we
have all of our measuring equipment. When we cause a phenomenon to occur in order to observe it, we call the
activity an experiment. We use the experiment to help verify or falsify the validity of a hypothesis. Experiments
vary greatly in their goal and scale, but always rely on repeatable procedure and logical analysis of the results.

The Scientific Method

The scientific method is the process by which science acquires new knowledge and thus increases our understanding
of the universe. To understand why the method is so important, it is useful to consider the success or lack of
success of methods used to acquire knowledge about the physical world before the development of the scientific
method. One major method used was reliance on authority. This may have been the authority of a church,
government, or particular individuals known to be very intelligent (such as many of the ancient Greek philosophers).

Prior to the invention of the scientific method, people based their actions on explanations of the physical world
provided by authorities. When these activities failed because the explanations were incorrect, many people began
seeking other explanations. An early case of reliance on authority proving incorrect was when Galileo’s disproved
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Aristotle’s ideas about falling objects (as discussed in the introduction to this chapter). Reliance on authority did
not produce a successful result, but observation of nature did.

In another failure of relying on authority, one particular church said that the earth was the center of the universe and
did not move. It was also Galileo who proved this concept false, though it nearly cost him his life. ~ Authorities
were also incorrect when leaders claimed that smallpox could be avoided by making loud noises, such as with bells
and cannons. Hundreds of thousands of people died of smallpox while the bells and cannons boomed away.

Scientists could see that authority, opinion, and superstition were keeping seekers from discovering how the physical
world truly functioned. Over many years, a procedure was devised that produced greater success. Using the new
method, astronomers could correctly predict where individual stars would be on a given night. The process of
vaccination was discovered, saving millions of lives. The sciences of chemistry, physics, and biology began to
move ahead. Using the scientific method, mankind has learned more about the physical world in the last 200 years
than was learned in the previous 5000 years.

Once the scientific method was devised, the observation of nature was revealed the key to true understanding of
nature. All theories must be consistent with observations of the phenomenon in question. Of course, it goes without
saying that accurate observations must be recorded without fear or favor. Scientists cannot allow public opinion or
governmental pressure to affect the recording of observations.

Even though some of the steps do not occur at all, and sometimes the steps occur in a different order, it is still
worthwhile to list the steps in the scientific method.

Identify the Problem

Gather Data

—7> Make a Hypothesis

Test the Hypothesis (Experiment) <=

NO YES
— Does the New Data Agree? —

Three very important points about the scientific method are:

1. Experimental data/results must be reproduced and verified by other scientists.
2. Theories must agree with all observations made on the phenomenon under study.
3. Theories are continually tested . . . forever.

The scientific method involves making observations on the phenomenon being studied, suggesting explanations for

4
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the observations, and testing the suggested explanations (also called hypotheses) by making new observations. Hy-
potheses are a sort of first guess in terms of explanations for observations.

After many experiments and tests in which results support the hypothesis, the hypothesis gradually becomes a
theory. Theories remain theories forever and are constantly retested with every new observation. Theories never
become “facts” or laws.

In science, a law is a mathematical relationship that is determined to exist between observations under a given set
of conditions. The gas laws are excellent examples of scientific laws. The gas laws are mathematical relationships
that exist between the pressure, volume, and absolute temperature of a gas under certain conditions. There is a very
fundamental difference between observations of the physical world and explanations of the nature of the physical
world. Hypotheses and theories are explanations, whereas laws and measurements are observational.

Summary

» Early methods of learning about the physical world, including reliance on authority, opinion, and superstition
were unsuccessful.

* The scientific method was successful in helping humankind begin to effectively understand the physical world.

* The scientific method consists of making observations, suggesting a possible explanation (hypothesis), testing
the hypothesis with new observations, making a new hypothesis if the new observations contradict the old
hypothesis, or continuing to test the hypothesis if the observations agree.

* A hypothesis is a tentative explanation that can be tested by further observation.

* A theory is a hypothesis that has been supported with repeated testing.

* A scientific law is a statement that summarizes the results of many observations.

* Experimental data must be verified by reproduction from other scientists.

* Theories must agree with all observations made on the phenomenon under study.

* Theories are continually tested . . . forever.

Practice

Use this resource to answer the questions that follow.

MEDIA

Click image to the left for more content.

1. Which two Greek philosophers are mentioned in the video?
2. Which scientist disproved Aristotle’s idea that heavy objects fall faster than lighter objects?

Review

1. A scientific investigation is not valid unless every step in the scientific method is present and carried out in the
exact order listed in this lesson.

(a) True
(b) False

2. When a theory has been known for a long time, it becomes a law.
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(a) True
(b) False

3. Which of the following is closest in meaning to the word “hypothesis”?

(a) Fact

(b) Law

(¢) Formula

(d) Suggested explanation
(e) Conclusion

4. Why do scientists sometimes discard theories?

(a) The steps in the scientific method were not followed.
(b) Public opinion disagrees with the theory.

(c) The theory is opposed by the church.

(d) Contradictory observations are found.

(e) Congress voted against it.

5. If a hypothesis is rejected by the observations from an experiment, then the experiment

(a) May have been a success.

(b) Was a failure.

(c) Must have been poorly designed.
(d) Didn’t follow the scientific method.

* scientific method: Consists of making observations on the phenomenon needing explanation, suggesting a
possible explanation for the observations (hypothesis), testing the suggested explanation with new observa-
tions, make a new hypothesis if the new observations contradict the old hypothesis, or continue to test the
hypothesis if the observations agree.

* hypothesis: A tentative explanation that can be tested by further observation.

* theory: A hypothesis that has been supported with repeated testing.

* law: A statement that summarizes, often as a mathematical relationship, the results of many observations.

* experiment: When we cause a phenomenon to occur in order to observe it, we call the activity an experiment.
We use the experiment to help verify or falsify the validity of a hypothesis.

References
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CHAPTER
Measurement

Distinguish between qualitative and quantitative observations.
Distinguish between fundamental and derived quantities.
State the SI units for length, mass, and time.

Make requested unit conversions in the SI system.

Measurements are a basic necessity in science. Scientists have designed thousands of meters and other measuring
tools to help in the vital process of measuring. In this image of the control panel of the space shuttle Atlantis, we
see dozens of readouts from measuring systems.

Measurement

Observation is an integral part of the scientific method. Hypotheses are accepted or rejected based on how well they
explain observations. Some observations have numbers associated with them and some do not. An observation
such as “the plant turned brown” is called a qualitative observation because it does not have any numbers associated
with it. An observation such as “the object moved 200 meters” is called a quantitative observation because it
contains a number. Quantitative observations are also called measurements. The numerical component of the
observation is obtained by measurement, i.e. comparing the observation to some standard even if the comparison
is an estimate. In terms of value to a scientist, all observations are useful but quantitative observations are much
more useful. Whenever possible, you should make quantitative rather than qualitative observations, even if the
measurement is an estimate.

Consider the following pair of observations.

1. When the volume of a gas is decreased, its pressure is increased.
2. When the volume of a gas is reduced from 2.0 liters to 1.0 liter, the pressure increases from 3.0 atm to 6.0 atm.

It should be easy to see that a great deal more information in available in the second observation.
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Since accurate measurement if a vital tool in doing science, it becomes obvious that a consistent set of units for
measurement is necessary. Physicists throughout the world use the Internation System of Units (also called the
SI system). The SI system is basically the metric system which is a convenient system because units of different
size are related by powers of 10. The system has physical standards for length, mass, and time. These are called
fundamental units because they have an actual physical standard. There are two other fundamental units that you
will earn later.

The standard SI unit for length is the meter. Originally, the definition of the meter was the distance between two
scratches on a length of metal. The standard length of metal was stored in a secure vault under controlled conditions
of temperature, pressure, and humidity. Most countries had their own copies of the standard meter and many copies
were made for actual use. Later, the standard was redefined as one ten-millionth of the distance from the north pole
to the equator measured along a line that passed through Lyons, France. In 1960, the standard was redefined again
as a multiple of a wavelength of light emitted by krypton-86. In 1982, the standard was redefined yet again as the
distance light travels in 1/299792458 second in a vacuum.

The standard unit of time, the second, was once defined as a fraction of the time it takes the earth to complete it
orbit around the sun but has now been redefined in terms of the frequency of one type of radiation emitted by a
cesium-133 atom.

The standard unit for mass is the kilogram. This standard is a mass of platinum-iridium metal cylinder kept near
Paris, France. Other countries, of course, keep copies.

Units that are expressed using combinations of fundamental units are called derived units. For example, length is
a fundamental unit measured in meters, time is a fundamental unit measured in seconds, and speed is a derived unit
measured in meters/second.

As mentioned earlier, the SI system is a decimal system. Prefixes are used to change SI units by powers of ten. Thus,
one hundredth of a meter is a centimeter and one thousandth of a gram is a milligram. The metric units for all
quantities use the same prefixes. One thousand meters is a kilometer and one thousand grams is a kilogram. The
common prefixes are shown in the Table 3.1.

Prefixes Used with Sl Units

Prefix Symbol Fractions Example
pico p 1 x 10712 picometer (pm)
nano n 1 x107° nanometer (nm)
micro u 1 x107° micgrogram (ug)
milli m 1 x1073 milligram (mg)
centi C 1 x 1072 centimeter (cm)
deci d 1 x 107! decimeter (dm)
Multiples
tera T 1 x 10" terameter (Tm)
giga G 1 x 10° gigameter (Gm)
mega M 1 x 108 megagram (Mg)
kilo k 1 x 103 kilogram (kg)
hecto h 1 x 107 hectogram (hg)
deka da 1 x 10! dekagram (dag)

Equivalent measurements with different units can be shown as equalities such as 1 meter = 100 centimeters. Each of
the prefixes with each of the quantities has equivalency statements. For example, 1 gigameter = 1 x 10° meters and
1 kilogram = 1000 grams. These equivalencies are used as conversion factors when units need to be converted.

Example: Convert 500. millimeters to meters.

Solution:
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The equivalency statement for millimeters and meters is 1000 mm = 1 m.

To convert 500. mm to m, we multiply 500. mm by a conversion factor that will cancel the millimeter units and
generate the meter units. This requires that the conversion factor has meters in the numerator and millimeters in the
denominator.

This conversion factor is constructed from
/ the equivalency statement

500 m 1000 mm =1 m.
(500. mm){ ———— IDDOmm )=

Example: Convert 11 ug to mg.
Solution:
We need two equivalency statements because we need two conversion factors.

1x10°ug=1gand 1000mg=1g

1 1000 m —
(1 11g) (g ) (T8 ) = 11107 mg

The first conversion factor converts from micrograms to grams and the second conversion factor converts from grams
to milligrams.

Summary

* Measurements (quantitative observations) are more useful than qualitative observations.

* You should make measurements, even estimated ones, whenever possible.

* The system of units for measurements in physics is the SI system.

* At this time, the fundamental quantities are length, mass, and time.

* The SI unit for length is the meter and the standard meter is the distance light travels in m second in a
vacuum.

* The SI unit for time is the second and the standard second is based on of the frequency of one type of radiation
emitted by a cesium-133 atom.

* The SI unit for mass is the kilogram and is based on a mass stored in France.

* Prefixes are used to change SI units by powers of ten.

» Equivalencies are used as conversion factors when units need to be converted.

Practice

Use this resource to answer the following questions.

http://www.youtube.com/watch?v=mSxcL.zQAbkI

B3 Motric Systam Equivslents

MEDIA

Click image to the left for more content.

1. Name two areas of study within the field of physics.
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2. What is the definition of a “base unit” in measurement systems?
3. Name one commonly used non-SI unit.

Review

1. Which of the following are quantitative observations?

(a) The sky is blue.

(b) The toy car is about 3 inches long.

(¢) Itis 250,000 miles from the earth to the moon.

(d) The wooden cart has a mass of 18.654 g.

(e) When at rest, the pendulum points toward the center of the earth.

2. Convert 76.2 kilometers to meters.
3. Convert 76.2 picograms to kilograms.
4. Convert 1 day into seconds.

* measurement: The process or the result of determining the ratio of a physical quantity, such as a length, time,
temperature etc., to a unit of measurement, such as the meter, second or degree Celsius.

* the SI system of units: A complete metric system of units of measurement for scientists; fundamental quan-
tities are length (meter) and mass (kilogram) and time (second) and electric current (ampere) and temperature
(kelvin) and amount of matter (mole) and luminous intensity (candela).

* fundamental quantity vs derived quantity: In the language of measurement, quantities are quantifiable
aspects of the world, such as time, distance, velocity, mass, temperature, energy, and weight, and units are
used to describe their measure. Many of these quantities are related to each other by various physical laws,
and as a result the units of some of the quantities can be expressed as products (or ratios) of powers of other
units (e.g., momentum is mass times velocity and velocity is measured in distance divided by time). Those
quantities whose units are expressed in terms of other units are regarded as derived quantities. Those that
cannot be so expressed in terms of other units are regarded as “fundamental” quantities.

* conversion factor: A numerical factor used to multiply or divide a quantity when converting from one system
of units to another.

References
1. Courtesy of NASA. http://spaceflight.nasa.gov/gallery/images/shuttle/sts-101/html/jsc2000e10522.html. Pub-

lic Domain
2. CK-12 Foundation - Richard Parsons. . CC-BY-NC-SA 3.0
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CHAPTER 4

Mathematics Tools for
hysics

Convert given numbers from expanded form to exponential form and vice versa.
* Carry out mathematical operations with exponential numbers.

Identify the number of significant figures in given measurements.

 Carry proper significant figures through math operations.

Scientists use computers to aid with all the mathematics needed to do science. Computers take and store measure-
ment readings and do hours of mathematical calculations. The image is of the CSIRAC (Council for Scientific
and Industrial Research Automatic Computer), Australia’s first digital computer, first run in November 1949. This
room-filling computer was able to do less than the personal computers of today.

Mathematics Tool Kit
What is the place of mathematics in physics?

It has been said by beginning physics students that physics is just another math class. Well, there is a lot of math
in physics but none of the concepts and theories of physics can be derived strictly from mathematics. If you wish
to build a large complex mechanical structure, it is pointless to begin without wrenches and screwdrivers. To build
mechanical structures, you must have tools. One of the primary tools for working in physics is mathematics. At the
high school level, physics requires algebra, geometry, and trigonometry. If you go to higher-level physics, calculus
is also required. Calculus was, in fact, invented by Isaac Newton specifically for doing physics. If you study higher
mathematics, you will find, when you look at the practice problems at the end of the chapter of the math book, you
are looking at physics problems.
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Exponential Notation

In the definition of physics, it was noted that physics deals with objects as small as sub-atomic particles and as
large as galaxies. It should be clear that physicists deal with extremely small numbers like the mass of a lead
atom, 0.00000000000000000000034 gram, and extremely large numbers like the distance from our galaxy to the
Andromeda galaxy, 2.5 million light years, which is 25,000,000,000,000,000,000 kilometers.

These numbers are difficult to write and even more difficult when calculations must be done. It is much more
convenient to write and calculate with such extreme numbers if they are written in exponential form. In exponential
form, the mass of a lead atom is 3.4 x 10734 g, and the distance from our galaxy to the Andromeda galaxy is 2.5 x
10" km.

A number is expressed in exponential form by moving the decimal so that exactly one non-zero digit is on the left of
the decimal and the exponent of 10 will be the number of places the decimal was moved. If the decimal is moved to
the left, the exponent is positive and if the decimal was moved to the right, the exponent is negative. All significant
figures are maintained in exponential notation.

Example: Express 13,700,000,000 in exponential form.

Solution: Since the decimal will be moved to the left 10 places, the exponent will be 10. So, the correct exponential
form is 1.37 x 10'°,

Example: Express 0.000000000000000074 in exponential form.

Solution: Since the decimal will be moved to the right 17 places, the exponent will be -17. So the correct
exponential form is 7.4 x 10717,

Example: Express the number 8.43 x 10’ in expanded form.

Solution: 10’ is 100,000 so 8.43 x 107 is 8.43 x 100,000 or 843,000.

Operations with Exponential Numbers

In order to add or subtract exponential numbers, the exponents must be the same. If the exponents are not the same,
one of the numbers must be changed so that the exponents are the same. Once the exponents are the same, the
numbers are added and the same exponents are carried.

Example: Add 5.0 x 10° and 4.0 x 10*.

Solution: In order to add these numbers, we can change 4.0 x 10* to 0.40 x 10° and then add 0.40 x 10° to 5.0 x
10° which yields 5.4 x 10°.

When you multiply exponential numbers, the numbers multiply and the exponents add.
Example: Multiply 5.0 x 10° and 4.0 x 10*.

Solution: (5.0 x 10°)(4.0 x 10%) = (5.0)(4.0) x 103+ =20 x 10° =2 x 10'°
Example: Multiply 6.0 x 10° and 2.0 x 107,

Solution: (6.0 x 10°)(2.0x107°) =12x 1032 =12x102=12x10""' =0.12

When you divide exponential numbers, the numbers are divided and the exponent of the divisor is subtracted from
the exponent of the dividend.

Example: Divide 6.0 x 103 by 2.0 x 107>,

Solution: £0<10 — 3.0 x 103 (-5 =3.0 x 108

12
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Significant Figures

The numbers you use in math class are considered to be exact numbers. When you are given the number 2 in a math
problem, it does not mean 1.999 rounded up to 2, nor does it mean 2.00001 rounded down to 2. In math class, the
number 2 means exactly 2.000000... with an infinite number of zeros —a perfect 2! Such numbers are produced
only by definition, not by measurement. We can define 1 foot to contain exactly 12 inches with both numbers being
perfect numbers, but we cannot measure an object to be exactly 12 inches long. In the case of measurements, we
can only read our measuring instruments to a limited number of subdivisions. We are limited by our ability to see
smaller and smaller subdivisions, and we are limited by our ability to construct smaller and smaller subdivisions on
our measuring devices. Even with the use of powerful microscopes to construct and read our measuring devices, we
eventually reach a limit. Therefore, although the actual measurement of an object may be a perfect 12 inches, we
cannot prove it to be so. Measurements do not produce perfect numbers; the only perfect numbers in science are
defined numbers, such as conversion factors.

It is very important to recognize and report the limitations of a measurement along with the magnitude and unit of the
measurement. Many times, the measurements made in an experiment are analyzed for regularities. If the numbers
reported show the limits of the measurements, the regularity, or lack thereof, becomes visible.

Consider the following table of the pressures and volumes of a gas sample and the calculated PV product.

Pressure Volume Pressure x Volume (P x V)
4.01 atm 6.03 L 24.1803 L-atm
3.02 atm 799 L 24.1298 L-atm
6.04 atm 398L 24.0392 L-atm
11.98 atm 1.99L 23.8402 L-atm

Now look at this same set of data when we are told that all the measurements have only two significant figures and
all the numbers must be rounded to two places.

Pressure Volume Pressure x Volume (P x V)
4.0 atm 6.0L 24 L-atm
3.0 atm 8.0L 24 L-atm
6.0 atm 40L 24 L-atm
12 atm 20L 24 L-atm

When the numbers are expressed with proper number of significant figures, a regularity appears that was not apparent
before.

Rules for Determining Significant Figures

Significant figures are all of the digits that can be known with certainty in a measurement plus an estimated last
digit. Significant figures provide a system to keep track of the limits of the original measurement. To record a
measurement, you must write down all the digits actually measured, including measurements of zero, and you must
not write down any digit not measured. The only real difficulty with this system is that zeros are sometimes used as
measured digits, while other times they are used to locate the decimal point.

13
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|IIII|IIII|I][I|I]II I]I!|
DINCH 1 %

In the sketch shown above, the correct measurement is greater than 1.2 inches but less than 1.3 inches. It is proper
to estimate one place beyond the calibrations of the measuring instrument. This ruler is calibrated to 0.1 inches, so
we can estimate the hundredths place. This reading should be reported as 1.25 or 1.26 inches.

|IIII|IIII|I][I|I]II I]Il|
DINCH 1 %

In this second case (sketch above), it is apparent that the object is, as nearly as we can read, 1 inch. Since we know
the tenths place is zero and can estimate the hundredths place to be zero, the measurement should be reported as
1.00 inch. It is vital that you include the zeros in your reported measurement because these are measured places and
are significant figures.

|IIII|IIII|I][I|I]II I]Il|
DINCH 1 i

This measurement is read as 1.15 inches, 1.16 inches, or perhaps even 1.17 inches.

||I|I‘IIII|[][I|I1II ||[!|
OINCH 1 %

This measurement is read as 1.50 inches.

In all of these examples, the measurements indicate that the measuring instrument had subdivisions of a tenth of an
inch and that the hundredths place is estimated. There is some uncertainty about the last, and only the last, digit.

In our system of writing measurements to show significant figures, we must distinguish between measured zeros and
place-holding zeros. Here are the rules for determining the number of significant figures in a measurement.

14
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Rules for Determining the Number of Significant Figures:

All non-zero digits are significant.

All zeros between non-zero digits are significant.

All beginning zeros are not significant.

Ending zeros are significant if the decimal point is actually written in but not significant if the decimal point
is an understood decimal (the decimal point is not written in).

el

Examples of the Significant Figure Rules:

1. All non-zero digits are significant.
543 has 3 significant figures.
22.437 has 5 significant figures.
1.321754 has 7 significant figures.

2. All zeros between non-zero digits are significant.
7, 004 has 4 significant figures.
10.3002 has 6 significant figures.
103 has 3 significant figures.

3. All beginning zeros are not significant.
0.00000075 has 2 significant figures.
0.02 has 1 significant figure.
0.003003 has 4 significant figures.

4. Ending zeros are significant if the decimal point is actually written in but not significant if the decimal point is an
understood decimal.

37.300 has 5 significant figures.
33.00000 has 7 significant figures.
100. has 3 significant figures.

100 has 1 significant figure.

302, 000 has 3 significant figures.
1, 050 has 3 significant figures.

Significant Figures in Addition and Subtraction

The answer to an addition or subtraction operation must not have any digits further to the right than the shortest
addend. In other words, the answer should have as many decimal places as the addend with the smallest number of
decimal places.

Example:

15
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13.3843 cm
1.012 cm
4+ 3.22 cm
17.6163 cm = 17.62 cm

Notice that the top addend has a 3 in the last column on the right, but neither of the other two addends have a number
in that column. In elementary math classes, you were taught that these blank spaces can be filled in with zeros and
the answer would be 17.6163 cm. In the sciences, however, these blank spaces are unknown numbers, not zeros.
Since they are unknown numbers, you cannot substitute any numbers into the blank spaces. As a result, you cannot
know the sum of adding (or subtracting) any column of numbers that contain an unknown number. When you add
the columns of numbers in the example above, you can only be certain of the sums for the columns with known
numbers in each space in the column. In science, the process is to add the numbers in the normal mathematical
process and then round off all columns that contain an unknown number (a blank space). Therefore, the correct
answer for the example above is 17.62 cm and has only four significant figures.

Multiplication and Division

The answer for a multiplication or division operation must have the same number of significant figures as the factor
with the least number of significant figures.

Example: (3.556 cm)(2.4 cm) = 8.5344 cm? = 8.5 cm?

The factor 3.556 cm has four significant figures, and the factor 2.4 cm has two significant figures. Therefore the
answer must have two significant figures. The mathematical answer of 8.5344 cm? must be rounded back to 8.5 cm?
in order for the answer to have two significant figures.

Example: (20.0 cm)(5.0000 cm) = 100.00000 cm? = 100. cm?

The factor 20.0 cm has three significant figures, and the factor 5.0000 cm has five significant figures. The answer
must be rounded to three significant figures. Therefore, the decimal must be written in to show that the two ending
zeros are significant. If the decimal is omitted (left as an understood decimal), the two zeros will not be significant
and the answer will be wrong.

Example: (5.444 cm)(22 cm) = 119.768 cm? = 120 cm?

In this case, the answer must be rounded back to two significant figures. We cannot have a decimal after the zero in
120 cm? because that would indicate the zero is significant, whereas this answer must have exactly two significant
figures.

Summary

* Mathematics is a major tool for doing physics.

* The very large and very small measurements in physics make it useful to express numbers in exponential
notation.

* Itis also necessary in physics to do calculations with exponential numbers.

* There is uncertainty in all measurements.

* The use of significant figures is one way to keep track of uncertainty.

* Measurements must be written is the proper number of significant figures and the results of calculations must
show the proper number of significant figures.

* Rules for Determining the Number of Significant Figures:

16
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All non-zero digits are significant.

All zeros between non-zero digits are significant.

All beginning zeros are not significant.

Ending zeros are significant if the decimal point is actually written in but not significant if the decimal
point is an understood decimal (the decimal point is not written in).

Practice

Use these resources to answer the questions that follow.

The following url is for a video that teaches the concepts of exponential notation: http://www.youtube.com/watch
v=ACZIMjt6qFk.

The following url is for a video that teaches the concepts of significant figures: http://www.youtube.com/watch?v=_
JZAe9xeTFA.

1. Why do we use scientific notation?
2. What is the purpose of significant figures?
3. Are leading zeros significant or not significant?"

Review

1. Write the following numbers in proper exponential form.

(a) 3,120
(b) 0.00000341

2. Write the following numbers in expanded form.

(a) 4.35 x 10°
(b) 6.1 x 10°*

3. How many significant figures are in the following numbers?

(a) 2.3

(b) 17.95

(c) 9.89 x 103
(d) 170

(e) 1.02

4. Perform the following calculations and give your answer with the correct number of significant figures:

() 10.5+11.62
(b) 0.01223 + 1.01
(c) 19.85 — 0.0113

5. Perform the following calculations and give your answer with the correct number of significant figures:

(a) 0.1886 x 12
(b) 2.995 + 0.16685
(c) 910 x 0.18945

* exponential notation: A method of writing or displaying numbers in terms of a decimal number between 1
and 10 multiplied by a power of 10. The scientific notation of 10,492, for example, is 1.0492 x 10*.

* significant digits: The significant figures (also known as significant digits, and often shortened to sig figs) of
a number are those digits that carry meaning contributing to its precision. This includes all digits except:

— leading and trailing zeros which are merely placeholders to indicate the scale of the number.
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— spurious digits introduced, for example, by calculations carried out to greater precision than that of the
original data, or measurements reported to a greater precision than the equipment supports.
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CHAPTER 1 ]
Motion

* Define motion.
» Explain how frame of reference is related to motion.

The wings of this hummingbird are moving so fast that they’re just a blur of motion. You can probably think of many
other examples of things in motion. If you can’t, just look around you. It’s likely that you’ll see something moving,
and if nothing else, your eyes will be moving. So you know from experience what motion is. No doubt it seems like
a fairly simple concept. However, when you read this article, you’ll find out that it’s not quite as simple as it seems.

Defining Motion

In science, motion is defined as a change in position. An object’s position is its location. Besides the wings of the
hummingbird in opening image, you can see other examples of motion in the Figure 1.1. In each case, the position
of something is changing.

Q: In each picture in the Figure 1.1, what is moving and how is its position changing?

A: The train and all its passengers are speeding straight down a track to the next station. The man and his bike
are racing along a curving highway. The geese are flying over their wetland environment. The meteor is shooting
through the atmosphere toward Earth, burning up as it goes.

Frame of Reference

There’s more to motion than objects simply changing position. You’ll see why when you consider the following
example. Assume that the school bus pictured in the Figure 1.2 passes by you as you stand on the sidewalk. It’s
obvious to you that the bus is moving, but what about to the children inside the bus? The bus isn’t moving relative
to them, and if they look at the other children sitting on the bus, they won’t appear to be moving either. If the ride
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FIGURE 1.1

FIGURE 1.2
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is really smooth, the children may only be able to tell that the bus is moving by looking out the window and seeing
you and the trees whizzing by.

This example shows that how we perceive motion depends on our frame of reference. Frame of reference refers to
something that is not moving with respect to an observer that can be used to detect motion. For the children on the
bus, if they use other children riding the bus as their frame of reference, they do not appear to be moving. But if they
use objects outside the bus as their frame of reference, they can tell they are moving. The video at the URL below
illustrates other examples of how frame of reference is related to motion.

http://www.youtube.com/watch?v=7FYBG5GSkIU

MEDIA

Click image to the left for more content.

Q: What is your frame of reference if you are standing on the sidewalk and see the bus go by? How can you tell that
the bus is moving?

A: Your frame of reference might be the trees and other stationary objects across the street. As the bus goes by, it
momentarily blocks your view of these objects, and this helps you detect the bus’ motion.
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Summary
* Motion is defined as a change of position.

* How we perceive motion depends on our frame of reference. Frame of reference refers to something that is
not moving with respect to an observer that can be used to detect motion.

Vocabulary
» frame of reference: Something that is not moving with respect to an observer that can be used to detect

motion.
* motion: Change in position.

Practice

Do the frame of reference activity at the following URL. Watch the introduction and then do the nine trials. Repeat
any trial you answer incorrectly until you get the correct answer.

http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
Review

1. How is motion defined in science?
2. Describe an original example that shows how frame of reference influences the perception of motion.

References

1. Train: John H. Gray; Bike: Flickr:Diese]lDemon; Geese: Don McCullough; Meteor: Ed Sweeney (Flickr:Navicore).
.CCBY 20
2. Bus: Flickr:torbakhopper; Children: Flickr:woodleywonderworks. . CC BY 2.0


http://www.ck12.org
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html
http://www.amnh.org/learn/pd/physical_science/week2/frame_reference.html

www.ck 2. org

CHAPTER
2 Position and Displacement

* Define and give an example of a frame of reference.
* Describe the difference between distance and displacement.
* Identify the position, distance, and displacements in various descriptions of motions.

In stockcar races, the winners frequently travel a distance of 500 miles but at the end of the race, their displacement
is only a few feet from where they began.

Position, Distance, and Displacement

In order to study how something moves, we must know where it is. For straight line motion, it is easy to visualize
the object on a number line. The object may be placed at any point on the number line either in the positive numbers
or the negative numbers. It is common to choose the original position of the object to be on the zero mark. In
making the zero mark the reference point, you have chosen a frame of reference. The position of an object is the
separation between the object and the reference point.

When an object moves, we often refer to the amount it moves as the distance. Distance does not need a reference
point and does not need a direction. If an automobile moves 50 kilometers, the distance traveled is 50 kilometers
regardless of the starting point or the direction of movement. If we wish to find the final position of the automobile,
however, just having the distance traveled will not allow us to determine the final position. In order to find the final
position of the object, we need to know the starting point and the direction of the motion. The change in the position
of the object is called its displacement. The displacement must include a direction because the final position may
be either in the positive or negative direction along the number line from the initial position. The displacement is a
vector quantity and vectors are discussed in another section.

Summary

* The length traveled by an object moving in any direction or even changing direction is called distance.
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* The location of an object in a frame of reference is called position.
* For straight line motion, positions can be shown using a number line.
* The separation between original and final position is called displacement.

Practice

The following url is for a discussion of the difference between distance and displacement.
http://www.tutorvista.com/content/physics/physics-i/motion/distance-and-displacement.php

Use this resource to answer the questions that follow.

MEDIA

Click image to the left for more content.

&2 Mulfimedia

1. What is the vector equivalent of the scalar “distance”?
2. What is the vector equivalent of the scalar “speed”?

Review

1. Explain the difference between distance and displacement in your own words.
2. Suppose that John lives on a square block that is 180 yards per side, and in the evenings, he walks with his
dog around the block after dinner for a little exercise.

(a) If John walks once around the block, what distance does he travel?
(b) If John walks around the block, what is his displacement at the end?

3. Joanna’s house is 8000 feet due west of her school. If her house is assigned the position of zero and her school
is assigned the possition of +8000, what would Joanna’s position be if she walked 100 feet west of her house?

* distance: The space between two objects but this is not adequate when considering the distance travelled. The
distance travelled cannot be negative and can never get smaller —in this sense, distance is the total length of
path traversed by the moving body irrespective of direction.

 displacement: The vector from the initial position to a subsequent position assumed by a body.
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CHAPTER

Velocity

* Distinguish between velocity and speed.

* Represent velocity with vector arrows.

* Describe objects that have different velocities.

* Show how to calculate average velocity when direction is constant.

Ramey and her mom were driving down this highway at 45 miles per hour, which is the speed limit on this road. As
they approached this sign, Ramey’s mom put on the brakes and started to slow down so she could safely maneuver
the upcoming curves in the road. This speed limit sign actually represents two components of motion: speed and
direction.

Speed and Direction

Speed tells you only how fast or slow an object is moving. It doesn’t tell you the direction the object is moving. The
measure of both speed and direction is called velocity. Velocity is a vector. A vector is measurement that includes
both size and direction. Vectors are often represented by arrows. When using an arrow to represent velocity, the
length of the arrow stands for speed, and the way the arrow points indicates the direction. If you’re still not sure of
the difference between speed and velocity, watch the cartoon at this URL:

http://www.youtube.com/watch?v=mDcaeO0OWxBI
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Using Vector Arrows to Represent Velocity

The arrows in the Figure 3.1 represent the velocity of three different objects. Arrows A and B are the same length
but point in different directions. They represent objects moving at the same speed but in different directions. Arrow
C is shorter than arrow A or B but points in the same direction as arrow A. It represents an object moving at a slower
speed than A or B but in the same direction as A.

FIGURE 3.1

/

Vector A Vector B Vector C

Differences in Velocity

Objects have the same velocity only if they are moving at the same speed and in the same direction. Objects moving
at different speeds, in different directions, or both have different velocities. Look again at arrows A and B from the
Figure 3.1. They represent objects that have different velocities only because they are moving in different directions.
A and C represent objects that have different velocities only because they are moving at different speeds. Objects
represented by B and C have different velocities because they are moving in different directions and at different
speeds.

Q: Jerod is riding his bike at a constant speed. As he rides down his street he is moving from east to west. At the
end of the block, he turns right and starts moving from south to north, but he’s still traveling at the same speed. Has
his velocity changed?

A: Although Jerod’s speed hasn’t changed, his velocity has changed because he is moving in a different direction.
Q: How could you use vector arrows to represent Jerod’s velocity and how it changes?

A: The arrows might look like this (see Figure 3.2):

FIGURE 3.2
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Calculating Average Velocity

You can calculate the average velocity of a moving object that is not changing direction by dividing the distance the
object travels by the time it takes to travel that distance. You would use this formula:

. distance
velocity = “dme
ime

This is the same formula that is used for calculating average speed. It represents velocity only if the answer also
includes the direction that the object is traveling.

Let’s work through a sample problem. Toni’s dog is racing down the sidewalk toward the east. The dog travels 36
meters in 18 seconds before it stops running. The velocity of the dog is:

. distance
velocity = “tme
_ 36 m
185

=2 m/s east

Note that the answer is given in the SI unit for velocity, which is m/s, and it includes the direction that the dog is
traveling.

Q: What would the dog’s velocity be if it ran the same distance in the opposite direction but covered the distance in
24 seconds?

A: In this case, the velocity would be:

. distance
velocity = “tme
_ 36m
245

= 1.5 m/s west

Summary

* Velocity is a measure of both speed and direction of motion. Velocity is a vector, which is a measurement that
includes both size and direction.

* Velocity can be represented by an arrow, with the length of the arrow representing speed and the way the arrow
points representing direction.

* Objects have the same velocity only if they are moving at the same speed and in the same direction. Objects
moving at different speeds, in different directions, or both have different velocities.

* The average velocity of an object moving in a constant direction is calculated with the formula: velocity =

%. The SI unit for velocity is m/s, plus the direction the object is traveling.

Vocabulary

 vector: Measure such as velocity that includes both size and direction; may be represented by an arrow.
* velocity: Measure of both speed and direction of motion.
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Practice

At the following URL, review how to calculate speed and velocity, and work through the sample problems. Then
solve the 10 practice problems. http://www2.franciscan.edu/academic/mathsci/mathscienceintegation/MathScienc
elntegation-827.htm

Review

What is velocity?

How does velocity differ from speed? Why is velocity a vector?

Explain how an arrow can be used to represent velocity.

Use vector arrows to represent the velocity of a car that travels north at 50 mi/h and then travels east at 25
mi/h.

5. Another car travels northwest for 2 hours and covers a distance of 90 miles. What is the average velocity of
the car?

e
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CHAPTER 4 ]
Average Velocity

* Explain the difference between speed and velocity.

* Define the concept of average velocity.

* Given displacement and time, calculate average velocity.
* Solve for any variable in the equation V,y = %

Test Pilot Neil Armstrong (later to become a famous astronaut) is seen here next to the X-15 ship after a research
flight. Armstrong made his first X-15 flight on November 30, 1960. This was the first X-15 flight to use the ball
nose, which provided accurate measurement of air speed at hypersonic speeds. The servo-actuated ball nose can be
seen in this photo in front of Armstrong’s right hand. The X-15 employed a non-standard landing gear. It had a
nose gear with a wheel and tire, but the main landing consisted of skids mounted at the rear of the vehicle. In the
photo, the left skid is visible, as are marks on the lakebed from both skids. Because of the skids, the rocket-powered
aircraft could only land on a dry lakebed, not on a concrete runway. The X-15 weighed about 14,000 1b empty and
approximately 34,000 Ib at launch. The X-15 was flown over a period of nearly 10 years — June 1959 to Oct. 1968
— and set the world’s unofficial speed record of 4,520 mph.

Average Velocity

The terms speed and velocity are used interchangeably in ordinary language. In physics, however, we make a
distinction between the two. Essentially both words refer to how fast an object is moving. Speed is the number we
read off the speedometer of a car. It indicates how fast the car is moving at any instant but given no indication of
the direction it is moving. For a particular time interval, average speed would be calculated by dividing the distance
travelled by the time interval of travel. Velocity, in physics, is a vector, meaning that it must have a direction as well
as a magnitude. Furthermore, the average velocity is defined in terms of displacement rather than distance. Average

10
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velocity would be calculated by dividing the displacement by the time interval where displacement is the change in
position of the object.

To show the distinction, we could calculate the average speed and the average velocity of a person who walks 50
m to the east, then turns around and walks 50 m to the west. The total time interval is 20 seconds. The distance
traveled in this trip is 100 m but the displacement is zero.

The average speed would be calculated by dividing 100 m by 20 s with a result of 5 m/s. The average velocity, on
the other hand, would be calculated by dividing O m by 20 s giving a result of O m/s.

Neither average speed nor average velocity implies a constant rate of motion. That is to say, an object might travel
at 10 m/s for 10 s and then travel at 20 m/s for 5 s and then travel at 100 m/s for 5s. This motion would cover a
distance of 700 m in 20 s and the average speed would be 35 m/s. We would report the average speed during this
20 s interval to be 35 m/s and yet at no time during the interval was the speed necessarily 35 m/s. The concept of
constant velocity is very different from average velocity. If an object traveled at 35 m/s for 20 s, it would travel the
same distance in the same time as the previous example but in the second case, the speed of the object would always
be 35 m/s.

Example: The position of a runner as a function of time is plotted as moving along the x-axis of a coordinate
system. During a 3.00 s time interval, the runner’s position changes from x; = 50.0 m to x, = 30.5 m. What was
the runner’s average velocity.

Solution:

Displacement = 30.5 m — 50.0 m = —19.5 m (the object was traveling back toward zero)
At =3.00s

Vave = % = _31%3 ;n = —6.50 m/s

Summary

* Average speed is distance divided by time.
* Average velocity is displacement divided by time.

Practice

The url below is a physics classroom discussion of speed versus velocity with a short animation.
http://www.physicsclassroom.com/Class/1DKin/U1L1d.cfm
Use this resource to answer the questions that follow.

http://www.youtube.com/watch?v=BWP1tN7PZps

MEDIA

Click image to the left for more content.

1. The velocity versus time graph in the video is divided into six sections. In how many of these sections is the
velocity constant?

2. In how many sections of the graph is the velocity zero?

3. What does the area under the curve of a velocity versus time graph represent?

11
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Review

1. On a one day vacation, Jane traveled 340 miles in 8.0 hours. What was her average speed?

2. An object on a number line moved from x = 12 m to x = 124 m and moved back to x = 98 m. The time interval
for all the motion was 10. s. What was the average velocity of the object?

3. An object on a number line moved from x = 15 cm to x = 165 cm and then moved back to x =25 cm all in a
time of 100 seconds.

(a) What was the average velocity of the object?
(b) What was the average speed of the object?

* speed: Distance travelled per unit time.
* velocity: A vector measurement of the rate and direction of motion or, in other terms, the rate and direction
of the change in the position of an object.

References
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CHAPTER ]
Instantaneous Velocity

* Define instantaneous velocity.
* Plot and interpret position vs time graphs.
* Determine the slope of a curve on a position vs time graph.

In a footrace such as the one shown here, the initial velocity of a runner is zero. The runner increases his velocity
out of the starting blocks and his velocity continues to increase as the race proceeds. For the well-trained athlete,
his highest velocity is maintained through the finish line.

Instantaneous Velocity
The instantaneous velocity of an object is the precise velocity at a given moment. It is a somewhat difficult quantity

to determine unless the object is moving with constant velocity. If the object is moving with constant velocity, then
the instantaneous velocity at every instant, the average velocity, and the constant velocity are all exactly the same.

Position vs Time Graphs
Consider a position versus time graph for an object starting at # = 0 and x = O that has a constant velocity of 80. m/s.

13
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The velocity of an object can be found from a position vs time graph. On a position vs time graph, the displacement
is the vertical separation between two points and the time interval is the horizontal separation. The ratio of
displacement to time interval is the average velocity. The ratio of the vertical separation to the horizontal separation
is also the slope of the line. Therefore, the slope of straight line is the average velocity. The slope at any given time
is the instantaneous velocity. For the motion pictured above,

__rise __ Ad __ 400.m __
slope = i = & = 505 — 80. m/s

For accelerated motion (the velocity is constantly changing), the position vs time graph will be a curved line. The
slope of the curved line at any point will be the instantaneous velocity at that time. If we were using calculus, the
slope of a curved line could be calculated. Since we are not using calculus, we can only approximate the slope of
curved line by laying a straight edge along the curved line and guessing at the slope.

500
400
3
‘cé')' 300
= 7~
S
= 200
3
o
100

0 1 2 3 4 5 6
Time (seconds)
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In the image above, the red line is the position vs time graph and the blue line is an approximated slope for the line at
t =2.5seconds. The rise for this slope is approximately 170 m and the time interval (run) is 4.0 seconds. Therefore,
the approximated slope is 43 m/s.

Summary

* The slope of a position versus time graph is the velocity. For a constant velocity motion, the slope gives the
constant velocity, the average velocity, and the instantaneous velocity at every point. For constant acceleration
motion, the slope of the position versus time curve gives only the instantaneous velocity at that point.

Practice

Draw a velocity versus time graph for an object whose constant velocity is 15 m/s and whose position starts at x =0
when ¢ = 0. Graph the motion for the first 5.0 seconds.

Use this resource to answer the questions that follow.

http://www.youtube.com/watch?v=sujsb5ZIM8o

MEDIA

Click image to the left for more content.

1. In the graph on the video, what is graphed on the vertical axis?
2. What is graphed on the horizontal axis.
3. What does the slope of this graph represent?

Review

- (o))
o o

N
o

Position (meters)

0 1 2 3 4 5 6
Time (seconds)

1. For the motion graphed in the position versus time graph shown above, what is the average velocity in the
time interval 1 to 3 seconds?

2. For the motion graphed in the position versus time graph shown above, what is the average velocity in the
time interval 3 to 4 seconds?

3. For the motion graphed in the position versus time graph shown above, what is the average velocity in the
time interval 5 to 6 seconds?
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* instantaneous velocity: The velocity of an object at any given instant.
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CHAPTER 6 ]
Average Acceleration

* Define average acceleration.
* Given initial velocity, final velocity and time, calculate acceleration.
* Given three of initial velocity, acceleration, time, and final velocity, calculate the fourth.

End of an era. The Space Shuttle Atlantis blasts off on mission STS-125, the final mission to service and upgrade
the Hubble Space Telescope, one of NASA’s greatest legacies and triumphs. Canceled in the wake of the Columbia
tragedy and then reinstated, the only mission not to go to the international space station post-accident will see seven
astronauts undertake one of the most ambitious shuttle missions in history, with five spacewalks to install new and
replace old components on Hubble. It will be the closing chapter in one of the original purposes of the shuttle.

Average Acceleration

An object whose velocity is changing is said to be accelerating. Average acceleration, a is defined as the rate of
change of velocity, or the change in velocity per unit time. A symbol with a bar over it is read as average —so a-bar
is average acceleration.

Example: A car accelerates along a straight road from rest to 60. km/h in 5.0 s. What is the magnitude of its
average acceleration?

Solution:

This is read as kilometers per hour per second. In general, it is undesirable to have to different units for the same
quantity in a unit expression. For example, in this case, it is undesirable to have two different units for time (hours
and seconds) in the same unit expression. To eliminate this problem, we would convert the hour units to seconds. If
we converted the original 60. km/h to m/s, it would be 17 m/s. Then the acceleration would be 3.4 m/s.

Example: An automobile is moving along a straight highway in the positive direction and the driver puts on
the brakes. If the initial velocity is 15.0 m/s and 5.0 s is required to slow down to 5.0 m/s, what was the car’s
acceleration?
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Solution:
a= % = 713.01;1/5 = —2.0 m/s/s
Summary

* Average acceleration is the rate of change of velocity, or the change in velocity per unit time.

Practice

The following url has a lesson on the difference between average and instantaneous acceleration and practice
calculating average acceleration.

http://www.brighthubeducation.com/homework-math-help/102434-definition-and-how-to-calculate-acceleration/

Review

1. The velocity of a car increases from 2.0 m/s to 16.0 m/s in a time period of 3.5 s. What was the average
acceleration?

2. If an automobile slows from 26 m/s to 18 m/s in a period of 4.0 s, what was the average acceleration?

If a runner increases his velocity from 0 m/s to 20 m/s in 2.0 s, what was his average acceleration?

4. If a runner decreases his velocity from 20 m/s to 10 m/s in 2.0 s, what was his average acceleration?

(98]

» average acceleration: The change in velocity over the change in time.

References

1. Courtesy of NASA. http://spaceflight.nasa.gov/gallery/images/shuttle/sts-125/html/sts125-s-025.html. Public
Domain
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CHAPTER '7' _ _
Uniform Acceleration

¢ Define uniform acceleration.
* Given initial velocity, acceleration, and time, calculate final velocity.

Wingtip vortices are often thought to be a type of contrail but are actually produced from a different process. During
very specific weather conditions you may see vapor trails form at the rear of the wingtips of jet aircraft on takeoff or
landing. This phenomenon occurs due to a decrease in pressure and temperature as the wing generates lift.

The image is an F-35 departing from Elgin Air Force Base in Florida.

Uniform Acceleration

Acceleration that does not change in time is called uniform or constant acceleration. The velocity at the beginning
of the time interval is called initial velocity, v;, and the velocity at the end of the time interval is called final velocity,
vr. Ina velocity versus time graph for uniform acceleration, the slope of the line is the acceleration. The equation
that describes the curve is vy = v; +at.

Example: If an automobile with a velocity of 4.0 m/s accelerates at a rate of 4.0 m/s> for 2.5 s, what is the final
velocity?

Solution:

vy =vi+at =40 m/s+ (4.0 m/s?)(2.5 s) = 4.0 m/s + 10. m/s = 14 m/s

Example: If a cart slows from 22.0 m/s to 4.0 m/s with an acceleration of -2.0 m/s?, how long does it require?
Solution:

f— WV 18 m/s —90s

a —om/s’
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Summary

* Acceleration that does not change in time is uniform or constant acceleration.
e The equation relating initial velocity, final velocity, time, and acceleration is vy = v; +at.

Practice
The following url has instruction in one dimensional uniformly accelerated motion and it also has a series of practice
problems.

http://dallaswinwin.com/Motion_in_One_Dimension/uniform_accelerated_motion.htm

Review

1. If an object has zero acceleration, does that mean it has zero velocity? Give an example.
2. If an object has zero velocity, does that mean it has zero acceleration? Give an example.

3. If the acceleration of a motorboat is 4.0 m/s?, and the motorboat starts from rest, what is its velocity after 6.0
s?

4. The friction of the water on a boat produces an acceleration of -10. m/s2. If the boat is traveling at 30. m/s
and the motor is shut off, how long it take the boat to slow down to 5.0 m/s?

* uniform acceleration: Acceleration that does not change in time is uniform or constant acceleration.

References

1. Courtesy of Senior Airman Julianne Showalter/U.S. Air Force. http://www.af.mil/news/story.asp?id=1232
61835. Public Domain
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CHAPTER ] ]
Displacement During

Constant Acceleration

* Plot and interpret a velocity vs time graph.

* Find the area under a curve on a velocity vs time graph and calculate the displacement from such a graph.

* Calculate the displacement of an object undergoing uniform acceleration when given two of the three quanti-
ties acceleration, time, velocity.

Long distance runners try to maintain constant velocity with very little acceleration or deceleration because acceler-
ation requires more energy than simply maintaining velocity.

Displacement During Constant Acceleration

When the acceleration is constant, there are three equations that relate displacement to two of the other three
quantities we use to describe motion —time, velocity, and acceleration. It is absolutely vital that you do NOT
try to use these equations when the acceleration is NOT constant. Fortunately, there are quite a few cases of motion
where the acceleration is constant. One of the most common, if we ignore air resistance, are objects falling due to
gravity.

When an object is moving with constant velocity, the displacement can be found by multiplying the velocity by the

time interval. d = vt

If the object is moving with constant acceleration, the velocity in that equation is replaced with the average ve-
locity. The average velocity for a uniformly accelerated object can be found by adding the beginning and final
velocities and dividing by 2. vaye = % (vy +v;)

The distance, then, for uniformly accelerating motion can be found by multiplying the average velocity by the time.
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d=1(vs+vi)(t) (Equation 1)

We know that the final velocity for constantly accelerated motion can be found by multiplying the acceleration times
time and adding the result to the initial velocity, vy = v; +at.

The second equation that relates, displacement, time, initial velocity, and final velocity is generated by substituting
into equation 1.

1 1 1
d=-(vr+vi)(t) = zvst+ vit

2 2 2
but vy = v; + at and substituting for v, yields
1 1 1 1 1
d= Vit + E(t)(v,- +at) = Vit + Svit + Eat2

1
d=vit+ Eat2 (Equation 2)

The third equation is formed by combining vy = v; +at and d = %(v r+vi)(t). If we solve the first equation for t
and then substitute into the second equation, we get

d= (L) (vp+v) (f_) =(3) <v'25vi2>

And solving for vf2 yields

vi2=v?+2ad  (Equation 3)

Keep in mind that these three equations are only valid when acceleration is constant. In many cases, the initial
velocity can be set to zero and that simplifies the three equations considerably.

With both constant acceleration and initial velocity of zero,

1
dZEVft

1
d:Eatzand
v? =2ad

Example: Suppose a planner is designing an airport for small airplanes. Such planes must reach a speed of 56 m/s
before takeoff and can accelerate at 12.0 m/s>. What is the minimum length for the runway of this airport?

Solution: The acceleration in this problem is constant and the initial velocity of the airplane is zero, therefore, we
can use the equation v f2 = 2ad and solve for d.

_vZS o (semfsy?
4= (2)(12.0 m/s”) 130m

Example: How long does it take a car to travel 30.0 m if it accelerates from rest at a rate of 2.00 m/s>?

Solution: The acceleration in this problem is constant and the initial velocity is zero, therefore, we can use d = %at2
solved for ¢.

2 2 .
[ [@om
a 2.00 m/s

Example: A baseball pitcher throws a fastball with a speed of 30.0 m/s. Assuming the acceleration is uniform and
the distance through which the ball is accelerated is 3.50 m. What is the acceleration?
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Solution: Since the acceleration is uniform and the initial velocity is zero, we can use v f2 = 2ad solved for a.

v (30.0m/s)®> _ 900. m2/s> 2
a=s5= @Bs0m — 7o0m = 129 m/s

Suppose we plot the velocity versus time graph for an object undergoing uniform acceleration. In this first case, we
will assume the object started from rest.

If the object has a uniform acceleration of 6.0 m/s? and started from rest, then each succeeding second, the velocity
will increase by 6.0 m/s. Here is the table of values and the graph.

Velocity vs Time 36
Time (s) | Velocity (m/s) 30
0 0 A
1 6 = 24
2 12 =
3 18 g 18
4 24 <
5 30 > 12
6 36

6

Time (s)

In displacement versus time graphs, the slope of the line is the velocity of the object and in this case of velocity
versus time graph, the slope of the line is the acceleration. If you take any segment of this line and determine the Ay
to Ax ratio, you will get 6.0 m/s> which we know to be the constant acceleration of this object.

The area of a triangle is calculated by multiplying one-half the base times the height. The area under the curve in
the image above is the area of the triangle shown below.

36
30
24

18

Velocity (m/s)

12
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The area of this triangle would be calculated by area = (1) (6.0 s)(36 m/s) = 108 m.

The distance traveled by an object accelerating uniformly from rest at 6.0 m/s> would be displacement = %atz.

Therefore, the displacement of this object in the first 6 seconds of travel would be

displacement = (3) (6.0 m/s*)(6.0 s)* = 108 m.

In fact, the area underneath the curve in a velocity versus time graph is always equal to the displacement that occurs
during that time interval.

Summary

There are three equations relating displacement to two of the other three quantities we use to describe motion
—time, velocity, and acceleration:

- d= (%) (vy+v)(t) (Equation 1)
—-d=vit+ %atz (Equation 2)
- f2 =v;? 4+ 2ad (Equation 3)
When the initial velocity of the object is zero, these three equations become:
- d = (%) (vy)(r) (Equation 1°)
-d= %at2 (Equation 2’)
- v¢? = 2ad (Equation 3°)
The slope of a velocity versus time graph is the acceleration of the object.

The area under the curve of a velocity versus time graph is the displacement that occurs during the given time
interval.

Practice

Use this resource to answer the questions that follow.

1.
2.
3.
4.

.i;\)."-h-r‘ M |il dl MEDIA
“vg uitimedia Click image to the left for more content.

For the example in the video, what acceleration is used?
What time period is used in the example?

What does the slope of the line in the graph represent?
What does the area under the curve of the line represent?

Review

1.

24

An airplane accelerates with a constant rate of 3.0 m/s? starting at a velocity of 21 m/s. If the distance traveled
during this acceleration was 535 m, what is the final velocity?

An car is brought to rest in a distance of 484 m using a constant acceleration of -8.0 m/s>. What was the
velocity of the car when the acceleration first began?

. An airplane starts from rest and accelerates at a constant 3.00 m/s for 20.0 s. What is its displacement in this

time?

. A driver brings a car to a full stop in 2.0 s.


http://www.ck12.org
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(a) If the car was initially traveling at 22 m/s, what was the acceleration?
(b) How far did the car travel during braking?

References
1. Image copyright Maridav, 2013. http://www.shutterstock.com. Used under license from Shutterstock.com

2. CK-12 Foundation - Richard Parsons. . CC-BY-NC-SA 3.0
3. CK-12 Foundation - Richard Parsons. . CC-BY-NC-SA 3.0
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CHAPTER

lg. Acceleration Due to Gravity

* Solve problems of the motion of objects uniformly accelerated by gravity.

In the absence of air resistance, all objects fall toward the earth with the same acceleration. Man, however, make
maximum use of air resistance in the construction of parachutes for both entertainment and military use.

The image at left was taken during a 2008 Graduation demonstration jump by the U.S. Army Parachute Team. The
2008 team contained the first amputee member and the largest number of females in history.

Acceleration Due to Gravity

One of the most common examples of uniformly accelerated motion is that an object allowed to fall vertically to the
earth. In treating falling objects as uniformly accelerated motion, we must ignore air resistance. Galileo’s original
statement about the motion of falling objects is:

At a given location on the earth and in the absence of air resistance, all objects fall with the same uniform
acceleration.
We call this acceleration due to gravity on the earth and we give it the symbol g. The value of g is 9.80 m/s2. All

of the equations involving constant acceleration can be used for falling bodies but we insert g wherever “a” appeared
and the value of g is always 9.80 m/s.

Example: A rock is dropped from a tower 70.0 m high. How far will the rock have fallen after 1.00 s, 2.00 s, and
3.00 s? Assume the distance is positive downward.
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Solution: We are looking for displacement and we have time and acceleration. Therefore, we can use d = %at2.
Displacement after 1.00 s = (1) (9.80 m/s?)(1.00 s)? = 4.90 m
Displacement after 2.00 s = (3) (9.80 m/s?)(2.005)> =19.6 m
Displacement after 3.00 s = (3) (9.80 m/s*)(3.00 s)> = 44.1 m

Example: (a) A person throws a ball upward into the air with an initial velocity of 15.0 m/s. How high will it go
before it comes to rest? (b) How long will the ball be in the air before it returns to the person’s hand?

Solution: In part (a), we know the initial velocity (15.0 m/s), the final velocity (O m/s), and the acceleration -9.80
m/s2. We wish to solve for the displacement, so we can use v f2 = ;2 4+ 2ad and solve for d.

d _ szfvl-z _ (0 m/S)zf(IS.O II]/S)2
2a (2)(9.80 mM/s”)

=11.5m

There are a number of methods by which we can solve part (b). Probably the easiest is to divide the distance traveled
by the average velocity to get the time going up and then double this number since the motion is symmetrical —that
is, time going up equals the time going down.

The average velocity is half of 15.0 m/s or 7.5 m/s and dividing this into the distance of 11.5 m yields 1.53
seconds. This is the time required for the ball to go up and the time for the ball to come down will also be
1.53 s, so the total time for the trip up and down is 3.06 seconds.

Example: A car accelerates with uniform acceleration from 11.1 m/s to 22.2 m/s in 5.0 s. (a) What was the
acceleration and (b) how far did it travel during the acceleration?

Solution:

(a) a—= % _ 222 nﬂgalsl.l m/s _ 5 99 m/s2

(b) We can find the distance traveled by d = v;f + %at2 and we can also find the distance traveled by determining the
average velocity and multiply it by the time.

1
d=vit+ ECll‘2
1
= (11.1 m/s)(5.0's) + <2> (2.22 m/s%)(5.0 5)?

=555m+27.8 m
=83 m

d = (Vave)(t) = (16.6 m/s)(5.08) =83 m
Example: A stone is dropped from the top of a cliff. It is seen to hit the ground after 5.5 s. How high is the cliff?
Solution:

d=vit+tat®> = (0 m/s)(5.5s) + (%) (9.80 m/s?)(5.5 5)> = 150 m

Summary

* At a given location on the earth and in the absence of air resistance, all objects fall with the same uniform
acceleration.

* We call this acceleration the acceleration due to gravity on the earth and we give it the symbol g.

* The value of g is 9.80 m/s.
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Practice

This url shows a video of a discussion and demonstration of the acceleration due to gravity.

http://www.youtube.com/watch?v=izXGpivLvgY

MEDIA

Click image to the left for more content.

Review

1. A baseball is thrown vertically into the air with a speed of 24.7 m/s.

(a) How high does it go?
(b) How long does the round trip up and down require?

2. A salmon jumps up a waterfall 2.4 m high. With what minimum speed did the salmon leave the water below

to reach the top?
3. A kangaroo jumps to a vertical height of 2.8 m. How long will it be in the air before returning to earth?

* acceleration due to gravity: The acceleration experienced by a body in free fall in a gravitational field.

References

1. Courtesy of Donna Dixon/U.S. Military. http://commons.wikimedia.org/wiki/File:Flickr_-_The_U.S._Arm
y_-_U.S._Army_Parachute_Team_graduates_{first_wounded_warrior_and_largest_female_class_%282%29.jp
g. Public Domain
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CHAPTER 1 O Graphing Motion

Students will learn how to graph motion vs time. Specifically students will learn how to take the slope of a graph and
relate that to the instantaneous velocity or acceleration for position or velocity graphs, respectively. Finally students
will learn how to take the area of a velocity vs time graph in order to calculate the displacement.

Students will learn how to graph motion vs time. Specifically students will learn how to take the slope of a graph and
relate that to the instantaneous velocity or acceleration for position or velocity graphs, respectively. Finally students
will learn how to take the area of a velocity vs time graph in order to calculate the displacement.

Key Equations

For a graph of position vs. time. The slope is the rise over the run, where the rise is the displacement and the run is
the time. thus,

Slope = vgg = %

Note: Slope of the tangent line for a particular point in time = the instantaneous velocity

For a graph of velocity vs. time. The slope is the rise over the run, where the rise is the change in velocity and the
run is the time. thus,

Slope = ag,, = %

Note: Slope of the tangent line for a particular point in time = the instantaneous acceleration

Guidance

* One must first read a graph correctly. For example on a position vs. time graph (thus the position is graphed
on the y-axis and the time on the x-axis) for a given a data point, go straight down from it to get the time and
straight across to get the position.

* If there is constant acceleration the graph x vs. ¢ produces a parabola. The slope of the x vs. ¢ graph equals the
instantaneous velocity. The slope of a v vs. ¢ graph equals the acceleration.

* The slope of the graph v vs. ¢ can be used to find acceleration; the area of the graph v vs. ¢ can be used to
find displacement. Welcome to calculus!

What is a Graph

WHAT IS A GRAPH?
MEDIA
Click image to the left for more content.

Watch this Explanation
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Time for Practice

1. The position graph below is of the movement of a fast turtle who can turn on a dime.

Position(m)
A
15 ——
5 ——
[ 1 1 1 1 1 | .
1 [ 1 =
-5 — 2 3 4 Time(s)
15 ——
a. Sketch the velocity vs. time graph of the turtle below.
Velocity(m/s)
A
15 ——
5 —_
L1 1 1 1 | =
1T 1T 11 i
R n 2 3 4  Time(s)
-15 ——
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b. Explain what the turtle is doing (including both speed and direction) from: i) 0-2s. ii) 2-3s. iii) 3-4s. c.
How much distance has the turtle covered after 4s? d. What is the turtle’s displacement after 4s?

2. Draw the position vs. time graph that corresponds to the velocity vs. time graph below. You may assume a
starting position xo = 0. Label the y—axis with appropriate values.

Velocity A
2mls +
} P
2 5 10 Time (s)
-3 mls
Position
A
| | | | | | | I »
I | [ | I | [ b
| - 2 5 10  Time(s)

3. The following velocity-time graph represents 10 seconds of actress Halle Berry’s drive to work (it’s a rough

morning).
40 Velocity vs. time
L
20+
£
g
g
0+
—20 = T T I T T . I . ;
2 4 6 8 10
(3.02, 2.0) time (sec)
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a. Fill in the tables below —remember that displacement and position are not the same thing!
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Instantaneous Position (m)
Time (s)
Interval (s) Displacement (m) Acceleration(m/s*) 0 sec Om
0-2 sec
2 sec
2-4 sec
4 sec
4-5 sec
5 sec
5-9 sec
9 sec
9-10 sec
10 sec

b. On the axes below, draw an acceleration-time graph for the car trip. Include numbers on your acceleration axis.

; A
Acceleration

Y

. 2 5 10  Time(s)

c¢. On the axes below, draw a position-time graph for the car trip. Include numbers on your position axis. Be sure to
note that some sections of this graph are linear and some curve —why?

Position

—+ 2 5 10  Time(s)

>
>

4. Two cars are drag racing down El Camino. At time ¢ = 0, the yellow Maserati starts from rest and accelerates
at 10 m/s?. As it starts to move it’s passed by a 63 Chevy Nova (cherry red) traveling at a constant velocity
of 30 m/s. a. On the axes below, show a line for each car representing its speed as a function of time. Label
each line.

33
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b. At what time will the two cars have the same speed (use your graph)? c. On the axes below, draw a line

(or curve) for each car representing its position as a function of time. Label each curve.

d. At what time would the two cars meet (other than at the start)?

Answers:
lc. 25m
1d. -5 m
2. discuss in class
3. discuss in class
4b. 3 sec
4d. 6 sec
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CHAPTER 1

Graphical Methods of
Vector Addition

* Differentiate between scalars and vectors.

* Graphically add vectors in one dimension by placing the vectors head to toe on a number line.

* Define resultant.

* Graphically add vectors in two dimensions by placing them head to toe on a two-dimensional coordinate
system.

Successfully shooting a basketball requires a subconscious understanding of the vectors involved in how the bas-
ketball moves through the air. The vertical and horizontal vectors must be perfectly organized if the ball is to pass
through the basket.

Graphical Methods Vector Addition

In physics, a quantity, such as mass, length, or speed, that is completely specified by its magnitude and has no
direction is called a scalar. A vector, on the other hand, is a quantity possessing both magnitude and direction. A
vector quantity can be represented by an arrow-tipped line segment. The length of the line, drawn to scale, represents
the magnitude of the quantity. The direction of the arrow indicates the direction of the vector. Not only can vectors
be represented graphically, but they can also be added graphically.

For one dimensional vector addition, the first vector is placed on a number line with the tail of the vector on the
origin. The second vector is placed with its tail exactly on the arrow head of the first vector. The sum of the two
vectors is the vector that begins at the origin and ends at the arrow head of the final added vector.

Consider the following two vectors.
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L I~ | |
10)11 12 13

| | | | | | [— |

Ny
w
(o))
~
o
O

5 4 3 -2 -1 0 1 2 3
L I(I e ¢ 1 1]
5 4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 1 12 13

The red vector has a magnitude of 11 in the positive direction on the number line. The blue vector has a magnitude
of -3 in the negative direction on the number line. In order to add these two vectors, we place one of the vectors on
a number line and then the second vector is placed on the same number line such that its origin is on the arrow head
of the first vector.

I S IS [ S I T T T .~ s s B B
67891(?111213

|
5 4 3 -2 -1 0 1 2 3 4 5

The sum of these two vectors is the vector that begins at the origin of the first vector (the red one) and ends at the
arrow head of the blue vector. So the sum of these two vectors is the purple vector as shown below.

L 1 1 | T T | |

] |
5 4 3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13

The vector sum of the first two vectors is a vector that begins at the origin and has a magnitude of 8 units in the
positive direction. If we were adding three or four vectors all in one dimension, we would continue to place them
head to toe in sequence on the number line. The sum would be the vector that begins at the beginning of the first
vector and goes to the ending of the final vector.

Adding Vectors in Two Dimensions

In the following image, vectors A and B represent the two displacements of a person who walked 90. m east and
then 50. m north. We want to add these two vectors to get the vector sum of the two movements.

North
150
40
— 30
— 20
— 10

L 1 1 1 | I(?O East
0O 10 20 30 40 50 60 70 80 90

The graphical process for adding vectors in two dimensions is to place the tail of the second vector on the arrow
head of the first vector as shown above.

The sum of the two vectors is the vector that begins at the origin of the first vector and goes to the ending of the
second vector, as shown below.

2


http://www.ck12.org

www.ck12.org Chapter 1. Graphical Methods of Vector Addition

North

1 29l north ofeast
0
0 10 20 30405060 708 90

East

If we are using totally graphic means of adding these vectors, the magnitude of the sum would be determined by
measuring the length of the sum vector and comparing it to the original standard. We would also use a compass to
measure the angle of the summation vector.

If we are using calculation means, we can determine the inverse tangent of 50 units divided by 90 units and get the
angle of 29° north of east. The length of the sum vector can also be determined mathematically by the Pythagorean
theorem, a”+b* = 2. In this case, the length of the hypotenuse would be the square root of (8100 + 2500) or 103
units.

If three or four vectors are to be added by graphical means, we would continue to place each new vector head to toe
with the vectors to be added until all the vectors were in the coordinate system and then the sum vector would be the
vector goes from the origin of the first vector to the arrowhead of the last vector. The magnitude and direction of
the sum vector would be measured.

Summary

 Scalars are quantities, such as mass, length, or speed, that are completely specified by magnitude and has no
direction.

* Vectors are quantities possessing both magnitude and direction and can be represented by an arrow; the
direction of the arrow indicates the direction of the quantity and the length of the arrow is proportional to
the magnitude.

* Vectors that are in one dimension can be added arithmetically.

* Vectors that are in two dimensions are added geometrically.

* When vectors are added graphically, graphs must be done to scale and answers are only as accurate as the
graphing.

Practice

Video on the graphical method of adding vectors.
http://www.youtube.com/watch?v=_Vppxdho6JU

MEDIA

Click image to the left for more content.
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Review

1. On the following number line, add the vector 7.5 m/s and the vector -2.0 m/s.

| 1 ] 1 | 1 | | | | L | 1 ] 1 | 1 L ] 1 | | | | | |
-20-15-1.0-05 0 05 1.0 1.5 2.0 25 3.0 3.5 40 45 50 55 60 65 7.0 75 8.0 85 9.0 9.510.010.5

2. On a sheet of graph paper, add a vector that is 4.0 N due east and a vector that is 3.0 N due north.

.org

» scalar: A quantity, such as mass, length, or speed, that is completely specified by its magnitude and has no

direction.

* vector: A quantity possessing both magnitude and direction, represented by an arrow the direction ofwhich

indicates the direction of the quantity and the length of which is proportional to the magnitude.

* vector addition: The process of finding one vector that is equivalent to the result of the successive application

of two or more given vectors.
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CHAPTER 2 L
Vector Addition

* Describe the independence of perpendicular vectors.

* Resolve vectors into axial components.

* Define resultant.

* Add vectors using geometric and trigonometric methods.

Vector Addition

Adding Vectors in Two Dimensions

In the following image, vectors A and B represent the two displacements of a person who walked 90. m east and
then 50. m north. We want to add these two vectors to get the vector sum of the two movements.

North
150
40
— 30
— 20
— 10

I I [ 1 1 ? 0 East
0 10 20 30 40 50 60 70 80 90
The graphical process for adding vectors in two dimensions is to place the tail of the second vector on the arrow

head of the first vector as shown above.

The sum of the two vectors is the vector that begins at the origin of the first vector and goes to the ending of the
second vector, as shown below.

North

1 29I° nolrth olf ea§t

' ?oEast
0 10 20 30 40 50 60 70 80 90

If we are using totally graphic means of adding these vectors, the magnitude of the sum would be determined by
measuring the length of the sum vector and comparing it to the original standard. We would also use a compass to
measure the angle of the summation vector.

If we are using calculation means, we can determine the inverse tangent of 50 units divided by 90 units and get the
angle of 29° north of east. The length of the sum vector can also be determined mathematically by the Pythagorean

5
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theorem, a®+b* = ¢2. In this case, the length of the hypotenuse would be the square root of (8100 + 2500) or 103
units.

If three or four vectors are to be added by graphical means, we would continue to place each new vector head to toe
with the vectors to be added until all the vectors were in the coordinate system and then the sum vector would be the
vector goes from the origin of the first vector to the arrowhead of the last vector. The magnitude and direction of
the sum vector would be measured.

Mathematical Methods of Vector Addition

We can add vectors mathematically using trig functions, the law of cosines, or the Pythagorean theorem.

If the vectors to be added are at right angles to each other, we would assign them to the sides of a right triangle and
calculate the sum as the hypotenuse of the right triangle. We would also calculate the direction of the sum vector by
using an inverse sin or some other trig function.

Suppose, however, that we wish to add two vectors that are not at right angles to each other. Let’s consider the
vectors in the following images.

North North

65N
35N

0 60°
30 East West

The two vectors we are to add is a force of 65 N at 30° north of east and a force of 35 N at 60° north of west.

We know that vectors in the same dimension can be added by regular arithmetic. Therefore, we can resolve each of
these vectors into components that lay on the axes —pictured below.

North North

65N
35N

o 60°
30 East West -

We can resolve each of the vectors into two components. The components are on the axes lines. The resolution of
vectors reduces each vector to a component on the north-south axis and a component on the east-west axis.

We can now mathematically determine the magnitude of the components and add then arithmetically because they
are in the same dimension. Once we have added the components, we will once again have only two vectors that are
perpendicular to each other and can be the legs of a right triangle.

The east-west component of the first vector is (65 N)(cos 30°) = (65 N)(0.866) = 56.3 N north
The north-south component of the first vector is (65 N)(sin 30°) = (65 N)(0.500) = 32.5 N north

6
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The east-west component of the second vector is (35 N)(cos 60°) = (35 N)(0.500) = 17.5 N west
The north-south component of the second vector is (35 N)(sin 60°) = (35 N)(0.866) = 30.3 N north
The sum of the two east-west components is 56.3 N - 17.5 N = 38.8 N east

The sum of the two north-south components is 32.5 N + 30.3 N = 62.8 N north

We can now consider those two vectors to be the sides of a right triangle and use the Pythagorean Theorem to find
the length of the hypotenuse and use a trig function to find its direction.

c= V/38.824+62.82=74N

sin x = 672—'8 so x = sin 1 0.84 so x = 58°

The direction of the sum vector is 74 N at 58° north of east.

Perpendicular vectors have no components in the other direction. For example, if a boat is floating down a river due
south, and you are paddling the boat due east, the eastward vector has no component in the north-south direction and
therefore, has no effect on the north-south motion. If the boat is floating down the river at 5 miles/hour south and
you paddle the boat eastward at 5 miles/hour, the boat continues to float southward at 5 miles/hour. The eastward
motion has absolutely no effect on the southward motion. Perpendicular vectors have NO effect on each other.

Example Problem: A motorboat heads due east at 16 m/s across a river that flows due north at 9.0 m/s.
(a) What is the resultant velocity of the boat?

(b) If the river is 135 m wide, how long does it take the boat to reach the other side?

(c) When the boat reaches the other side, how far downstream will it be?

Solution:

Sketch:

North

R =resultant
current =9.0 m/s

6

motorboat = 16 m/s

>East

RIVER

(a) Since the two motions are perpendicular to each other, they can be assigned to the legs of a right triangle and the
hypotenuse (resultant) calculated.

= Va2 152 = /(16 m/s)? + (9.0 mfs)® = 18 mis
sin@ = % = 0.500 and therefore 6 = 30°
The resultant is 18 m/s at 30° north of east.
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(b) The boat is traveling across the river at 16 m/s due to the motor. The current is perpendicular and therefore has
no effect on the speed across the river. The time required for the trip can be determined by dividing the distance by
the velocity.

_d_ 135m _
t_v_—lﬁrn/s 84s

(c) The boat is traveling across the river for 8.4 seconds and therefore, it is also traveling downstream for 8.4
seconds. We can determine the distance downstream the boat will travel by multiplying the speed downstream by
the time of the trip.

ddownstream = (Vdownstream)(t) = (90 m/S)(8.4 S) =76 m

Summary

* Vectors can be added mathematically using geometry and trigonometry.

* Vectors that are perpendicular to each other have no effect on each other.

* Vector addition can be accomplished by resolving into axial components those vectors that are to be added,
adding up the axial components, and then combining the two axial components.

Practice

A video demonstrating the component method of vector addition.

http://www.youtube.com/watch?v=nFDzRWw08Ew

MEDIA

Click image to the left for more content.

Review

1. A hiker walks 11 km due north from camp and then turns and walks 11 km due east.

(a) What is the total distance walked by the hiker?
(b) What is the displacement (on a straight line) of the hiker from the camp?

2. While flying due east at 33 m/s, an airplane is also being carried due north at 12 m/s by the wind. What is the
plane’s resultant velocity?

3. Two students push a heavy crate across the floor. John pushes with a force of 185 N due east and Joan pushes
with a force of 165 N at 30° north of east. What is the resultant force on the crate?

4. An airplane flying due north at 90. km/h is being blown due west at 50. km/h. What is the resultant velocity
of the plane?

5. A golf ball is struck with a golf club and travels in a parabolic curve. The horizontal distance traveled by the
golf ball is 240 meters and the time of flight is 4.00 seconds. What was the initial velocity magnitude and
direction?

* axial component: A component situated in or on an axis.

* resolution of vectors: Any vector directed at an angle to the horizontal (or the vertical) can be thought of
as having two parts (or components) that lie on the axes (one horizontal and one vertical). The process of
identifying these two components is known as the resolution of the vector.
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CHAPTER 1
Projectile Motion

* Describe projectile motion and state when it occurs.
* Give examples of projectile motion.

The archer in the opening image is aiming his arrow a little bit above the bull’s eye of the target, rather than directly
at it. Why doesn’t he aim at the bull’s eye instead? The answer is projectile motion.

Combining Forces

When the archer releases the bowstring, the arrow will be flung forward toward the top of the target where she’s
aiming. But another force will also act on the arrow in a different direction. The other force is gravity, and it will
pull the arrow down toward Earth. The two forces combined will cause the arrow to move in the curved path shown
in the Figure 1.1. This type of motion is called projectile motion. It occurs whenever an object curves down toward
the ground because it has both a horizontal force and the downward force of gravity acting on it.

Because of projectile motion, to hit the bull’s eye of a target with an arrow, you actually have to aim for a spot above
the bull’s eye. You can see in theFigure 1.2 what happens if you aim at the bull’s eye instead of above it.
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e, FIGURE 1.1

FIGURE 1.2

- m\ﬁ

Another Example of Projectile Motion

You can probably think of other examples of projectile motion. One is shown in the Figure 1.3. The cannon shoots
a ball straight ahead, giving it horizontal motion. At the same time, gravity pulls the ball down toward the ground.

Gravity-free path

FIGURE 1.3

Actual projectile motion

Path due to gravity alone

Q: How would you show the force of gravity on the cannon ball in the Figure 1.3?
A: You would add a line pointing straight down from the cannon to the ground.

To get a better feel for projectile motion, try these interactive animations:

* http://phet.colorado.edu/en/simulation/projectile-motion
* http://jersey.uoregon.edu/vlab/ (Click on the applet “Cannon.”)

Summary

* Projectile motion is movement of an object in a curved path toward the ground because it has both a horizontal
force and the downward force of gravity acting on it.
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* Examples of objects that have projectile motion include arrows and cannon balls.

Vocabulary

* projectile motion: Motion of an object that has initial horizontal velocity but is also pulled down toward Earth
by gravity.

Practice

Play the game at the following URL by shooting the cannon at a stationary target. Experiment with three variable-
spower, height of barrel, and angle of barrelyou find at least three different combinations of variables that allow the
cannon ball to hit the target. Record the values for the three combinations of variables. Then summarize what you
learned by doing the activity.

http://www.science-animations.com/support-files/projektielbeweging.swf
Review

1. What is projectile motion? When does it occur?
2. How might knowledge of projectile motion help you shoot baskets in basketball?
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CHAPTER '2'
Projectile Motion for an
Object Launched Horizontally

* State the relationship between the vertical and horizontal velocities of a projectile launched horizontally.
* Find the time for a horizontally launched projectile to strike the ground.
* Calculate the range of a horizontally launched projectile.

The activity of bike jumping, like other sports that involve vector motions in perpendicular directions, requires more
physical practice than mathematical analysis. The laws of physics apply to the activity, however, whether the biker
is aware of them or not.

Projectile Motion for an Object Launched Horizontally

Objects that are launched into the air are called projectiles. The path followed by an object in projectile motion is
called a trajectory. The motion of a projectile is described in terms of its position, velocity, and acceleration. Our
knowledge that perpendicular components of vectors do not affect each other allow us to analyze the motion of
projectiles.

4
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In the diagram, two balls (one red and one blue) are dropped at the same time. The red ball is released with no
horizontal motion and the blue ball is dropped but also given a horizontal velocity of 10 m/s. As the balls fall to the
floor, a photograph is taken every second so that in 5 seconds, we have 5 images of the two balls. Each vertical line
on the diagram represents 5 m. Since the blue ball has a horizontal velocity of 10 m/s, you will see that for every
second, the blue ball has moved horizontally 10 m. That is, in each second, the blue ball has increased its horizontal
distance by 10 m. This horizontal motion is constant velocity motion.

The red ball was dropped straight down with no horizontal velocity and therefore, in each succeeding second, the
red ball falls straight down with no horizontal motion. The succeeding distances between seconds with the red ball
motion indicates this motion is accelerated.

A very important point here is that, the vertical motion of these two balls is identical. That is, they each fall exactly
the same distance vertically in each succeeding second. The constant horizontal velocity of the blue ball has no
effect on its accelerated vertical motion!

Therefore, the vertical motion of the blue ball (the projectile) can be analyzed exactly the same as the vertical motion
of the red ball.

Example Problem: If an arrow if fired from a bow with a perfectly horizontal velocity of 60.0 m/s and the arrow
was 2.00 m above the ground when the it was released, how far will the arrow fly horizontally before it strikes the
ground?

Solution: This problem is solved by determining how long it takes the arrow to fall to the ground in exactly the same
manner as if the arrow was dropped with no horizontal velocity. Then the time required for the fall is multiplied by
the horizontal velocity to get the horizontal distance.

/2 2)(2.
d= %at2 solved for t = 2d = M =0.639s
a 9.80 m/s

The time required for the arrow to fall to the ground is the same time that the arrow flies horizontally at 60.0 m/s, so
dhorizontal = (vhorizomal)(time) = (60.0 m/s)(0.639 S) =383 m

Example Problem: A rock was thrown horizontally from a 100.0 m high cliff. It strikes the ground 90.0 m from
the base of the cliff. At what speed was it thrown?
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Solution: We can calculate how long it takes for a rock to free fall 100.0 m and then divide this time into the
horizontal distance to get the horizontal velocity.

2d 2)(100.0
ro /24 _  /(2(1000m) ?):4.52s
a 9.80 m/s

d  90.0m

r 4.52s

=19.9 m/s

Summary

* Perpendicular components of vectors do not influence each other.
* The horizontal motion of a projectile does not influence its free fall.

Practice

The following video discusses projectile motion for projectiles launched horizontally.

http://www.youtube.com/watch?v=-uUsUaPJUc0

1. Why does speedy need to drive a convertible?

2. What is speedy doing in this video?

3. How does the horizontal velocity change during the fall?
4. How does the vertical velocity change during the fall?

Review

1. If a bullet is fired from a high powered rifle at the exact time a duplicate bullet is dropped by hand near the
barrel of the rifle, which bullet will hit the ground first?

(a) the one dropped straight down
(b) the one fired horizontally
(c) both will hit the ground at the same time

2. A cannon is fired from the edge of a small cliff. The height of the cliff is 80.0 m. The cannon ball is fired
with a perfectly horizontal velocity of 80.0 m/s. How far will the cannon ball fly horizontally before it strikes
the ground?

3. A cliff diver running 3.60 m/s dives out horizontally from the edge of a vertical cliff and reaches the water
below 2.00 s later. How high is the cliff and how far from the base of the cliff did the diver hit the water?

* projectile motion: A form of motion where a particle (called a projectile) is thrown obliquely near the earth’s
surface, it moves along a curved path under the action of gravity. The path followed by a projectile motion
is called its trajectory. Projectile motion only occurs when there is one force applied at the beginning of the
trajectory after which there is no interference apart from gravity.

* trajectory: The path followed by an object in projectile motion.
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CHAPTER 3

Projectile Motion for an
Object Launched at an Angle

* The student will calculate the maximum height and range of projectiles launched at an angle given the initial
velocity and angle.

In the case of the human cannonball shown, all the vector and gravitational calculations must be worked out perfectly
before the first practice session. With this activity, you cannot afford trial and error —the first miss might be the last
trial.

Projectile Motion for an Object Launched at an Angle

When an object is projected from rest at an upward angle, its initial velocity can be resolved into two components.
These two components operate independently of each other. The upward velocity undergoes constant downward
acceleration which will result in it rising to a highest point and then falling backward to the ground. The horizontal
motion is constant velocity motion and undergoes no changes due to gravity. As usual, the analysis of the motion
involves dealing with the two motions independently.
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Example Problem: A cannon ball is fired with an initial velocity of 100. m/s at an angle of 45° above the
horizontal. What maximum height will it reach and how far will it fly horizontally?

Solution: The first step in the analysis of this motion is to resolve the initial velocity into its vertical and horizontal
components.

Vi_up = (100. m/s)(sin45°) = (100. m/s)(0.707) = 70.7 m/s
Vi_horizontal = (100. m/s)(cos45°) = (100. m/s)(0.707) = 70.7 m/s

We will deal with the vertical motion first. The vertical motion is symmetrical. The object will rise up to its highest
point and then fall back. The distance it travels up will be the same as the distance it falls down. The time it takes
to reach the top will be the same time it takes to fall back to its initial point. The initial velocity upward will be the
same magnitude (opposite in direction) as the final velocity when it returns to its original height. There are several
ways we could approach the upward motion. We could calculate the time it would take gravity to bring the initial
velocity to rest. Or, we could calculate the time it would take gravity to change the initial velocity from +70.7 m/s
to -70.0 m/s. Yet another way would be to calculate the time for the height of the object to return to zero.

VF—Vi
a

vi=vi+at SO0 =

If we calculate the time required for the ball to rise up to its highest point and come to rest, the initial velocity is 70.7
m/s and the final velocity is O m/s. Since we have called the upward velocity positive, then the acceleration must be
negative or -9.80 m/s.

ve—vi _ 0m/s—70.7 m/s
a —9.80 m/s’

The maximum height reached can be calculated by multiplying the time for the upward trip by the average vertical
velocity. The average upward velocity during the trip up is one-half the initial velocity.

Vap—ave = (3) (70.7 m/s) = 35.3 m/s
height = (Vyp—ave) (fup) = (35.3 m/s)(7.21 s) =255 m

Since this is the time required for the cannon ball to rise up to its highest point and come to rest, then the time
required for the entire trip up and down would be double this value, or 14.42 s. The horizontal distance traveled
during the flight is calculated by multiplying the total time times the constant horizontal velocity.

dhorizontal = (14.42 S)(70.7 m/s) = 1020 m

Example Problem: A golf ball was knocked into the with an initial velocity of 4.47 m/s at an angle of 66° with the
horizontal. How high did the ball go and how far did it fly horizontally?

Solution:

Viup = (4.47 m/s) (sin66°) = (4.47 m/s)(0.913) = 4.08 m/s
Vichor = (4.47 m/s)(cos66°) = (4.47 m/s)(0.407) = 1.82 m/s

8
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fap = S = OISO _ 416

Vap—ave = (3) (4.08 m/s) = 2.04 m/s

height = (Vyp—ave) (fup) = (2.04 m/s)(0.416 5) = 0.849 m

tiotal rip = (2)(0.416 s) = 0.832 s

dhorizontal = (0.8328)(1.82 m/s) = 1.51 m

Example Problem: Suppose a cannon ball is fired downward from a 50.0 m high cliff at an angle of 45° with an
initial velocity of 80.0 m/s. How far horizontally will it land from the base of the cliff?

Solution: In this case, the initial vertical velocity is downward and the acceleration due to gravity will increase this
downward velocity.

Vi—down = (80.0 m/s)(sin45°) = (80.0 m/s)(0.707) = 56.6 m/s
Vi—hor = (80.0 m/s)(cos45°) = (80.0 m/s)(0.707) = 56.6 m/s

d = Vi_down! + %at2

50.0 = 56.6t +4.9¢*

Changing to standard quadratic form yields 4.9t> +56.6¢t — 50.0 = 0

This equation can be solved with the quadratic formula. The quadratic formula will produce two possible solutions
for ¢t

;— =bt vb? —4ac and 1 — =b= vb? —4ac
- - 2a

2a

_ —56.6+1/(56.6)2 — (4)(4.9)(—50)
- (2)(49)

The other solution to the quadratic formula yields a negative number which is clearly not a reasonable solution for
this problem.

dhorizontal = (0.816 S)(56.6 m/s) =46.2 m

t =0.816s

Summary

* When an object is projected from rest at an upward angle, its initial velocity can be resolved into two
components. These two components operate independently of each other.

* The upward velocity undergoes constant downward acceleration which will result in it rising to a highest point
and then falling backward to the ground.

* The horizontal motion is constant velocity motion and undergoes no changes due to gravity.

* The analysis of the motion involves dealing with the two motions independently.

Practice

The following video shows a motion analysis for projectile motion launched upward.

http://www.youtube.com/watch?v=rMVBc8cE5GU

MEDIA

Click image to the left for more content.
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The following video shows the famous "shoot the monkey" demonstration. Use this resource to answer the questions
that follow.

http://www.youtube.com/watch?v=cxvsHNRXLjw

In this demonstration, a stuffed toy is hung from a high support and is attached to the support by an electric switch. A
golf ball cannon is aimed up at the “monkey” while it is hanging on the support. The cannon is designed such that
when the golf ball projectile leaves the barrel, it triggers the switch and releases the toy monkey from its perch. It
would seem (to the non-physicist) that the projectile will miss the monkey because the monkey will fall under the
line of fire. The physicist knows, however, that the projectile falls from its line of fire by exactly the same amount
that the monkey falls and therefore, the projectile will hit the monkey every time . . . in fact, it cannot miss.

1. What is the cannon ball in this video?
2. What is used as the monkey in this video?

Review
1. A player kicks a football from ground level with a velocity of magnitude 27.0 m/s at an angle of 30.0° above
the horizontal.

(a) Find the time the ball is in the air.
(b) Find the maximum height of the ball.
(¢c) Find the horizontal distance the ball travels.

2. A person standing on top of a 30.0 m high building throws a ball with an initial velocity of 20. m/s at an angle
of 20.0° below horizontal. How far from the base of the building will the ball land?
3. An arrow is fired downward at an angle of 45 degrees from the top of a 200 m cliff with a velocity of 60.0 m/s.

(a) How long will it take the arrow to hit the ground?
(b) How far from the base of the cliff will the arrow land?

* trajectory: The ballistic trajectory of a projectile is the path that a thrown or launched projectile will take
under the action of gravity, neglecting all other forces, such as air resistance, without propulsion.

References

1. Flickr: JoshBerglund19. http://www.flickr.com/photos/tyrian123/1539636464/. CC-BY 2.0
2. CK-12 Foundation - Samantha Bacic. . CC-BY-NC-SA 3.0
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CHAPTER 4

Projectile Motion Problem
Solving

Students will learn how to use the equations of motion in two dimensions in order to solve problems for projectiles.

It is necessary to understand how to break a vector into its x and y components.

Students will learn how to use the equations of motion in two dimensions in order to solve problems for projectiles.

It is necessary to understand how to break a vector into its x and y components.

Key Equations

Break the Initial Velocity Vector into its Components

v_\_f:‘ﬁ,-sin 9|

-
V== |V,. cos 9|

=0
Vertical
Direction:
v,/._‘.=‘f;,- cos:’:‘| v,/_.,.=—|17,- c039|

Horizontal
Direction:
.v_\__‘.=|f‘;|.sin 9| v,= I?,- sin 9| v_\.r=|f‘:,;’n 9|
Apply the Kinematics Equations
Vertical Direction Horizontal Direction
y(t) = yi+viyt — %gtz x(t) = x;j +vit
Vy(t) = Viy — &t Vx(t) = Vix
Vy2 = V0y2 - 2g(Ay)

ay = —g = —9.8m/s’> ~ —10m/s* a,=0

11
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Guidance

» To work these problems, separate the “Big Three” equations into two sets: one for the vertical direction, and
one for the horizontal. Keep them separate.

* The only variable that can go into both sets of equations is time; use time to communicate between the x and
y components of the object’s motion.

Example 1

CSI discovers a car at the bottom of a 72 m cliff. How fast was the car going if it landed 22m horizontally from the
cliff’s edge? (Note that the cliff is flat, i.e. the car came off the cliff horizontally).

Question: v =" [m/s]
Given: h=Ay=72m
d=Ax=22m
g=10.0m/s*
Equation: h = vyt + % gt2 and d = vt
Plug n” Chug: Step 1: Calculate the time required for the car to freefall from a height of 72 m.

h=vjyt+ % gt* but since viy = 0, the equation simplifies to & = %gt2 rearranging for the unknown variable, ¢, yields

vp=4=2m _580m/s

t 379 s
Answer
5.80m/s
Example 2

Question: A ball of mass m is moving horizontally with a speed of v; off a cliff of height 2. How much time does it
take the ball to travel from the edge of the cliff to the ground? Express your answer in terms of g (acceleration due
to gravity) and / (height of the cliff).

Solution: Since we are solving or how long it takes for the ball to reach ground, any motion in the x direction is not
pertinent. To make this problem a little simpler, we will define down as the positive direction and the top of the cliff
to be

y=0

. In this solution we will use the equation

1
V() = Yo +voyt + Egt2

12
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1
V(1) = Yo+ voyt + 3 gt2 start with the equation

1
h=y,+Vvoyt + = gt> substitute A for y(t) because that’s the position of the ball when it hits the ground after time ¢

2
1
h=0+v, + Egt2 substitute 0 for y,because the ball starts at the top of the cliff
1
h=0+0+ 5 gt substitute O for v,, becauese the ball starts with no vertical component to it’s velocity
1

h= 3 gt’ simplify the equation

2h
t= solve for ¢

8

Watch this Explanation

Projectile Motion jeih
£y =ML o3
sy 4 =T =

et MEDIA
Sy =20% o
A Click image to the left for more content.
'\.'._; =0
%y =9 =-10% <

Time for Practice

1. A stone is thrown horizontally at a speed of 8.0 m/s from the edge of a cliff 80 m in height. How far from the
base of the cliff will the stone strike the ground?

2. A toy truck moves off the edge of a table that is 1.25 m high and lands 0.40 m from the base of the table.

a. How much time passed between the moment the car left the table and the moment it hit the floor?
b. What was the horizontal velocity of the car when it hit the ground?

3. A hawk in level flight 135 m above the ground drops the fish it caught. If the hawk’s horizontal speed is
20.0 m/s, how far ahead of the drop point will the fish land?

4. A pistol is fired horizontally toward a target 120 m away, but at the same height. The bullet’s velocity is
200 m/s. How long does it take the bullet to get to the target? How far below the target does the bullet hit?

5. A bird, traveling at 20 m/s, wants to hit a waiter 10 m below with his dropping (see image). In order to hit the
waiter, the bird must release his dropping some distance before he is directly overhead. What is this distance?

13
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e 10 m

e

Joe Nedney of the San Francisco 49ers kicked a field goal with an initial velocity of 20 m/s at an angle of
60°.

a. How long is the ball in the air? Hint: you may assume that the ball lands at same height as it starts at.

b. What are the range and maximum height of the ball?

. A racquetball thrown from the ground at an angle of 45° and with a speed of 22.5 m/s lands exactly 2.5 s later

on the top of a nearby building. Calculate the horizontal distance it traveled and the height of the building.
Donovan McNabb throws a football. He throws it with an initial velocity of 30 m/s at an angle of 25°. How
much time passes until the ball travels 35 m horizontally? What is the height of the ball after 0.5 seconds?
(Assume that, when thrown, the ball is 2 m above the ground.)

Pablo Sandoval throws a baseball with a horizontal component of velocity of 25 m/s. After 2 seconds, the ball
is 40 m above the release point. Calculate the horizontal distance it has traveled by this time, its initial vertical
component of velocity, and its initial angle of projection. Also, is the ball on the way up or the way down at
this moment in time?

Barry Bonds hits a 125 m(450’) home run that lands in the stands at an altitude 30 m above its starting altitude.
Assuming that the ball left the bat at an angle of 45° from the horizontal, calculate how long the ball was in
the air.

A golfer can drive a ball with an initial speed of 40.0 m/s. If the tee and the green are separated by 100 m, but
are on the same level, at what angle should the ball be driven? ( Hint: you should use 2 cos (x) sin (x) = sin (2x)
at some point.)

How long will it take a bullet fired from a cliff at an initial velocity of 700 m/s, at an angle 30° below the
horizontal, to reach the ground 200 m below?

A diver in Hawaii is jumping off a cliff 45 m high, but she notices that there is an outcropping of rocks 7 m
out at the base. So, she must clear a horizontal distance of 7 m during the dive in order to survive. Assuming
the diver jumps horizontally, what is his/her minimum push-off speed?

If Monte Ellis can jump 1.0 m high on Earth, how high can he jump on the moon assuming same initial
velocity that he had on Earth (where gravity is 1/6 that of Earth’s gravity)?

James Bond is trying to jump from a helicopter into a speeding Corvette to capture the bad guy. The car is
going 30.0 m/s and the helicopter is flying completely horizontally at 100 m/s. The helicopter is 120 m above
the car and 440 m behind the car. How long must James Bond wait to jump in order to safely make it into the

car?
: : 100 mis
o

120 m

440 m A
-
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16. A field goal kicker lines up to kick a 44 yard (40 m) field goal. He kicks it with an initial velocity of 22 m/s

at an angle of 55°. The field goal posts are 3 meters high.

a. Does he make the field goal?

b. What is the ball’s velocity and direction of motion just as it reaches the field goal post (i.e., after it has

traveled 40 m in the horizontal direction)?

17. In a football game a punter kicks the ball a horizontal distance of 43 yards (39 m). On TV, they track the hang
time, which reads 3.9 seconds. From this information, calculate the angle and speed at which the ball was
kicked. (Note for non-football watchers: the projectile starts and lands at the same height. It goes 43 yards

horizontally in a time of 3.9 seconds)

Answers to Selected Problems

NN R W

32 m

a.0.5sb. 0.8 m/s

104 m

t =0.60 s, 1.8 m below target
28 m.

a.3.5s.b.35m;15m

40 m; 8.5 m

1.3 seconds, 7.1 meters
50 m;vg, = 30 m/s;50%; on the way up
4.4

. 19°

05s

. 23m/s

. 6m

. 1.4 seconds

. a.yesb. 14m/s @ 23 degrees from horizontal
. 22 m/s @ 62 degrees
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C
" Newton's First and Second
Laws of Motion

¢ Define force.

State the fundamental units for the Newton.

¢ State Newton’s First Law of Motion.

¢ Given two of the three values in F' = ma, calculate the third.

This image is of Buzz Aldrin, one of the first men to walk on the moon. Apollo 11 was the spaceflight that landed
the first humans, Neil Armstrong and Buzz Aldrin, on the Moon on July 20, 1969. Armstrong became the first to
step onto the lunar surface 6 hours later on July 21.

This accomplishment could not have occurred without a thorough understanding of forces and acceleration.

Newton’s First and Second Laws of Motion

What is a force? A force can be defined as a push or pull. When you place a book on a table, the book pushes
downward on the table and the table pushes upward on the book. The two forces are equal and there is no resulting
motion of the book. If, on the other hand, you drop the book, it will fall to the ground pulled by a force called
gravity.
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If you slide a book across the floor, it will experience a force of friction which acts in the opposite direction of the
motion. This force will slow down the motion of the book and eventually bring it to rest. If the floor is smoother,
the force of friction will be less and the book will slide further before coming to rest. If a perfectly smooth floor
could be created, there would be no friction and the book would slide forever at constant speed.

Newton’s First Law of Motion describes an object moving with constant speed in a straight line. In the absence of
any force, the object will continue to move at the same constant speed and in the same straight line. If the object is at
rest, in the absence of any force, it will remain at rest. Newton’s First Law states that an object with no force acting
on it moves with constant velocity. (The constant velocity could, of course, be 0 m/s.) A more careful expression
of Newton’s First Law is "an object with no net force acting on it remains at rest or moves with constant velocity in
a straight line."

The statement above is equivalent to a statement that "if there is no net force on an object, there will be no
acceleration.” In the absence of acceleration, an object will remain at rest or will move with constant velocity
in a straight line. The acceleration of an object is the result of an unbalanced force. If an object suffers two forces,
the motion of the object is determined by the net force. The magnitude of the acceleration is directly proportional to
the magnitude of the unbalanced force. The direction of the acceleration is the same direction as the direction of the
unbalanced force. The magnitude of the acceleration is inversely proportional to the mass of the object. i.e. The
more massive the object, the smaller will be the acceleration produced by the same force.

These relationships are stated in Newton’s Second Law of Motion, "the acceleration of an object is directly propor-
tional to the net force on the object and inversely proportional to the mass of the object."

Newton’s Second Law can be summarized in an equation.
a= % or more commonly, F = ma

According to Newton’s second law, a new force on an object causes it to accelerate and the larger the mass, the
smaller the acceleration. Sometimes, the word inertia is used to express the resistance of an object to accelera-
tion. Therefore, we say that a more massive object has greater inertia.

The units for force are defined by the equation for Newton’s second law. Suppose we wish to express the force that
will give a 1.00 kg object an acceleration of 1.00 m/s.

F = ma = (1.00 kg)(1.00 m/s?) = 1.00 kg - m/s>

This unit is defined as 1.00 Newton or 1.00 N.

kem — Newton

Example Problem: What new force is required to accelerate a 2000. kg car at 2.000 m/s>?
Solution: F = ma = (2000. kg)(2.000 m/s?) = 4000. N

Example Problem: A net force of 150 N is exerted on a rock. The rock has an acceleration of 20. m/s? due to this
force. What is the mass of the rock?
F (150 N)

Solution: m = a = m =175 kg

Example Problem: A net force of 100. N is exerted on a ball. If the ball has a mass of 0.72 kg, what acceleration
will it undergo?

. F_ (100.N) _ 2
SOlllthIl. a = m m = 140 m/s

Summary

* A force is a push or pull.

* Newton’s First Law states that an object with no net force acting on it remains at rest or moves with constant
velocity in a straight line.

* Newton’s Second Law of Motion states that the acceleration of an object is directly proportional to the net
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force on the object and inversely proportional to the mass of the object. Expressed as an equation, F' = ma.

Practice

Professor Mac explains Newton’s Second Law of Motion.

http://www.youtube.com/watch?v=-KxbIIw8hlc

F=ma "% a MEDIA
v \' Click image to the left for more content.

Review

1.

2.

A car of mass 1200 kg traveling westward at 30. m/s is slowed to a stop in a distance of 50. m by the car’s
brakes. What was the braking force?

Calculate the average force that must be exerted on a 0.145 kg baseball in order to give it an acceleration of
130 m/s.

After a rocket ship going from the Earth to the Moon leaves the gravitational pull of the Earth, it can shut off
its engine and the ship will continue on to the Moon due to the gravitational pull of the Moon.

(a) True
(b) False

. If a space ship traveling at 1000 miles per hour enters an area free of gravitational forces, its engine must run

at some minimum level in order to maintain the ships velocity.

(a) True
(b) False

. Suppose a space ship traveling at 1000 miles per hour enters an area free of gravitational forces and free of air

resistance. If the pilot wishes to slow the ship down, he can accomplish that by shutting off the engine for a
while.

(a) True
(b) False

* force: A push or pull.

References

1.

Courtesy of Neil A. Armstrong, NASA. http://spaceflight.nasa.gov/gallery/images/apollo/apollo11/html/as11
-40-5873.html. Public Domain
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CHAPTER 2 ]
Newton’s First Law

» Use skateboarding to explain Newton’s first law of motion.

There’s no doubt from Corey’s face that he loves skateboarding! Corey and his friends visit Newton’s Skate Park
every chance they get. They may not know it, but while they’re having fun on their skateboards, they’re actually
applying science concepts such as forces and motion.
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Starting and Stopping

Did you ever ride a skateboard? Even if you didn’t, you probably know that to start a skateboard rolling over a level
surface, you need to push off with one foot against the ground. That’s what Corey’s friend Nina is doing in this
picture 2.1.

FIGURE 2.1

Do you know how to stop a skateboard once it starts rolling? Look how Nina’s friend Laura does it in the Figure
2.2. She steps down on the back of the skateboard so it scrapes on the pavement. This creates friction, which stops
the skateboard.

Even if Laura didn’t try to stop the skateboard, it would stop sooner or later. That’s because there’s also friction
between the wheels and the pavement. Friction is a force that counters all kinds of motion. It occurs whenever two
surfaces come into contact.

Video Break

Laura learned how to use forces to start and stop her skateboard by watching the videos below. Watch the video to
see how the forces are applied. You can pick up some skateboarding tips at the same time!

Starting: http://www.youtube.com/watch?v=0pZIVjbMAOU

MEDIA

Click image to the left for more content.

Stopping: http://www.youtube.com/watch?v=6fuOwhx91zM
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FIGURE 2.2

MEDIA

Click image to the left for more content.

Laws of the Park: Newton’s First Law

If you understand how a skateboard starts and stops, then you already know something about Newton’s first law of
motion. This law was developed by English scientist Isaac Newton around 1700. Newton was one of the greatest
scientists of all time. He developed three laws of motion and the law of gravity, among many other contributions.

Newton’s first law of motion states that an object at rest will remain at rest and an object in motion will stay in
motion unless it is acted on by an unbalanced force. Without an unbalanced force, a moving object will not only
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keep moving, but its speed and direction will also remain the same. Newton’s first law of motion is often called the
law of inertia because inertia is the tendency of an object to resist a change in its motion. If an object is already at
rest, inertia will keep it at rest. If an object is already in motion, inertia will keep it moving.

Do You Get It?

Q: How does Nina use Newton’s first law to start her skateboard rolling?

A: The skateboard won’t move unless Nina pushes off from the pavement with one foot. The force she applies when
she pushes off is stronger than the force of friction that opposes the skateboard’s motion. As a result, the force on
the skateboard is unbalanced, and the skateboard moves forward.

Q: How does Nina use Newton’s first law to stop her skateboard?

A: Once the skateboard starts moving, it would keep moving at the same speed and in the same direction if not for
another unbalanced force. That force is friction between the skateboard and the pavement. The force of friction
is unbalanced because Nina is no longer pushing with her foot to keep the skateboard moving. That’s why the
skateboard stops.

Changing Direction

Corey’s friend Jerod likes to skate on the flat banks at Newton’s Skate Park. That’s Jerod in the picture above. As he
reaches the top of a bank, he turns his skateboard to go back down. To change direction, he presses down with his
heels on one edge of the skateboard. This causes the skateboard to turn in the opposite direction.

Video Break

Can you turn a skateboard like Jerod? To see how to apply forces to change the direction of a skateboard, watch this
video:

http://www.youtube.com/watch?v=1OnlcEk50CM

MEDIA

Click image to the left for more content.

Do You Get It?

Q: How does Jerod use Newton’s first law of motion to change the direction of his skateboard?

A: Pressing down on just one side of a skateboard creates an unbalanced force. The unbalanced force causes the
skateboard to turn toward the other side. In the picture, Jerod is pressing down with his heels, so the skateboard
turns toward his toes.

Summary

* Newton'’s first law of motion states that an object at rest will remain at rest and an object in motion will remain
in motion unless it is acted on by an unbalanced force.
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FIGURE 2.3

* Using unbalanced forces to control the motion of a skateboard demonstrates Newton’s first law of motion.

Vocabulary

* Newton’s first law of motion: Law stating that an object’s motion will not change unless an unbalanced force
acts on the object.

Practice

Do you think you understand Newton’s first law? Go to the URL below to find out. Review Newton’s law and watch
what happens to the skateboarder in the animation. Then answer the questions at the bottom of the Web page.

http://teachertech.rice.edu/Participants/louviere/Newton/law1.html
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Review

1. State Newton’s first law of motion.
2. You don’t need to push off with a foot against the ground to start a skateboard rolling down a bank. Does this
violate Newton’s first law of motion? Why or why not?

FIGURE 2.4

3. Nina ran into a rough patch of pavement, but she thought she could ride right over it. Instead, the skateboard
stopped suddenly and Nina ended up on the ground (see Figure above). Explain what happened.
4. Now that you know about Newton’s first law of motion, how might you use it to ride a skateboard more safely?

References

1. Image copyright DenisNata, 2012. . Used under license from Shutterstock.com
2. Image copyright DenisNata, 2012. . Used under license from Shutterstock.com
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CHAPTER ,
Newton’s Second Law

 State Newton’s second law of motion.
» Compare and contrast the effects of force and mass on acceleration.

These boys are racing around the track at Newton’s Skate Park. The boy who can increase his speed the most will
win the race. Tony, who is closest to the camera in this picture, is bigger and stronger than the other two boys, so he
can apply greater force to his skates.

Q: Does this mean that Tony will win the race?

A: Not necessarily, because force isn’t the only factor that affects acceleration.
Force, Mass, and Acceleration
Whenever an object speeds up, slows down, or changes direction, it accelerates. Acceleration occurs whenever an

unbalanced force acts on an object. Two factors affect the acceleration of an object: the net force acting on the object
and the object’s mass. Newton’s second law of motion describes how force and mass affect acceleration. The law
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states that the acceleration of an object equals the net force acting on the object divided by the object’s mass. This
can be represented by the equation:

ion — Net force
Acceleration = L Taos
_F
ora=

Q: While Tony races along on his rollerblades, what net force is acting on the skates?

A: Tony exerts a backward force against the ground, as you can see in the Figure 3.1, first with one skate and then
with the other. This force pushes him forward. Although friction partly counters the forward motion of the skates, it
is weaker than the force Tony exerts. Therefore, there is a net forward force on the skates.

FIGURE 3.1

Direct and Inverse Relationships

Newton’s second law shows that there is a direct relationship between force and acceleration. The greater the force
that is applied to an object of a given mass, the more the object will accelerate. For example, doubling the force on
the object doubles its acceleration.

The relationship between mass and acceleration is different. It is an inverse relationship. In an inverse relationship,
when one variable increases, the other variable decreases. The greater the mass of an object, the less it will accelerate
when a given force is applied. For example, doubling the mass of an object results in only half as much acceleration
for the same amount of force.

Q: Tony has greater mass than the other two boys he is racing above. How will this affect his acceleration around
the track?

A: Tony’s greater mass will result in less acceleration for the same amount of force.

Summary
* Newton’s second law of motion states that the acceleration of an object equals the net force acting on the
object divided by the object’s mass.

* According to the second law, there is a direct relationship between force and acceleration and an inverse
relationship between mass and acceleration.

Vocabulary

* Newton’s second law of motion: Law stating that the acceleration of an object equals the net force acting on
the object divided by the object’s mass.
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Practice

At the following URL, use the simulator to experiment with force, mass, and acceleration. First keep force constant
at 1 N, and vary mass from 1-5 kg. Next keep mass constant at 1 kg, and vary force from 1-5 N. In each simulation,
record the values you tested and the resulting acceleration. Finally, make two line graphs to plot your results. On
one graph, show acceleration when force is constant and mass changes. On the other graph, show acceleration when
mass is constant and force changes. Describe in words what the two graphs show.

http://janggeng.com/newtons-second-law-of-motion/

Review

State Newton’s second law of motion.

How can Newton’s second law of motion be represented with an equation?

If the net force acting on an object doubles, how will the object’s acceleration be affected?

Tony has a mass of 50 kg, and his friend Sam has a mass of 45 kg. Assume that both friends push off on their
rollerblades with the same force. Explain which boy will have greater acceleration.

e

References

1. Uploaded by User:Shizhao/Wikimedia Commons. . CC BY 2.5
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CHAPTER 4 . _
Newton’s ThlrdNII.atv_v of
otion

¢ Define force.

State the fundamental units for the Newton.

e State Newton’s First Law of Motion.

¢ Given two of the three values in F' = ma, calculate the third

The image at above is a NASA artist’s concept of a space elevator. It was imagined as a geo-stationary transfer
station for passengers and cargo between earth and space. This idea was not pursued but it began where all great
ideas begin . . . in someone’s mind.

Newton’s Third Law of Motion

Where do forces come from? Observations suggest that a force applied to an object is always applied by another
object. A hammer strikes a nail, a car pulls a trailer, and a person pushes a grocery cart. Newton realized that forces
are not so one sided. When the hammer exerts a force on the nail, the nail also exerts a force on the hammer —after
all, the hammer comes to rest after the interaction. This led to Newton’s Third Law of Motion, which states that
whenever one object exerts a force on a second object, the second object also exerts a force on the first object, equal
in magnitude and opposite in direction.
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This law is sometimes paraphrased as “for every action, there is an equal and opposite reaction.” A very important
point to remember is that the two forces are on different objects —never on the same object. It is frequently the
case that one of the objects moves as a result of the force applied but the motion of the other object in the opposite
direction is not apparent. Consider the situation where an ice skater is standing at the edge of the skating rink
holding on to the side rail. If the skater exerts a force on the rail, the rail is held in place with tremendous friction
and therefore, will not move in any noticeable way. The skater, on the other hand, had little friction with the ice,
and therefore will be accelerated in the direction opposite of his/her original push. This is the process people use to
jump up into the air. The person’s feet exert force on the ground and the ground exerts an equal and opposite force
on the person’s feet. The force on the feet is sufficient to raise the person off the ground. The force on the ground
has little effect because the earth is so large. One of the accelerations is visible but the other is not visible.

A case where the reaction motion due to the reaction force is visible is the case of a person throwing a heavy object
out of a boat. The object is accelerated in one direction and the boat is accelerated in the opposite direction. In this
case, both the motion of the object is visible and the motion of the boat in the opposite direction is also visible.

Rockets also work in this manner. It is a misconception that the rocket moves forward because the escaping gas
pushes on the ground or the surrounding air to make the rocket go forward. Rockets work in outer space where
there is no ground or surrounding air. The rocket exerts a force on the gases causing them to be expelled and the
gases exert a force on the rocket causing it to be accelerated forward.

Summary

A force applied to an object is always applied by another object.
* Newton’s Third Law of Motion says, "whenever one object exerts a force on a second object, the second object
also exerts a force on the first object, equal in magnitude and opposite in direction."

Practice

The following video contains a discussion and an example of Newton’s Third Law of Motion.

http://www.youtube.com/watch?v=fKJDpPi-UNO

MEDIA
Click image to the left for more content.

Review

1. What is wrong with the following statement: When you exert a force on a baseball, the equal and opposite
force on the ball balances the original force and therefore, the ball will not accelerate in any direction.

2. When a bat strikes a ball, the force exerted can send the ball deep into the outfield. Where is the equal and
opposite force in this case?

3. Suppose you wish to jump horizontally and in order for you to jump a distance of 4 feet horizontally, you
must exert a force of 200 N. When you are standing on the ground, you have no trouble jumping 4 feet
horizontally. If you are standing in a canoe, however, and you need to jump 4 feet to reach the pier, you will
surely fall into the lake. Why is it that you cannot jump 4 feet out of a canoe when you can easily do this
when on land?
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* Newton’s Third Law of Motion: Whenever one object exerts a force on a second object, the second object
also exerts a force on the first object, equal in magnitude and opposite in direction.

References

1. Courtesy of Pat Rawling, NASA. http://commons.wikimedia.org/wiki/File:Nasa_space_elev.jpg. Public Do-
main
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CHAPTER 5
Types of Forces

The various types of common forces are discussed and analyzed.

The various types of common forces are discussed and analyzed.
Key Equations

Fy,=mg Gravity

Fy Normal force: acts perpendicular to surfaces
Common Forces o ) )
Fr Force of tension in strings and wires
F;;, = —kAx  Force of spring stretched a distance Ax from equilibrium

Guidance

Normal Force

Often, objects experience a force that pushes them into another object, but once the objects are in contact they do not
any move closer together. For instance, when you stand on the surface of the earth you are obviously not accelerating
toward its center. According to Newton’s Laws, there must be a force opposing the earth’s gravity acting on you, so
that the net force on you is zero. The same also applies for your gravity acting on the earth. We call such a force the
Normal Force. The normal force acts between any two surfaces in contact, balancing what ever force is pushing the
objects together. It is actually electromagnetic in nature (like other contact forces), and arises due to the repulsion of
atoms in the two objects. Here is an illustration of the Normal force on a block sitting on earth:

Forces acting on earth Forces acting on block
A
]
2
<)
L
g 3
g E
o]
4
o -

Line of contact —
but we still model
that forces act

(effectively) on
centers of mass.

8010 [EWION
Rireis

il
-

Tension

Another force that often opposes gravity is known as tension. This force is provided by wires and strings when
they hold objects above the earth. Like the Normal Force, it is electromagnetic in nature and arises due to the

intermolecular bonds in the wire or string:

16


http://www.ck12.org

www.ck|Z.org Chapter 5. Types of Forces

Tension

“Rineis

If the object is in equilibrium, tension must be equal in magnitude and opposite in direction to gravity. This force
transfers the gravity acting on the object to whatever the wire or string is attached to; in the end it is usually a Normal
Force — between the earth and whatever the wire is attached to — that ends up balancing out the force of gravity on
the object.

Friction

Friction is a force that opposes motion. Any two objects in contact have what is called a mutual coefficient of
friction. To find the force of friction between them, we multiply the normal force by this coefficient. Like the forces
above, it arises due to electromagnetic interactions of atoms in two objects. There are actually two coefficients of
friction: static and kinetic. Static friction will oppose initial motion of two objects relative to each other. Once
the objects are moving, however, kinetic friction will oppose their continuing motion. Kinetic friction is lower than
static friction, so it is easier to keep an object in motion than to set it in motion.

fs < ys|ﬁN| [5] Static friction opposes potential motion of surfaces in contact

fi = | Fiv [6] Kinetic frictions opposes motion of surfaces in contact
There are some things about friction that are not very intuitive:

* The magnitude of the friction force does not depend on the surface areas in contact.

* The magnitude of kinetic friction does not depend on the relative velocity or acceleration of the two objects.

* Friction always points in the direction opposing motion. If the net force (not counting friction) on an object is
lower than the maximum possible value of static friction, friction will be equal to the net force in magnitude

and opposite in direction.
Spring Force
Any spring has some equilibrium length, and if stretched in either direction it will push or pull with a force equal to:

F,= —kAx [7] Force of spring Ax from equilibrium

Example 1
Question: A woman of mass 70.0 kg weighs herself in an elevator.
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a) If she wants to weigh less, should she weigh herself when accelerating upward or downward?

b) When the elevator is not accelerating, what does the scale read (i.e., what is the normal force that the scale exerts
on the woman)?

¢) When the elevator is accelerating upward at 2.00 m/s?, what does the scale read?

Answer a) If she wants to weigh less, she has to decrease her force (her weight is the force) on the scale. We will
use the equation

F=ma
to determine in which situation she exerts less force on the scale.

If the elevator is accelerating upward then the acceleration would be greater. She would be pushed toward the floor
of the elevator making her weight increase. Therefore, she should weigh herself when the elevator is going down.

b) When the elevator is not accelerating, the scale would read 70.0kg.

¢) If the elevator was accelerating upward at a speed of 2.00m/s?, then the scale would read
F = ma =70kg x (9.8m/s> 4+2m/s?) = 826N

which is 82.6kg.

Example 2
Question: A spring with a spring constant of £k = 400N/m has an uncompressed length of .23m and a fully
compressed length of .15m. What is the force required to fully compress the spring?
Solution: We will use the equation
F=kx
to solve this. We simply have to plug in the known value for the spring and the distance to solve for the force.

F = kx = (400N/m)(.23m — .15m) = 32N

18
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Watch this Explanation

o Free Body Diagrams
R.’_

Chapter 5. Types of Forces

i " MEDIA
Click image to the left for more content.

cK

Time for Practice

No Problems for this section. See Newton Law Problem Solving Concept.
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CHAPTER 6 ] _
Universal Law of Gravity

* Describe and give the formula for Newton’s universal law of gravity.
» Using Newton’s law of gravity

X—

Torsion wire

Cavendish’s apparatus for experimentally determining the value of G involved a light, rigid rod about 2-feet long.
Two small lead spheres were attached to the ends of the rod and the rod was suspended by a thin wire. When the rod
becomes twisted, the torsion of the wire begins to exert a torsional force that is proportional to the angle of rotation
of the rod. The more twist of the wire, the more the system pushes backwards to restore itself towards the original
position. Cavendish had calibrated his instrument to determine the relationship between the angle of rotation and
the amount of torsional force.

Force of Gravity

In the mid-1600’s, Newton wrote that the sight of a falling apple made him think of the problem of the motion of the
planets. He recognized that the apple fell straight down because the earth attracted it and thought this same force of
attraction might apply to the moon and that motion of the planets might be controlled by the gravity of the sun. He
eventually proposed the universal law of gravitational attraction as

20


http://www.ck12.org

www.ck12.org Chapter 6. Universal Law of Gravity

where m; and m; are the masses being attracted, d is the distance between the centers of the masses, G is the
universal gravitational constant, and F' is the force of attraction. The formula for gravitational attraction applies
equally to two rocks resting near each other on the earth and to the planets and the sun. The value for the universal
gravitational constant, G, was determined by Cavendish to be 6.67 x 10! N-m?/kg?.

The moon is being pulled toward the earth and the earth toward the moon with the same force but in the opposite
direction. The force of attraction between the two bodies produces a greater acceleration of the moon than the earth
because the moon has smaller mass. Even though the moon is constantly falling toward the earth, it never gets any
closer. This is because the velocity of the moon is perpendicular to the radius of the earth (as shown in the image
above) and therefore the moon is moving away from the earth. The distance the moon moves away from the orbit
line is exactly the same distance that the moon falls in the time period. This is true of all satellites and is the reason
objects remain in orbit.

Example Problem: Since we know the force of gravity on a 1.00 kg ball resting on the surface of the earth is 9.80
N and we know the radius of the earth is 6380 km, we can use the equation for gravitational force to calculate the
mass of the earth.

_ P (9s0m/s)(638x10°m? 10% k
Omi " (6.67x10-11 Nom2/kg’)(1.00 kg) oI ke

Solution: m,

Sample Problem: John and Jane step onto the dance floor about 20. M apart at the Junior Prom and they feel an
attraction to each other. If John’s mass is 70. kg and Jane’s mass is 50. kg, assume the attraction is gravity and
calculate its magnitude.

Solution: F, — Gmym — (6.67x10-"" N-m2/kg’)(70. kg)(50. kg)

e 2. ) =12x10"*N

This is such an extremely weak force, it is probably not the force of attraction John and Jane felt.

Summary

* Newton proposed the universal law of gravitational attraction as F' = G™.72.

« The universal gravitational constant, G, was determined by Cavendish to be 6.67 x 10~!" N-m?/kg?.

* Even though satellites are constantly falling toward the object they circle, they do not get closer because their
straight line motion moves them away from the center at the same rate they fall.
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Practice

The following video is a lecture on universal gravitation. Use this resource to answer the questions that follow.

http://www.youtube.com/watch?v=0ZZGJfFf8XI

MEDIA

Click image to the left for more content.

1. What factors determine the strength of the force of gravity?
2. Between which two points do we measure the distance between the earth and moon?

The following video is The Mass vs. Weight Song. Use this resource to answer the questions that follow. http://w
ww.youtube.com/watch?v=1whMAIGNq7E

MEDIA

motdyvng ) Click image to the left for more content.
are for Waight

'RE OF THE

GRAVITY),

1. What is used to measure mass?

2. What is used to measure weight?

3. What units are used to measure mass?
4. What units are used to measure weight?

The following website contains a series of solved practice problems on gravity.

http://physics.info/gravitation/practice.shtml

Review

1. The earth is attracted to the sun by the force of gravity. Why doesn’t the earth fall into the sun?

2. If the mass of the earth remained the same but the radius of the earth shrank to one-half its present distance,
what would happen to the force of gravity on an object that was resting on the surface of the earth?

3. Lifting an object on the moon requires one-sixth the force that would be required to lift the same object on
the earth because gravity on the moon is one-sixth that on earth. What about horizontal acceleration? If you
threw a rock with enough force to accelerate it at 1.0 m/s? horizontally on the moon, how would the required
force compare to the force necessary to acceleration the rock in the same way on the earth?

4. The mass of the earth is 5.98 x 10%* kg and the mass of the moon is 7.35 x 10?2 kg. If the distance between
the earth and the moon is 384,000 km, what is the gravitational force on the moon?

 gravity: A natural phenomenon by which physical bodies appear to attract each other with a force proportional
to their masses and inversely proportional to the distance separating them.
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CHAPTER 7 ]
Mass versus Weight

* Distinguish between mass and weight.
* Given the acceleration due to gravity and either the mass or the weight of an object, calculate the other one.

“Space exploration is an international endeavor.”

Three Japan Aerospace Exploration Agency astronauts — Akihiko Hoshide, Satoshi Furukawa and Naoko Yamazaki
— are training with the 11-member astronaut candidate class of 2004. JAXA astronauts Satoshi Furukawa, Akihiko
Hoshide and Naoko Yamazaki experience near-weightlessness on the KC-135 training airplane.

Mass and Weight

The mass of an object is defined as the amount of matter in the object. The amount of mass in an object is measured
by comparing the object to known masses on an instrument called a balance.
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Using the balance shown above, the object would be placed in one pan and known masses would be placed in the
other pan until the pans were exactly balanced. When balanced, the mass of the object would be equal to the sum of
the known masses in the other pan. The unit of measurement for mass is the kilogram. The mass of an object would
be the same regardless of whether the object was on the earth or on the moon. The balance and known masses work
exactly the same both places and would indicate the same mass for the same object as long as some gravitational
force is present.

The weight of an object is defined as the force pulling the object downward. On the earth, this would be the
gravitational force of the earth on the object. On the moon, this would be the gravitational force of the moon on the
object. Weight is measured by a calibrated spring scale as shown here.

Weight is measured in force units which is Newtons in the SI system. The weights measured for an object would
not be the same on the earth and moon because the gravitational field on the surface of the moon is one-sixth of the
magnitude of the gravitational field on the surface of the earth.

The force of gravity is given by Newton’s Second Law, F' = ma, when F is the force of gravity in Newtons, m is
the mass of the object in kilograms, and a is the acceleration due to gravity, 9.80 m/s>. When the formula is used
specifically for finding weight from mass or vice versa, it may appear as W = mg.

Example Problem: What is the weight of an object sitting on the earth’s surface if the mass of the object is 43.7
kg?

Solution: W = mg = (43.7 kg)(9.80 m/s?) = 428 N
Example Problem: What is the mass of an object whose weight sitting on the earth is 2570 N?

w 2570 N
=2 =203 262k
M= T 80 mis? 62 ke

Summary

* The mass of an object is measured in kilograms and is defined as the amount of matter in an object.

* The mass of an object is determined by comparing the mass to known masses on a balance.

* The weight of an object on the earth is defined as the force acting on the object by the earth’s gravity.
* Weight is measured by a calibrated spring scale.

* The formula relating mass and weight is W = mg.
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Practice

A song about the difference between mass and weight sung by Mr. Edmunds to the tune of Sweet Caroline. Re-
member to make allowances for the fact that he is a teacher, not a professional singer. Use this resource to answer
the questions that follow.

http://www.youtube.com/watch?v=1whMAIGNq7E

MEDIA

5 (N) Click image to the left for more content.

are for Waight

'l's AMEASURE o Ty
Wi op GRAVITY),

1. What is used to measure mass?

2. What is used to measure weight?

3. What units are used to measure mass?
4. What units are used to measure weight?

This video shows what appears to be a magic trick but is actually a center of gravity demonstration.

http://www.darktube.org/watch/simple-trick-magic-no-physics

Review

1. The mass of an object on the earth is 100. kg.

(a) What is the weight of the object on the earth?

(b) What is the mass of the object on the moon?

(c) Assuming the acceleration due to gravity on the moon is EXACTLY one-sixth of the acceleration due to
gravity on earth, what is the weight of the object on the moon?

2. A man standing on the Earth can exert the same force with his legs as when he is standing on the moon. We
know that the mass of the man is the same on the Earth and the Moon. We also know that F' = ma is true on
both the Earth and the Moon. Will the man be able to jump higher on the Moon than the Earth? Why or why
not?

* mass: The mass of an object is measured in kilograms and is defined as the amount of matter in an object.
» weight: The weight of an object on the earth is defined as the force acting on the object by the earth’s gravity.

References

1. Courtesy of NASA. http://spaceflight.nasa.gov/gallery/images/behindthescenes/training/html/jsc2004e45082.h
tml. Public Domain

2. CK-12 Foundation - Christopher Auyeung. . CC BY-NC-SA 3.0

3. CK-12 Foundation - Christopher Auyeung. . CC-BY-NC-SA 3.0
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CHAPTER o
Friction

* Define both static and sliding friction.

» Explain what causes surface friction.

¢ Define the coefficient of friction.

¢ Calculate frictional forces.

¢ Calculate net forces when friction is involved.

Dealing with friction and a lack of friction becomes a very important part of the game in tennis played on a clay
court. It’s necessary for this player to learn how to keep her shoes from sliding when she wants to run but also
necessary to know how her shoes will slide when coming to a stop.

Friction

Most of the time, in beginning physics classes, friction is ignored. Concepts can be understood and calculations
made assuming friction to be non-existent. Whenever physics intersects with the real world, however, friction must
be taken into account. Friction exists between two touching surfaces because even the smoothest looking surface is
quite rough on a microscopic scale.

l Normal Force

MW

27


http://www.ck12.org

WWW.C .org

With the bumps, lumps, and imperfections emphasized as in the image above, it becomes more apparent that if we
try to slide the top block over the lower block, there will be collisions involved when bumps impact on bumps. The
forward motion causes the collisions with bumps which then exert a force in opposite way the block is moving. The
force of friction always opposes whatever motion is causing the friction.

The force of friction between these two blocks is related to two factors. The first factor is the roughness of the
surfaces that are interacting which is called the coefficient of friction, u (Greek letter mu). The second factor
is the magnitude of the force pushing the top block down onto the lower block. It is reasonable that the more
forcefully the blocks are pushed together, the more difficult it will be for one to slide over the other. A very long time
ago, when physics was young, the word “normal” was used in the same way that we use the word “perpendicular”
today. The force pushing these blocks together is the perpendicular force pushing the top block down on the lower
block and this force is called the normal force. Much of the time, this normal force is simply the weight of the top
block but on some occasions, the weight of the top block has some added or reduced force so the normal force is not
always the weight. The force of friction then, can be calculated by

Friction = 4 X Frormal

This is an approximate but reasonably useful and accurate relationship. It is not exact because u depends on whether
the surfaces are wet or dry and so forth.

The frictional force we have been discussing is referred to as sliding friction because it is involved when one surface
is sliding over another. If you have ever tried to slide a heavy object across a rough surface, you may be aware that it
is a great deal easier to keep an object sliding than it is to start the object sliding in the first place. When the object to
slide is resting on a surface with no movement, the force of friction is called static friction and it is somewhat greater
than sliding friction. Surfaces that are to move against one another will have both a coefficient of static friction and
a coefficient of sliding friction and the two values will NOT be the same. For example, the coefficient of sliding
friction for ice on ice is 0.03 whereas the coefficient of static friction for ice on ice is 0.10 —more than three times as
great.

Example Problem: A box weighing 2000. N is sliding across a cement floor. The force pushing the box is 500. N
and the coefficient of sliding friction between the box and the floor is 0.20. What is the acceleration of the box.

Solution: In this case, the normal force for the box is its weight. Using the normal force and the coefficient of
friction, we can find the frictional force. We can also find the mass of the box from its weight since we know the
acceleration due to gravity. Then we can find the net force and the acceleration.

Fr = uFy = (0.20)(2000. N) = 400. N

weight  2000. N _
g ~ 98m/s? 204 ¢

FneT = Pushing force — frictional force = 500. N —400. N = 100. N

_ Fy _ 100.N _ 2
a= n7*204kg*0'49m/s

mass of box =

Example Problem: Two boxes are connected by a rope running over a pulley (see image). The coefficient of
sliding friction between box A and the table is 0.20. (Ignore the masses of the rope and the pulley and any friction
in the pulley.) The mass of box A is 5.0 kg and the mass of box B is 2.0 kg. The entire system (both boxes) will
move together with the same acceleration and velocity.

Find the acceleration of the system.
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Solution: The force tending to move the system is the weight of box B and the force resisting the movement is
the force of friction between the table and box A. The mass of the system would be the sum of the masses of both
boxes. The acceleration of the system will be found by dividing the net force by the total mass.

Fy(box A) = mg = (5.0kg)(9.8 m/s?) =49 N
Friction = 1Fy = (0.20)(49 N) =9.8 N
Weight of box B = mg = (2.0 kg)(9.8 m/s*) = 19.6 N

FNeT =196 N-9.8N =98N

_ F _ 98N _ 2
a—= mN;STS =70kg — 1.4 m/s

Summary

* Friction is caused by bodies sliding over rough surfaces.

* The degree of surface roughness is indicated by the coefficient of friction, .

* The force of friction is calculated by multiplying the coefficient of friction by the normal force.

* The frictional force always opposes motion.

* Acceleration is caused by the net force which is found by subtracting the frictional force from the applied
force.

Practice
A video explaining friction.

http://www.youtube.com/watch?v=CkTCp7SZdYQ

MEDIA

Click image to the left for more content.

Review

1. A 52 Nsled is pulled across a cement sidewalk at constant speed. A horizontal force of 36 N is exerted. What
is the coefficient of sliding friction between the sidewalk and the metal runners of the sled?

2. If the coefficient of sliding friction between a 25 kg crate and the floor is 0.45, how much force is required to
move the crate at a constant velocity across the floor?
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3. A smooth wooden 40.0 N block is placed on a smooth wooden table. A force of 14.0 N is required to keep
the block moving at constant velocity.

(a) What is the coefficient of sliding friction between the block and the table top?
(b) If a20.0 N brick is placed on top of the wooden block, what force will be required to keep the block and
brick moving at constant velocity?

* friction: A force that resists the relative motion or tendency to such motion of two bodies or substances in
contact.

* coefficient of friction: The ratio of the force that maintains contact between an object and a surface (i.e. the
normal force) and the frictional force that resists the motion of the object.

» normal force: The perpendicular force one surface exerts on another surface when the surfaces are in contact.

References

1. Courtesy of Eric Harris, U.S. Air Force. http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008
_Family_Circle_Cup.JPG. Public Domain

2. CK-12 Foundation - Joy Sheng. . CC-BY-NC-SA 3.0

3. CK-12 Foundation - Richard Parsons. . CC-BY-NC-SA 3.0

30


http://www.ck12.org
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG
http://commons.wikimedia.org/wiki/File:Maria_Sharapova,_2008_Family_Circle_Cup.JPG

WWW.C .01g

CHAPTER 9

Chapter 9. Free Body Diagrams

Free Body Diagrams

Students will learn how to draw a free-body diagram and apply it to the real world.

Students will learn how to draw a free-body diagram and apply it to the real world.

Guidance

For every problem involving forces it is essential to draw a free body diagram (FBD) before proceeding to the
problem solving stage. The FBD allows one to visualize the situation and also to make sure all the forces are
accounted. In addition, a very solid understanding of the physics is gleaned and many questions can be answered

solely from the FBD.

Example 1

Free Body Diagrams i rin
FALLR TG, FAE- TN

e

Cs

MEDIA

Click image to the left for more content.

Watch this Explanation

. Free Body Diagrams

T X

% n

T

Ceira

Time for Practice

MEDIA

Click image to the left for more content.

1. Draw free body diagrams (FBDs) for all of the following objects involved (in bold) and label all the forces
appropriately. Make sure the lengths of the vectors in your FBDs are proportional to the strength of the force:

smaller forces get shorter arrows!

a. A man stands in an elevator that is accelerating upward at 2 /s

a. A boy is dragging a sled at a constant speed. The boy is pulling the sled with a rope at a 30° angle.

a. The picture shown here is attached to the ceiling by three wires.
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a. A bowling ball rolls down a lane at a constant velocity.
a. A car accelerates down the road. There is friction f between the tires and the road.

2. For the following situation, identify the 3" law force pairs on the associated free body diagrams. Label each
member of one pair “A,” each member of the next pair “B,” and so on. The spring is stretched so that it is
pulling the block of wood to the right.

Draw free body diagrams for the situation below. Notice that we are pulling the bottom block out from beneath
the top block. There is friction between the blocks! After you have drawn your FBDs, identify the 3" law
force pairs, as above.

bk wall

Osm

block o”
wood

Answers

Discuss in class
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C
HarTEr [ () Problem Solving 1

In this lesson, students will learn how to solve difficult problems using Newton’s 2nd law.

In this lesson, students will learn how to solve difficult problems using Newton’s 2nd law.

Key Equations

F, =mg Gravity

Fy Normal force: acts perpendicular to surfaces
Common Forces o ] .

Fr Force of tension in strings and wires

Fy, = —kAx = Force of springAxfrom equilibrium

Foet =Y, Fi=ma Net force is the vector sum of all the forces
Force Sums ¢ Fe(r =Y Fix = ma, Horizontal components add also

Faety = Y Fiy = ma, As do vertical ones

. . . — . . ) fs<wu|Fy| Opposes potential motion of surfaces in contact
Static and Kinetic Friction ) )
ft = m|Fy| Opposes motion of surfaces in contact

Ultimately, many of these “contact” forces are due to attractive and repulsive electromagnetic forces between atoms
in materials.

Guidance
Problem Solving for Newton’s Laws, Step-By-Step

1. Figure out which object is “of interest.”

a. If you’re looking for the motion of a rolling cart, the cart is the object of interest.
b. If the object of interest is not moving, that’s OK, don’t panic yet.
c. Draw a sketch! This may help you sort out which object is which in your problem.

2. Identify all the forces acting on the object and draw them on object. (This is a free-body diagram —FBD)

a. If the object has mass and is near the Earth, the easiest (and therefore, first) force to write down is the
force of gravity, pointing downward, with value mg.

b. If the object is in contact with a flat surface, it means there is a normal force acting on the object. This
normal force points away from and is perpendicular to the surface.

c. There may be more than one normal force acting on an object. For instance, if you have a bologna
sandwich, remember that the slice of bologna feels normal forces from both the slices of bread!

d. If a rope, wire, or cord is pulling on the object in question, you’ve found yourself a tension force. The
direction of this force is in the same direction that the rope is pulling.

e. Don’t worry about any forces acting on other objects. For instance, if you have a bologna sandwich as
your object of interest, and you’re thinking about the forces acting on the slice of bologna, don’t worry
about the force of gravity acting on either piece of bread.
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f. Remember that Newton’s 3¢ Law, calling for “equal and opposite forces,” does not apply to a single
object. None of your forces should be “equal and opposite” on the same object in the sense of Newton’s
374 Law. Third law pairs act on two different objects.

g. Recall that scales (like a bathroom scale you weigh yourself on) read out the normal force acting on
you, not your weight. If you are at rest on the scale, the normal force equals your weight. If you are
accelerating up or down, the normal force had better be higher or lower than your weight, or you won’t
have an unbalanced force to accelerate you.

h. Never include “ma” as a force acting on an object. “ma” is the result of the net force F,,; which is found
by summing all the forces acting on your object of interest.

3. Determine how to orient your axes

a. A good rule to generally follow is that you want one axis (usually the x-axis) to be parallel to the surface
your object of interest is sitting on.

b. If your object is on a ramp, tilt your axes so that the x-axis is parallel to the incline and the y-axis
is perpendicular. In this case, this will force you to break the force of gravity on the object into its
components. But by tilting your axes, you will generally have to break up fewer vectors, making the
whole problem simpler.

4. Identify which forces are in the x— direction, which are in the y— direction, and which are at an angle.

a. If a force is upward, make it in the y—direction and give it a positive sign. If it is downward, make it in
the y—direction and give it a negative sign.

b. Same thing applies for right vs. left in the x—direction. Make rightward forces positive.

c. If forces are at an angle, draw them at an angle. A great example is that when a dog on a leash runs
ahead, pulling you along, it’s pulling both forward and down on your hand.

d. Draw the free body diagram (FBD).

e. Remember that the FBD is supposed to be helping you with your problem. For instance, if you forget a
force, it’ll be really obvious on your FBD.

5. Break the forces that are at angles into their x and y components

a. Use right triangle trigonometry

b. Remember that these components aren’t new forces, but are just what makes up the forces you’ve already
identified.

c. Consider making a second FBD to do this component work, so that your first FBD doesn’t get too messy.

6. Add up all the x— forces and x— components.
a. Remember that all the rightward forces add with a plus (+4) sign, and that all the leftward forces add
with a minus (—) sign.
b. Don’t forget about the x—components of any forces that are at an angle!
¢. When you’ve added them all up, call this "the sum of all x forces" or "the net force in the x—direction."
7. Add up all the y— forces and y— components.

a. Remember that all the upward forces add with a (+) sign, all the downward forces add with a (—) sign.
b. Don’t forget about the y—components of any forces that are at an angle!
c. When you’ve added them all up, call this "the sum of all y forces" or "net force in the y—direction."

8. Use Newton’s Laws twice.

a. The sum of all x—forces, divided by the mass, is the object’s acceleration in the x—direction.

b. The sum of all y—forces, divided by the mass, is the object’s acceleration in the y—direction.

c. If you happen to know that the acceleration in the x—direction or y—direction is zero (say the object is
just sitting on a table), then you can plug this in to Newton’s 2" Law directly.

d. If you happen to know the acceleration, you can plug this in directly too.

9. Each body should have a FBD.
a. Draw a separate FBD for each body.
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b. Set up a sum of forces equation based on the FBD for each body.
c. Newton’s Third Law will tell you which forces on different bodies are the same in magnitude.
d. Your equations should equal your unknown variables at this point.

Example 1

Question: Using the diagram below, find the net force on the block. The block weighs 3kg and the inclined plane
has a coefficient of friction of .6.

Answer:

The first step to solving a Newton’s Laws problem is to identify the object in question. In our case, the block on the
slope is the object of interest.

Next, we need to draw a free-body diagram. To do this, we need to identify all of the forces acting on the block and
their direction. The forces are friction, which acts in the negative x direction, the normal force, which acts in the
positive y direction, and gravity, which acts in a combination of the negative y direction and the positive x direction.
Notice that we have rotated the picture so that the majority of the forces acting on the block are along the y or x axis.
This does not change the answer to the problem because the direction of the forces is still the same relative to each
other. When we have determined our answer, we can simply rotate it back to the original position.

Now we need to break down gravity (the only force not along one of the axises) into its component vectors (which
do follow the axises).

The x component of gravity : 9.8m /s> X cos60 = 4.9m /s>

The y component of gravity : 9.8m/s? x sin60 = 8.5m /s>
Yet these are only the acceleration of gravity so we need to multiply them by the weight of the block to get the force.

F = ma = 3kg x 4.9m/s* = 14.7NF = ma = 3kg x 8.5m/s* = 25.5N
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Now that we have solved for the force of the y-component of gravity we know the normal force (they are equal).
Therefore the normal force is 25.5N. Now that we have the normal force and the coefficient of static friction, we can
find the force of friction.

Fy = usFy = .6 x25.5N = 15.3N

The force of static friction is greater than the component of gravity that is forcing the block down the inclined plane.
Therefore the force of friction will match the force of the x-component of gravity. So the net force on the block is

x—component of gravity  force of friction

net force in the x — direction : 14.7N — 147N =O0N
net force in the y — direction: 25.5N — 25.5N =0N
S g

Normal Force y—component of gravity

Therefore the net force on the block is ON.
Example 2

PPB Newton's Laws Problem #31

g ’.'/lu
ffa MEDIA

Click image to the left for more content.

Watch this Explanation

Newton 2nd Law Problem

" I
AT MEDIA

fp‘ﬁfﬁ;‘” Click image to the left for more content.
2 T-»z:,

e cs
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Simulation

Stage 1019 J=

Lef's learn how to draw free body diagrams.
Place the tennis ball in Phillipe's hand.

* http://simulations.ck12.org/FreeBody/

Time for Practice

1. Find the mass of the painting. The tension in the leftmost rope is 7.2 N, in the middle rope it is 16 N, and in
the rightmost rope it is 16 N.

2. Find Brittany’s acceleration down the frictionless waterslide in terms of her mass m, the angle 0 of the incline,
and the acceleration of gravity g.
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3. The physics professor holds an eraser up against a wall by pushing it directly against the wall with a completely
horizontal force of 20 N. The eraser has a mass of 0.5 kg. The wall has coefficients of friction us = 0.8 and

ug = 0.6.

Draw a free body diagram for the eraser.

What is the normal force Fy acting on the eraser?

What is the frictional force Fs equal to?

What is the maximum mass m the eraser could have and still not fall down?
What would happen if the wall and eraser were both frictionless?

o0 o

4. A tractor of mass 580 kg accelerates up a 10° incline from rest to a speed of 10 m/s in 4 s. For all of answers
below, provide a magnitude and a direction.
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What net force F,,; has been applied to the tractor?

What is the normal force, Fy on the tractor?

What is the force of gravity F, on the tractor?

What force has been applied to the tractor so that it moves uphill?
What is the source of this force?

5. A heavy box (mass 25 kg) is dragged along the floor by a kid at a 30° angle to the horizontal with a force of
80 N (which is the maximum force the kid can apply).

S L

~

Draw the free body diagram.

What is the normal force Fy?

Does the normal force decrease or increase as the angle of pull increases? Explain.

Assuming no friction, what is the acceleration of the box?

Assuming it begins at rest, what is its speed after ten seconds?

Is it possible for the kid to lift the box by pulling straight up on the rope?

In the absence of friction, what is the net force in the x—direction if the kid pulls at a 30° angle?

In the absence of friction, what is the net force in the x—direction if the kid pulls at a 45° angle?

In the absence of friction, what is the net force in the x—direction if the kid pulls at a60° angle?

The kid pulls the box at constant velocity at an angle of 30°. What is the coefficient of kinetic friction
g between the box and the floor?

The kid pulls the box at an angle of 30°, producing an acceleration of 2 m/ s%. What is the coefficient of
kinetic friction ux between the box and the floor?

6. Spinal implant problem —this is a real life bio-med engineering problem!
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Here’s the situation: both springs are compressed by an amount x,. The rod of length L is fixed to both the
top plate and the bottom plate. The two springs, each with spring constant k, are wrapped around the rod
on both sides of the middle plate, but are free to move because they are not attached to the rod or the plates.
The middle plate has negligible mass, and is constrained in its motion by the compression forces of the top
and bottom springs. The medical implementation of this device is to screw the top plate to one vertebrae and
the middle plate to the vertebrae directly below. The bottom plate is suspended in space. Instead of fusing
broken vertebrates together, this implant allows movement somewhat analogous to the natural movement of
functioning vertebrae. Below you will do the exact calculations that an engineer did to get this device patented
and available for use at hospitals.

a. Find the force, F', on the middle plate for the region of its movement Ax < x,. Give your answer in terms
of the constants given. ( Hint: In this region both springs are providing opposite compression forces.)
b. Find the force, F', on the middle plate for the region of its movement Ax > x,. Give your answer in
terms of the constants given. ( Hint: In this region, only one spring is in contact with the middle plate.)
c. Graph F vs. x. Label the values for force for the transition region in terms of the constants given.

. You design a mechanism for lifting boxes up an inclined plane by using a vertically hanging mass to pull them,

as shown in the figure below.

The pulley at the top of the incline is massless and frictionless. The larger mass, M, is accelerating downward
with a measured acceleration a. The smaller masses are m4 and mp ; the angle of the incline is 6, and the
coefficient of kinetic friction between each of the masses and the incline has been measured and determined
to be ug.

a. Draw free body diagrams for each of the three masses.

b. Calculate the magnitude of the frictional force on each of the smaller masses in terms of the given
quantities.

c. Calculate the net force on the hanging mass in terms of the given quantities.

d. Calculate the magnitudes of the two tension forces 74 and Tp in terms of the given quantities.

e. Design and state a strategy for solving for how long it will take the larger mass to hit the ground, assuming
at this moment it is at a height 4 above the ground. Do not attempt to solve this: simply state the strategy
for solving it.
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8. You build a device for lifting objects, as shown below. A rope is attached to the ceiling and two masses are
allowed to hang from it. The end of the rope passes around a pulley (right) where you can pull it downward to
lift the two objects upward. The angles of the ropes, measured with respect to the vertical, are shown. Assume
the bodies are at rest initially.

a. Suppose you are able to measure the masses m; and m; of the two hanging objects as well as the tension
Tc. Do you then have enough information to determine the other two tensions, T4 and T3? Explain your
reasoning.

b. If you only knew the tensions T4 and 7¢, would you have enough information to determine the masses
my and my? If so, write m; and m; in terms of T4 and T¢. If not, what further information would you
require?

9. A stunt driver is approaching a cliff at very high speed. Sensors in his car have measured the acceleration and
velocity of the car, as well as all forces acting on it, for various times. The driver’s motion can be broken down
into the following steps: Step 1: The driver, beginning at rest, accelerates his car on a horizontal road for ten
seconds. Sensors show that there is a force in the direction of motion of 6000 N, but additional forces acting
in the opposite direction with magnitude 1000 N. The mass of the car is 1250 kg. Step 2: Approaching the
cliff, the driver takes his foot off of the gas pedal (There is no further force in the direction of motion.) and
brakes, increasing the force opposing motion from 1000 N to 2500 N. This continues for five seconds until he
reaches the cliff. Step 3: The driver flies off the cliff, which is 44.1 m high and begins projectile motion.

(a) Ignoring air resistance, how long is the stunt driver in the air?
(b) For Step 1:
i. Draw a free body diagram, naming all the forces on the car.
ii. Calculate the magnitude of the net force.
iii. Find the change in velocity over the stated time period.
iv. Make a graph of velocity in the x—direction vs. time over the stated time period.
v. Calculate the distance the driver covered in the stated time period. Do this by finding the area under
the curve in your graph of (iv). Then, check your result by using the equations for kinematics.
(c) Repeat (b) for Step 2.
(d) Calculate the distance that the stunt driver should land from the bottom of the cliff.

Answers
1. 3.6 kg
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b.20N c. 4.9 N d. 1.63 kg e. Eraser would slip down the wall

a. 1450 N b. 5600 N c. 5700 N d. Friction between the tires and the ground e. Fuel, engine, or equal and
opposite reaction

. b. 210 N c. no, the box is flat so the normal force doesn’t change d. 2.8 m/s2 e28m/sf. nog. 69Nh. 57N

i. 40N j. 0.33 k. 0.09
a. zero b. —kx0

. b. fi = emgcosB; fr = wmpgcosO c. Mad. Ty = (my +my)(a+ucos8) and Tp = mpa + umy cos 8 e. Solve

by using d = 1/2at? and substituting / for d

. a. Yes, because it is static and you know the angle and m b. Yes, T4 and the angle gives you m; and the angle

and T¢ gives you my,m; = Ty cos25/g and my = Trcos30/g
a. 3 seconds d. 90 m
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CHAPTER 1

Kinetic Energy

* Define energy.

* Define kinetic energy.

* Given the mass and speed of an object, calculate its kinetic energy.
* Solve problems involving kinetic energy.

This military jet requires a tremendous amount of work done on it to get its speed up to takeoff speed in the short
distance available on the deck of an aircraft carrier. Some of the work is done by the plane’s own jet engines but
work from a catapult is also necessary for takeoff.

Kinetic Energy

Energy is the ability to change an object’s motion or position. Energy comes in many forms and each of those
forms can be converted into any other form. A moving object has the ability to change another object’s motion or
position simply by colliding with it and this form of energy is called kinetic energy. The kinetic energy of an object
can be calculated by the equation

KE = % mv2,

where m is the mass of the object and v is its velocity. The kinetic energy of a moving object is directly proportional
to its mass and directly proportional to the square of its velocity. This means that an object with twice the mass
and equal speed will have twice the kinetic energy while an object with equal mass and twice the speed will have
quadruple the kinetic energy.

The SI unit for kinetic energy (and all forms of energy) is kg - r;1_22 which is equivalent to Joules, the same unit we
use for work. The kinetic energy of an object can be changed by doing work on the object. The work done on
an object equals the kinetic energy gain or loss by the object. This relationship is expressed in the work-energy
theorem Wingr = AKE.

Example Problem: A farmer heaves a 7.56 kg bale of hay with a final velocity of 4.75 m/s.
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(a) What is the kinetic energy of the bale?

(b) The bale was originally at rest. How much work was done on the bale to give it this kinetic energy?
Solution:

(a) KE = 3 mv* = (3) (7.56 kg)(4.75)* = 85.3 Joules

(b) Work done = AKE = 85.3 Joules

Example Problem: What is the kinetic energy of a 750. kg car moving at 50.0 km/h?

Solution: <50.0hkm) (1000“1) (3610(l)ls> =13.9m/s

km

KE =3 mv* = (3) (750. kg)(13.9 m/s)? = 72,300 Joules
Example Problem: How much work must be done on a 750. kg car to slow it from 100. km/h to 50.0 km/h?

Solution: From the previous example problem, we know that the KE of this car when it is moving at 50.0 km/h
is 72,300 Joules. If the same car is going twice as fast, its KE will be four times as great because KE is
proportional to the square of the velocity. Therefore, when this same car is moving at 100. km/h, its KE is
289,200 Joules. Therefore, the work done to slow the car from 100. km/h to 50.0 km/h is (289,200 Joules) —
(72,300 Joules) = 217,000 Joules.

Summary

* Energy is the ability to change an object’s motion or position.
e There are many forms of energy.

* The energy of motion is called kinetic energy.

* The formula for kinetic energy is KE = % my2.

* The work done on an object equals the kinetic energy gain or loss by the object, Wygr = AKE.

Practice

The following video discusses kinetic energy. Use this resource to answer the questions that follow.

http://www.youtube.com/watch?v=g157qwT1918

MEDIA
Click image to the left for more content.

1. Potential energy is present in objects that are
2. Kinetic energy is present in objects that are
3. What formula is given for kinetic energy?

Practice problems involving kinetic energy:

http://www.physicsclassroom.com/Class/energy/uSl1c.cfm
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Review

1. A comet with a mass of 7.85 x 10'! kg is moving with a velocity of 25,000 m/s. Calculate its kinetic energy.
2. A rifle can shoot a 4.00 g bullet at a speed of 998 m/s.

(a) Find the kinetic energy of the bullet.

(b) What work is done on the bullet if it starts from rest?

(c) If the work is done over a distance of 0.75 m, what is the average force on the bullet?

(d) If the bullet comes to rest after penetrating 1.50 cm into a piece of metal, what is the magnitude of the
force bringing it to rest?

energy: An indirectly observed quantity that is often understood as the ability of a physical system to do
work.

* kinetic energy: The energy an object has due to its motion.

References

1. Courtesy of Mass Communication Specialist 3rd Class Torrey W. Lee, U.S. Navy. Jet Takeoff. Public Domain
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CHAPTER 2 .
Potential Energy

* Define potential energy.
* Solve problems involving gravitational potential energy.
* Solve problems involving the conversion of potential energy to kinetic energy and vice versa.

Shooting an arrow from a bow requires work done on the bow by the shooter’s arm to bend the bow and thus produce
potential energy. The release of the bow converts the potential energy of the bent bow into the kinetic energy of the
flying arrow.

Potential Energy

When an object is held above the earth, it has the ability to make matter move because all you have to do is let go of
the object and it will fall of its own accord. Since energy is defined as the ability to make matter move, this object
has energy. This type of energy is stored energy and is called potential energy. An object held in a stretched
rubber band also contains this stored energy. If the stretched rubber band is released, the object will move. A
pebble on a flexed ruler has potential energy because if the ruler is released, the pebble will fly. If you hold two
positive charges near each other, they have potential energy because they will move if you release them. Potential
energy is also the energy stored in chemical bonds. If the chemical bonds are broken and allowed to form lower
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potential energy chemical bonds, the excess energy is released and can make matter move. This is frequently seen
as increased molecular motion or heat.

If a cannon ball is fired straight up into the air, it begins with a high kinetic energy. As the cannon ball rises, it slows
down due to the force of gravity pulling it toward the earth. As the ball rises, its gravitational potential energy is
increasing and its kinetic energy is decreasing. When the cannon ball reaches the top of its arc, it kinetic energy is
zero and its potential energy is maximum. Then gravity continues to pull the cannon ball toward the earth and the
ball will fall toward the earth. As it falls, its speed increases and its height decreases. Therefore, its kinetic energy
increases as it falls and its potential energy decreases. When the ball returns to its original height, its kinetic energy
will be the same as when it started upward.

When work is done on an object, the work may be converted into either kinetic or potential energy. If the work
results in motion, the work was converted into kinetic energy and if the work done resulted in change in position,
the work was converted into potential energy. Work could also be spent overcoming friction and that work would
be converted into heat but usually we will consider frictionless systems.

If we consider the potential energy of a bent stick or a stretched rubber band, the potential energy can be calculated by
multiplying the force exerted by the stick or rubber band times the distance over which the force will be exerted. The
formula for calculating this potential energy looks exactly like the formula for calculating work done, that is W =
Fd. The only difference is that work is calculated when the object actually moves under the force and potential
energy is calculated when the system is at rest before any motion actually occurs.

In the case of gravitational potential energy, the force exerted by the object is its weight and the distance it could
travel would be its height above the earth. Since the weight of an object is calculated by W = mg, then gravitational
potential energy can be calculate by PE = mgh, where m is the mass of the object, g is the acceleration due to gravity,
and 4 is the height the object will fall.
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Example Problem: A 3.00 kg object is lifted from the floor and placed on a shelf that is 2.50 m above the floor.
(a) What was the work done in lifting the object?

(b) What is the gravitational potential energy of the object sitting on the shelf?

(c) If the object falls off the shelf and free falls to the floor, what will its velocity be when it hits the floor?
Solution: weight of the object = mg = (3.00 kg)(9.80 m/s*) =29.4 N

(@)W =Fd=(29.4N)(2.50 m) =73.5J

(b) PE = mgh = (3.00 kg)(9.80 m/s*)(2.50 m) = 73.5J

(¢)KE=PE so s my*=73.5J

(2)(73.5 J)
— A2 500
Y 3.00 kg mfs

Example Problem: A pendulum is constructed from a 7.58 kg bowling ball hanging on a 3.00 m long rope. The
ball is pulled back until the rope makes an angle of 45° with the vertical.

(a) What is the potential energy of the ball?

(b) If the ball is released, how fast will it be traveling at the bottom of its arc?

. Height

A )
N BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B B W E m m

Solution: You can use trigonometry to find the vertical height of the ball in the pulled back position. This vertical
height is found to be 0.877 m.

PE = mgh = (7.58 kg)(9.80 m/s*)(0.877 m) = 65.1 J
When the ball is released, the PE will be converted into KE as the ball swings through the arc.
KE=3m?=651J

(2)(65.1 kg - m?/s?)
= —4.14
Y \/ 7.58 kg ms

Summary

* Stored energy is called potential energy.
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* Energy may be stored by holding an object elevated in a gravitational field or by holding it while a force is
attempting to move it.

* Potential energy may be converted to kinetic energy.

* The formula for gravitational potential energy is PE = mgh.

* In the absence of friction or bending, work done on an object must become either potential energy or kinetic
energy or both.

Practice

The following video discusses types of energy. Use this resource to answer the questions that follow.

http://www.youtube.com/watch?v=nC6tT1wkXEc

MEDIA

Click image to the left for more content.

1. What is the definition of energy?
2. Name two types of potential energy.
3. How is energy transferred from one object to another?

Potential and kinetic energy practice problems with solutions:

http://www.physicsclassroom.com/Class/energy/USL2bc.cfm

Review

1. A 90.0 kg man climbs hand over hand up a rope to a height of 9.47 m. How much potential energy does he
have at the top?

2. A 50.0 kg shell was fired from a cannon at earth’s surface to a maximum height of 400. m. What is the
potential energy at maximum height?

3. If the shell in problem #3 then fell to a height of 100. m, what was the loss of PE?

4. A person weighing 645 N climbs up a ladder to a height of 4.55 m.

(a) What work does the person do?
(b) What is the increase in gravitational potential energy?
(c) Where does the energy come from to cause this increase in PE?

* potential energy: Otherwise known as stored energy, is the ability of a system to do work due to its position
or internal structure. For example, gravitational potential energy is a stored energy determined by an object’s
position in a gravitational field while elastic potential energy is the energy stored in a spring.

References

1. Image copyright Skynavin, 2013. http://www.shutterstock.com. Used under license from Shutterstock.com
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CHAPTER 3 _
Conservation of Energy

* State the law of conservation of energy.
* Describe a closed system.
* Use the law of conservation of energy to solve problems.

There are many energy conversions between potential and kinetic energy as the cars travel around this double looping
roller coaster.

Conservation of Energy

The law of conservation of energy states that within a closed system, energy can change form, but the total amount
of energy is constant. Another way of expressing the law of conservation of energy is to say that energy can neither
be created nor destroyed. An important part of using the conservation of energy is selecting the system. In the
conservation of energy just as in the conservation of momentum, the system must be closed. In a closed system,
objects may not enter or leave, and it is isolated from external forces so that no work can be done on the system.

In the analysis of the behavior of an object, you must make sure you have included everything in the system that is
involved in the motion. For example, if you are considering a ball that is acted on by gravity, you must include the
earth in your system. The kinetic energy of the ball considered by itself may increase and only when the earth is
included in the system can you see that the increasing kinetic energy is balanced by an equivalent loss of potential
energy. The sum of the kinetic energy and the potential energy of an object is often called the mechanical energy.

Consider a box with a weight of 20.0 N sitting at rest on a shelf that is 2.00 m above the earth. The box has zero
kinetic energy but it has potential energy related to its weight and the distance to the earth’s surface.

PE = mgh = (20.0 N)(2.00 m) = 40.0 J
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If the box slides off the shelf, the only force acting on the box is the force of gravity and so the box falls. We can
calculate the speed of the box when it strikes the ground by several methods. We can calculate the speed directly
using the formula v f2 = 2ad. We can also find the final velocity by setting the kinetic energy at the bottom of the
fall equal to the potential energy at the top, KE = PE and, % mv? = mgh, so v f2 =2gh. You may note these formulas
are essentially the same.

y= \/(2)(9.80 m/s?)(2.00 m) = 6.26 m/s

Example Problem: Suppose a cannon is sitting on top of a 50.0 m high hill and a 5.00 kg cannon ball is fired with a
velocity of 30.0 m/s at some unknown angle. What will be the velocity of the cannon ball when it strikes the earth?

Solution: Since the angle at which the cannon ball is fired is unknown, we cannot use the usual equations from
projectile motion. However, at the moment the cannon ball is fired, it has a certain KE due to the mass of the ball
and its speed and it has a certain PE due to its mass and it height above the earth. Those two quantities of energy
can be calculated. When the ball returns to the earth, its PE will be zero and therefore, its KE at that point must
account for the total of its original KE + PE. This gives us a method of solving the problem.

ErotaL = KE + PE = 5 mv* +mgh = (3) (5.00 kg)(30.0 m/s)* + (5.00 kg)(9.80 m/s%)(50.0 m)
EroraL = 2250 J +2450J =4700 J

(2)(4700 J)

1 2 _ —
5 mves =4700J so vy = 5.00 kg

=43.4m/s

Example Problem: A 2.00 g bullet moving at 705 m/s strikes a 0.250 kg block of wood at rest on a frictionless
surface. The bullet sticks in the wood and the combined mass moves slowly down the table.
(a) What is the KE of the bullet before the collision?

(b) What is the speed of the combination after the collision?

(c) How much KFE was lost in the collision?

Solution:

() KEguLrer = 3 mv? = (1) (0.00200 kg)(705 m/s)* =497 J

(b) mpvg +mwvw = (mp1w)(ve+w)

(0.00200 kg)(705 m/s) + (0.250 kg)(0 m/s) = (0.252 kg)(V)

(1.41 kg m/s) = (0.252 kg)(V)

V =560m/s

(¢) KEcompinaTiON = 3 mv? = (%) (0.252 kg)(5.60 m/s)? = 3.95 J

KE1 ost = KEggrorRg — KEAFTER =497 J —4J =493 J

Summary

* In a closed system, energy may change forms but the total amount of energy is constant.

Practice

The following video demonstrates Newton Ball tricks. Use this resource to answer the questions that follow.

http://www.youtube.com/watch?v=JadO3RuOJGU
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MEDIA

Click image to the left for more content.

e ™ -
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1. What happens when one ball is pulled up to one side and released?
2. What happens when three balls are pulled up to one side and released?
3. What happens when two balls are pulled out from each side and released?

Practice problems with answers for the law of conservation of energy:

http://www.physicsclassroom.com/class/energy/u512bc.cfm

Review

1. A 15.0 kg chunk of ice falls off the top of an iceberg. If the chunk of ice falls 8.00 m to the surface of the
water,

(a) what is the kinetic energy of the chunk of ice when its hits the water, and
(b) what is its velocity?

2. An 85.0 kg cart is rolling along a level road at 9.00 m/s. The cart encounters a hill and coasts up the hill.

(a) Assuming the movement is frictionless, at what vertical height will the cart come to rest?
(b) Do you need to know the mass of the cart to solve this problem?

3. A circus performer swings down from a platform on a rope tied to the top of a tent in a pendulum-like
swing. The performer’s feet touch the ground 9.00 m below where the rope is tied. How fast is the performer
moving at the bottom of the arc?

4. A skier starts from rest at the top of a 45.0 m hill, coasts down a 30°slope into a valley, and continues up to
the top of a 40.0 m hill. Both hill heights are measured from the valley floor. Assume the skier puts no effort
into the motion (always coasting) and there is no friction.

(a) How fast will the skier be moving on the valley floor?
(b) How fast will the skier be moving on the top of the 40.0 m hill?

5. A 2.00 kg ball is thrown upward at some unknown angle from the top of a 20.0 m high building. If the initial
magnitude of the velocity of the ball is 20.0 m/s, what is the magnitutde of the final velocity when it strikes
the ground? Ignore air resistance.

6. If a 2.00 kg ball is thrown straight upward with a KE of 500 J, what maximum height will it reach? Neglect
air resistance.

* conservation of energy: An empirical law of physics (meaning it cannot be derived), states that the total
amount of energy within an isolated system is constant. Although energy can be transformed from one form
into another, energy cannot be created or destroyed

* closed system: Means it cannot exchange any of heat, work, or matter with the surroundings.

* mechanical energy: The sum of potential energy and kinetic energy.

References

1. User:Zonk43/Wikimedia Commons. http://commons.wikimedia.org/wiki/File: Teststrecke_Roller_Coaster3.J
PG. Public Domain
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Students will learn how to analyze and solve more complicated problems involving energy conservation.

Students will learn how to analyze and solve more complicated problems involving energy conservation.

Key Equations

Y Einitial = L. E

final ; T hetotalenergydoesnotchangeinclosedsystems

KE = % mv? ; Kinetic energy

PE, = mgh ; Potential energy of gravity

PE;, = % kx?; Potential energy of a spring

W = F,Ax = Fd cos® ; Work is equal to the distance multiplied by the component of the force in the direction it is
moving.

Guidance

The main thing to always keep prescient in your mind is that the total energy before must equal the total energy after.
If some energy has transferred out of or into the system via work, you calculate that work done and include it in the
energy sum equation. Generally work done by friction is listed on the "after’ side and work put into the system, via
a jet pack for example, goes on the ’before’ side. Another important point is that on turns or going over hills or in
rollercoaster loops, one must include the centripetal motion equations -for example to insure that you have enough
speed to make the loop.

Example 1

MEDIA
Click image to the left for more content.

Watch this Explanation

12

MEDIA
Click image to the left for more content.
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Time for Practice

1. A rock with mass m is dropped from a cliff of height 2. What is its speed when it gets to the bottom of the

cliff?
a. /mg
2g
b. /=
h
c. \/2gh
d. gh

. None of the above

o

2. In the picture above, a 9.0 kg baby on a skateboard is about to be launched horizontally. The spring constant
is 300 N/m and the spring is compressed 0.4 m. For the following questions, ignore the small energy loss due
to the friction in the wheels of the skateboard and the rotational energy used up to make the wheels spin.

a. What is the speed of the baby after the spring has reached its uncompressed length?

b. After being launched, the baby encounters a hill 7 m high. Will the baby make it to the top? If so, what
is his speed at the top? If not, how high does he make it?

c. Are you finally convinced that your authors have lost their minds? Look at that picture!

3. When the biker is at the top of the ramp shown above, he has a speed of 10 m/s and is at a height of 25 m.
The bike and person have a total mass of 100 kg. He speeds into the contraption at the end of the ramp, which
slows him to a stop.

a. What is his initial total energy? (Hint: Set U, = 0 at the very bottom of the ramp.)

b. What is the length of the spring when it is maximally compressed by the biker? (Hint: The spring does
not compress all the way to the ground so there is still some gravitational potential energy. It will help
to draw some triangles.)

4. An elevator in an old apartment building in Switzerland has four huge springs at the bottom of the shaft to
cushion its fall in case the cable breaks. The springs have an uncompressed height of about 1 meter. Estimate
the spring constant necessary to stop this elevator, following these steps:

a. First, guesstimate the mass of the elevator with a few passengers inside.
b. Now, estimate the height of a five-story building.
c. Lastly, use conservation of energy to estimate the spring constant.

13
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5. You are skiing down a hill. You start at rest at a height 120 m above the bottom. The slope has a 10.0° grade.
Assume the total mass of skier and equipment is 75.0 kg.

a. Ignore all energy losses due to friction. What is your speed at the bottom?
b. If, however, you just make it to the bottom with zero speed what would be the average force of friction,
including air resistance?

6. Two horrific contraptions on frictionless wheels are compressing a spring (k =400 N/m) by 0.5 m compared
to its uncompressed (equilibrium) length. Each of the 500 kg vehicles is stationary and they are connected by
a string. The string is cut! Find the speeds of the vehicles once they lose contact with the spring.

7. A roller coaster begins at rest 120 m above the ground, as shown. Assume no friction from the wheels and air,
and that no energy is lost to heat, sound, and so on. The radius of the loop is 40 m.

a. If the height at point G is 76 m, then how fast is the coaster going at point G?
b. Does the coaster actually make it through the loop without falling? (Hint: You might review the material
from centripetal motion lessons to answer this part.)

Answers to Selected Problems

a. 2.3 m/s c. No, the baby will not clear the hill.
a. 29,500 J b. Spring has maximum compressed length of 13 m

N

. a.48.5m/sb. 128 N
6. 0.32m/s each
7. .29 m/s b. just barely, ac = 9.8 m/s”

14
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CHAPTER 5 Springs

Students will learn to calculate periods, frequencies, etc. of spring systems in harmonic motion.

Students will learn to calculate periods, frequencies, etc. of spring systems in harmonic motion.

Key Equations
T = % ; Period is the inverse of frequency

/m . . .
Tipring = 27T % ; Period of mass m on a spring with constant k

Fy, = —kx ; the force of a spring equals the spring constant multiplied by the amount the spring is stretched or
compressed from its equilibrium point. The negative sign indicates it is a restoring force (i.e. direction of the force
is opposite its displacement from equilibrium position.

Usp = %kx2 ; the potential energy of a spring is equal to one half times the spring constant times the distance squared
that it is stretched or compressed from equilibrium

Guidance

* The oscillating object does not lose any energy in SHM. Friction is assumed to be zero.

* In harmonic motion there is always a restorative force, which attempts to restore the oscillating object to its
equilibrium position. The restorative force changes during an oscillation and depends on the position of the
object. In a spring the force is given by Hooke’s Law: F = —kx

* The period, T, is the amount of time needed for the harmonic motion to repeat itself, or for the object to go one
full cycle. In SHM, T is the time it takes the object to return to its exact starting point and starting direction.

* The frequency, f, is the number of cycles an object goes through in 1 second. Frequency is measured in Hertz
(Hz). 1 Hz =1 cycle per sec.

* The amplitude, A, is the distance from the equilibrium (or center) point of motion to either its lowest or highest

point (end points). The amplitude, therefore, is half of the total distance covered by the oscillating object. The
amplitude can vary in harmonic motion, but is constant in SHM.

Example 1

Simple Harmonic Motion: Springs

MEDIA

Click image to the left for more content.
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Watch this Explanation

MEDIA

Click image to the left for more content.
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Mass & Springs (PhET Simulation)

Time for Practice
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1. A rope can be considered as a spring with a very high spring constant &, so high, in fact, that you don’t notice
the rope stretch at all before it “pulls back.”

a. What is the & of a rope that stretches by 1 mm when a 100 kg weight hangs from it?

b. If a boy of 50 kg hangs from the rope, how far will it stretch?

c. If the boy kicks himself up a bit, and then is bouncing up and down ever so slightly, what is his frequency
of oscillation? Would he notice this oscillation? If so, how? If not, why not?

2. If a 5.0 kg mass attached to a spring oscillates 4.0 times every second, what is the spring constant k of the

spring?

3. A horizontal spring attached to the wall is attached to a block of wood on the other end. All this is sitting on
a frictionless surface. The spring is compressed 0.3 m. Due to the compression there is 5.0 J of energy stored
in the spring. The spring is then released. The block of wood experiences a maximum speed of 25 m/s.

Find the value of the spring constant.

Find the mass of the block of wood.

What is the equation that describes the position of the mass?

What is the equation that describes the speed of the mass?

Draw three complete cycles of the block’s oscillatory motion on an x vs. ¢ graph.

oo op
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4. A spider of 0.5 g walks to the middle of her web. The web sinks by 1.0 mm due to her weight. You may
assume the mass of the web is negligible.

a. If a small burst of wind sets her in motion, with what frequency will she oscillate?

b. How many times will she go up and down in one s? In 20 s?

c. How long is each cycle?

d. Draw the x vs ¢ graph of three cycles, assuming the spider is at its highest point in the cycle atf =0 s.

Answers to Selected Problems

a. 9.8 x 10° N/mb. 0.5 mm c. 22 Hz

3.2x 10* N/m

a. 110 N/md. v(t) = (25) cos(83t)

a. 16 Hz b. 16 complete cycles but 32 times up and down, 315 complete cycles but 630 times up and down c.
0.063 s

Eal e

Investigation

1. Your task: Match the period of the circular motion system with that of the spring system. You are only allowed
to change the velocity involved in the circular motion system. Consider the effective distance between the
block and the pivot to be to be fixed at 1m. The spring constant(13.5N/m) is also fixed. You should view the
charts to check whether you have succeeded. Instructions: To alter the velocity, simply click on the Select
Tool, and select the pivot . The Position tab below will allow you to numerically adjust the rotational speed
using the Motor field. To view the graphs of their respective motion in order to determine if they are in sync,
click on Chart tab below.

MEDIA
Click image to the left for more content.

&2 Mulimedia

3. Now the mass on the spring has been replaced by a mass that is twice the rotating mass. Also, the distance
between the rotating mass and the pivot has been changed to 1.5 m. What velocity will keep the period the
same now?

MEDIA
Click image to the left for more content.

&2 Mulimedia
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CONCEPT
. Work

¢ Define work.
* Identify forces that are doing work.
* Given two of the three variables in the equation, W = Fd , calculate the third.

In order for the roller coaster to run down the incline by gravitational attraction, it first must have work done on it
towing it up to the top of the hill. The work done on the coaster towing it to the top of the hill becomes potential
energy stored in the coaster and that potential energy is converted to kinetic energy as the coaster runs down from
the top of the hill to the bottom.

Work

The word work has both an everyday meaning and a specific scientific meaning. In the everyday use of the word,
work would refer to anything which required a person to make an effort. In physics, however, work is defined as the
force exerted on an object multiplied by the distance the object moves due to that force.

W =Fd

In the scientific definition of the word, if you push against an automobile with a force of 200 N for 3 minutes
but the automobile does not move, then you have done NO work. Multiplying 200 N times 0 meters yields zero
work. If you are holding an object in your arms, the upward force you are exerting is equal to the object’s weight. If

1
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you hold the object until your arms become very tired, you have still done no work because you did not move the
object in the direction of the force. When you lift an object, you exert a force equal to the object’s weight and the
object moves due to that lifting force. If an object weighs 200. N and you lift it 1.50 meters, then your work is,
W =Fd = (200.N)(1.50 m) =300. Nm .

One of the units you will see for work is the Newton-meter but since a Newton is also a kilogram-m/s 2 , then a
Newton-meter is also kg-m 2 /s > . This unit has also been named the Joule (pronounced Jool) in honor of James
Prescott Joule, a nineteenth century English physicist.

Example Problem: A boy lifts a box of apples that weighs 185 N. The box is lifted a height of 0.800 m. How
much work did the boy do?

Solution: W = Fd = (185 N)(0.800 m) = 148 N m = 148 Joules

Work is done only if a force is exerted in the direction of motion. If the force and motion are perpendicular to each
other, no work is done because there is no motion in the direction of the force. If the force is at an angle to the
motion, then the component of the force in the direction of the motion is used to determine the work done.

Example Problem: Suppose a 125 N force is applied to a lawnmower handle at an angle of 25° with the ground
and the lawnmower moves along the surface of the ground. If the lawnmower moves 56 m, how much work was
done?

motion

Solution: The solution requires that we determine the component of the force that was in the direction of the motion
of the lawnmower. The component of the force that was pushing down on the ground does not contribute to the
work done.

Fparallel = (Force)(cos25°) = (125 N)(0.906) = 113 N
W = Fparaierd = (113 N)(56 m) = 630 J

Summary

* In physics, work is defined as the force exerted on an object multiplied by the distance the object moves due
to that force.

* The unit for work is called the joule.

* If the force is at an angle to the motion, then the component of the force in the direction of the motion is used
to determine the work done.

Practice

The following video introduces energy and work. Use this resource to answer the questions that follow.

http://wn.com/Work_physics_#/videos
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1. What definition is given in the video for energy?
2. What is the definition given in the video for work?
3. What unit is used in the video for work?

The following website contains practice questions with answers on the topic of work.

http://www.sparknotes.com/testprep/books/sat2/physics/chapter7section6.rhtml

Review

1. How much work is done by the force of gravity when a 45 N object falls to the ground from a height of 4.6 m?

2. A workman carries some lumber up a staircase. The workman moves 9.6 m vertically and 22 m horizontally. If
the lumber weighs 45 N, how much work was done by the workman?

3. A barge is pulled down a canal by a horse walking beside the canal. If the angle of the rope is 60.0°, the force
exerted is 400. N, and the barge is pulled 100. M, how much work did the horse do?

Horse

60°

Barge ] ) )
direction of motion

* work: A force is said to do work when it acts on a body so that there is a displacement of the point
of application, however small, in the direction of the force. Thus a force does work when it results in
movement. The work done by a constant force of magnitude F on a point that moves a distance d in the
direction of the force is the product, W = Fd .

* joule: The SI unit of work or energy, equal to the work done by a force of one Newton when its point of
application moves through a distance of one meter in the direction of the force.

References

1. Image copyright Paul Brennan, 2013.  http://www.shutterstock.com . Used under license from Shutter-
stock.com

2. CK-12 Foundation - Samantha Bacic. . CC BY-NC-SA 3.0

3. CK-12 Foundation - Samantha Bacic. . CC-BY-NC-SA 3.0
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CONCEPT
. Power

* Define power.

¢ Given two of the three variables in P = % , calculate the third.

Typical Pressurized Water Reactors (PWR) reactors built in the 1970°s produce about 1100 megawatts, whilst the
latest designs range up to around 1500 megawatts. That is 1,500,000,000 Joules/second.

A windmill farm, by comparison, using hundreds of individual windmills produces about 5 megawatts. That is
5,000,000 Joules/second (assuming the wind is blowing).

Power

Power is defined as the rate at which work is done or the rate at which energy is transformed.

Work
Time

Power =

In ST units, power is measured in Joules per second which is given a special name, the watt , W .

1.00 watt = 1.00 J/s
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Another unit for power that is fairly common is horsepower.
1.00 horsepower = 746 watts

Example Problem: A 70.0 kg man runs up a long flight of stairs in 4.0 s. The vertical height of the stairs is 4.5
m. Calculate the power output of the man in watts and horsepower.

Solution:
The force exerted must be equal to the weight of the man = mg = (70.0 kg)(9.80 m/s?) = 686 N
W =Fd=(686N)(4.5m)=3090 N m=3090J
_w_30907J —
p=W _300J _ 77015 =770 W
P=770 W = 1.03 hp

Since P = ? and W = Fd , we can use these formulas to derive a formula relating power to the speed of the object
that is produced by the power.

_ W _Fd_pd _
The velocity in this formula is the average speed of the object during the time interval.

Example Problem: Calculate the power required of a 1400 kg car if the car climbs a 10° hill at a steady 80. km/h.
Solution: 80. km/h =22.2 m/s

In 1.00 s, the car would travel 22.2 m on the road surface but the distance traveled upward would be (22.2 m)(sin 10°) =
(22.2m)(0.174) =3.86 m. The force in the direction of the upward motion is the weight of the car = (1400 kg)(9.80 m/s
2
)=13720 N.

W =Fd = (13720 N)(3.86 m) = 53,000 J
Since this work was done in 1.00 second, the power would be 53,000 W.

If we calculated the upward component of the velocity of the car, we would divide the distance traveled in one
second by one second and get an average vertical speed of 3.86 m/s. So we could use the formula relating power to
average speed to calculate power.

P = Fv= (13720 N)(3.86 m/s) = 53,000 W

Summary

* Power is defined as the rate at which work is done or the rate at which energy is transformed.
Work

* Power =
* Power = Force x velocity

Practice

In the following video, Mr. Edmond sings about work and power. Use this resource to answer the questions that
follow.

http://www.youtube.com/watch?v=5EsMmda¥Y CIQ
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1. What units are used for work?
2. What units are used for power?

The following website has practice problems on work and power.

http://www.angelfire.com/scifi/dschlott/workpp.html

Review

1. If the circumference of an orbit for a toy on a string is 18 m and the centripetal force is 12 N, how much work
does the centripetal force do on the toy when it follows its orbit for one cycle?
2. A 50.0 kg woman climbs a flight of stairs 6.00 m high in 15.0 s. How much power does she use?
3. (a) Assuming no friction, what is the minimum work needed to push a 1000. kg car 45.0 m up a 12.5°
incline?
(b) What power would be needed for the same problem if friction is considered and the coefficient of friction
for the car is 0.30?

* power: The rate at which this work is performed.
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CONCEPT 3 o
Work-Energy Principle

The reason the concept of work is so useful is because of a theorem, called the work-energy principle , which
states that the change in an object’s kinetic energy is equal to the net work done on it :

AKe = ‘/Vnet [2]

Although we cannot derive this principle in general, we can do it for the case that interests us most: constant
acceleration. In the following derivation, we assume that the force is along motion. This doesn’t reduce the generality
of the result, but makes the derivation more tractable because we don’t need to worry about vectors or angles.

Recall that an object’s kinetic energy is given by the formula:

K. = %mv2 [3]

Consider an object of mass m accelerated from a velocity v; to vy under a constant force. The change in kinetic
energy, according to [2], is equal to:

AK, =K,i— K. = %mvfc — %mv,2 = %m(v} — vlz) (4]

Now let’s see how much work this took. To find this, we need to find the distance such an object will travel under
these conditions. We can do this by using the third of our ’Big three’ equations, namely:

vy = v +2ahx [5]
alternatively,

2 2
Ve —v;
szif d

2a [6]

Plugging in [6] and Newton’s Third Law, F' = ma , into [2], we find:

i (TR
W:FAx:maXTzim(Vf—Vl)[7],

which was our result in [4].

Using the Work-Energy Principle

The Work-Energy Principle can be used to derive a variety of useful results. Consider, for instance, an object dropped
a height Ah under the influence of gravity. This object will experience constant acceleration. Therefore, we can again
use equation [6], substituting gravity for acceleration and Ah for distance:
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B sz_viz

Ah
2g

multiplying both sides by $mg$, we find:

sz _ V[2

In other words, the work performed on the object by gravity in this case is mgAh . We refer to this quantity as
gravitational potential energy; here, we have derived it as a function of height. For most forces (exceptions are
friction, air resistance, and other forces that convert energy into heat), potential energy can be understood as the
ability to perform work.

Spring Force

A spring with spring constant k a distance Ax from equilibrium experiences a restorative force equal to:

Fy = —kAx [9]

This is a force that can change an object’s kinetic energy, and therefore do work. So, it has a potential energy
associated with it as well. This quantity is given by:

Es, = %ksz [10] Spring Potential Energy

The derivation of [10] is left to the reader. Hint: find the average force an object experiences while moving from
x = 0to x = Ax while attached to a spring. The net work is then this force times the displacement. Since this quantity
(work) must equal to the change in the object’s kinetic energy, it is also equal to the potential energy of the spring.
This derivation is very similar to the derivation of the kinematics equations — look those up.

This applet may be useful in reviewing Spring Potential Energy:

http://phet.colorado.edu/en/simulation/mass-spring-lab
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CONCEPT
T Momentum

* Define momentum.
* Relate momentum to mass and velocity.
* Calculate momentum from mass and velocity.

Cody seems a little reluctant to launch himself down this ramp at Newton’s Skate Park. It will be his first time down
the ramp, and he knows from watching his older brother Jerod that he’ll be moving fast by the time he gets to the
bottom. The faster he goes, the harder it will be to stop. That’s because of momentum.

What Is Momentum?

Momentum is a property of a moving object that makes it hard to stop. The more mass it has or the faster it’s
moving, the greater its momentum. Momentum equals mass times velocity and is represented by the equation:


http://www.ck12.org

WWW.C .org

Momentum = Mass x Velocity
Q : What is Cody’s momentum as he stands at the top of the ramp?

A : Cody has no momentum as he stands there because he isn’t moving. In other words, his velocity is zero.
However, Cody will gain momentum as he starts moving down the ramp and picks up speed.

Q : Cody’s older brother Jerod is pictured 1.1 . If Jerod were to travel down the ramp at the same velocity as Cody,
who would have greater momentum? Who would be harder to stop?

A :Jerod obviously has greater mass than Cody, so he would have greater momentum. He would also be harder to
stop.

FIGURE 1.1

You can see an animation demonstrating the role of mass and velocity in the momentum of moving objects at this
URL:

http://www.science-animations.com/support-files/momentum.swf

Calculating Momentum

To calculate momentum with the equation above, mass is measured in (kg), and velocity is measured in meters per
second (m/s). For example, Cody and his skateboard have a combined mass of 40 kg. If Cody is traveling at a
velocity of 1.1 m/s by the time he reaches the bottom of the ramp, then his momentum is:

Momentum =40 kg x 1.1 m/s =44 kg e m/s
Note that the SI unit for momentum is kg e m/s.

Q : The combined mass of Jerod and his skateboard is 68 kg. If Jerod goes down the ramp at the same velocity as
Cody, what is his momentum at the bottom of the ramp?

A : His momentum is:

Momentum = 68 kg x 1.1 m/s =75 kg e m/s

Summary

* Momentum is a property of a moving object that makes it hard to stop. It equals the object’s mass times its
velocity.
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* To calculate the momentum of a moving object, multiply its mass in kilograms (kg) by its velocity in meters
per second (m/s). The SI unit of momentum is kg e m/s.

Vocabulary

* momentum : Property of a moving object that makes it hard to stop; equal to the object’s mass times its
velocity.

Practice

At the following URL, review how to calculate momentum, and then solve the problems at the bottom of the Web
page.

http://www?2.franciscan.edu/academic/mathsci/mathscienceintegation/MathSciencelntegation-848.htm

Review

1. Define momentum.

2. Write the equation for calculating momentum from mass and velocity.
3. What is the SI unit for momentum?

4. Which skateboarder has greater momentum?

a. Skateboarder A: mass = 60 kg; velocity = 1.5 m/s
b. Skateboarder B: mass = 50 kg; velocity = 2.0 m/s

References

1. .. used under license from Shutterstock
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CONCEPT 2
Momentum

Students will learn what momentum is and how to calculate momentum of objects. In addition, students will learn
how to use conservation of momentum to solve basic problems.

Students will learn what momentum is and how to calculate momentum of objects. In addition, students will learn
how to use conservation of momentum to solve basic problems.

Key Equations

p = mv Momentum is equal to the objects mass multiplied by its velocity

Y Pinitial = YD

final  The total momentum does not change in closed systems

[ ]
C )

Example 1

A truck with mass 500 kg and originally carrying 200 kg of dirt is rolling forward with the transmission in neutral
and shooting out the dirt backwards at 2 m/s (so that the dirt is at relative speed of zero compared with the ground).
If the truck is originally moving at 2 m/s, how fast will it be moving after it has shot out all the dirt. You may ignore

the effects of friction.

Solution

To solve this problem we will apply conservation of momentum to the truck when it is full of dirt and when it has
dumped all the dirt.

miv;i =mygvy start by setting the initial momentum equal to the final momentum
(m; +mg)vi = myv r substitute the mass of the truck plus the mass of the dirt in the truck at the initial and
Vi = w solve for the final velocity
my
500 kg 4200 kg) * 2 m/
V= ( £ +500 kgg) s plug in the numerical values

vy =2.8m/s

Example 2

John and Bob are standing at rest in middle of a frozen lake so there is no friction between their feet and the ice.
Both of them want to get to shore so they simultaneously push off each other in opposite directions. If John’s mass
is 50 kg and Bob’s mass is 40 kg and John moving at 5 m/s after pushing off Bob, how fast is Bob moving?
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Solution

For this problem, we will apply conservation of momentum to the whole system that includes both John and Bob.
Since both of them are at rest to start, we know that the total momentum of the whole system must always be zero.
Therefore, we know that the sum of John’s and Bob’s momentum after they push off each other is also zero. We can
use this to solve for Bob’s velocity.

O:mjvj—i-m;,vb

—MpVp =Mm;V;

by MY
my
~ S0kg*5m/s
T
vp = —6.25m/s

The answer is negative because Bob is traveling in the opposite direction to John.

Watch this Explanation

MEDIA

Click image to the left for more content.

Time for Practice

1. You find yourself in the middle of a frozen lake. There is no friction between your feet and the ice of the lake.
You need to get home for dinner. Which strategy will work best?

a. Press down harder with your shoes as you walk to shore.

b. Take off your jacket. Then, throw it in the direction opposite to the shore.
c. Wiggle your butt until you start to move in the direction of the shore.

d. Call for help from the great Greek god Poseidon.

2. You and your sister are riding skateboards side by side at the same speed. You are holding one end of a rope
and she is holding the other. Assume there is no friction between the wheels and the ground. If your sister lets
go of the rope, how does your speed change?

a. It stays the same.
b. It doubles.
c. Itreduces by half.
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. You and your sister are riding skateboards (see Problem 3), but now she is riding behind you. You are holding

one end of a meter stick and she is holding the other. At an agreed time, you push back on the stick hard
enough to get her to stop. What happens to your speed? Choose one. (For the purposes of this problem
pretend you and your sister weigh the same amount.)

a. It stays the same.
b. It doubles.
c. It reduces by half.

An astronaut is using a drill to fix the gyroscopes on the Hubble telescope. Suddenly, she loses her footing
and floats away from the telescope. What should she do to save herself?

. A 5.00 kg firecracker explodes into two parts: one part has a mass of 3.00 kg and moves at a velocity of

25.0 m/s towards the west. The other part has a mass of 2.00 kg . What is the velocity of the second piece as
a result of the explosion?

A firecracker lying on the ground explodes, breaking into two pieces. One piece has twice the mass of the
other. What is the ratio of their speeds?

. While driving in your pickup truck down Highway 280 between San Francisco and Palo Alto, an asteroid

lands in your truck bed! Despite its 220 kg mass, the asteroid does not destroy your 1200 kg truck. In fact, it
landed perfectly vertically. Before the asteroid hit, you were going 25 m/s . After it hit, how fast were you
going?

. An astronaut is 100 m away from her spaceship doing repairs with a 10.0 kg wrench. The astronaut’s total

mass is 90.0 kg and the ship has a mass of 1.00 x 10* kg . If she throws the wrench in the opposite direction
of the spaceship at 10.0 m/s how long would it take for her to reach the ship?

Answers to Selected Problems

37.5m/s
V], = 2\/2
21 m/s

a. 90 sec
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CONCEPT

Law of Coni,?g\r;‘aetmu r(r)if

* State the law of conservation of momentum.
* Describe an example of momentum being transferred and conserved.

These skaters are racing each other at Newton’s Skate Park. The first skater in line, the one on the left, is distracted
by something he sees. He starts to slow down without realizing it. The skater behind him isn’t paying attention and
keeps skating at the same speed.

Q : Can you guess what happens next?

A : Skater 2 runs into skater 1.

Conserving Momentum

When skater 2 runs into skater 1, he’s going faster than skater 1 so he has more momentum. Momentum is a
property of a moving object that makes it hard to stop. It’s a product of the object’s mass and velocity. At the
moment of the collision, skater 2 transfers some of his momentum to skater 1, who shoots forward when skater 2
runs into him. Whenever an action and reaction such as this occur, momentum is transferred from one object to the
other. However, the combined momentum of the objects remains the same. In other words, momentum is
conserved. This is the law of conservation of momentum .
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Modeling Momentum

The Figure 3.1 shows how momentum is conserved in the two colliding skaters. The total momentum is the same
after the collision as it was before. However, after the collision, skater 1 has more momentum and skater 2 has less

momentum than before.

Skater 1: Skater 2:

80 kg 70 kg

1.0 m/s 2.0 m/s
momentum=  momentum=
80 kg+m/s 140 kg« m/s

Before collision:
Total momentum=
220 kg = m/s

FIGURE 3.1

After collision:
Total momentum=
220 kg = m/s

Skater 1: Skater 2:
80 kg 70 kg

1.7 m/s 1.2 m/s
momentum= momentum=
136 kg « m/s 84 kg - m/s

Q : What if two skaters have a head-on collision? Do you think momentum is conserved then?

A : Asin all actions and reactions, momentum is also conserved in a head-on collision. You can see how at this
URL.:

http://www.physicsclassroom.com/mmedia/momentum/cthoi.cfm

Summary

* Whenever an action and reaction occur, momentum is transferred from one object to the other. However, total
momentum is conserved. This is the law of conservation of momentum.
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Vocabulary

* momentum : Property of a moving object that makes it hard to stop; equal to the object’s mass times its
velocity.

* law of conservation of momentum : Law stating that, when an action and reaction occur, the combined
momentum of the objects remains the same.

Practice

Watch the astropitch animation at the following URL. Experiment with different velocities. Then take the quiz and
check your answers.

http://www.phys.utb.edu/~pdukes/standard/Phys Applets/AstroPitch/TabbedastroPitch2.html

Review

1. State the law of conservation of momentum.

2. Fill in the missing velocity (x) in the diagram of a vehicle collision seen in the Figure 3.2 so that momentum
is conserved.

800 kg
2.0 m/s
momentum=
800 kg x 2.0 m/s=
1600 kg » m/s

1000 kg
5.0 m/s
momentum=

1000 kg m/s=
5000 kg * m/s

Before

FIGURE 3.2

Solve for x.

800 kg
x m/s

1000 kg
34 m/s

momentum=
Aft e r 1000 kg x 3.4 m/s=

3400 kg * m/s
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CONCEPT
4 Conservation of Momentum
in One Dimension

 State the law of conservation of momentum.

* Use the conservation of momentum to solve one-dimensional collision problems.

For this whale to leap out of the water, something underwater must be moving in the opposite direction, and
intuition tells us it must be moving with relatively high velocity. The water that moves downward is pushed
downward by the whale’s tail, and that allows the whale to rise up.

Conservation of Momentum in One Dimension

When impulse and momentum were introduced, we used an example of a batted ball to discuss the impulse and

momentum change that occurred with the ball. At the time, we did not consider what had happened to the

bat. According to Newton’s third law, however, when the bat exerted a force on the ball, the ball also exerted an
equal and opposite force on the bat. Since the time of the collision between bat and ball is the same for the bat and
for the ball, then we have equal forces (in opposite directions) exerted for equal times on the ball AND the bat. That

means that the impulse exerted on the bat is equal and opposite (-Ft) to the impulse on the ball (Ft) and that also
means that there was a change in momentum of the bat [—A(mv)gar| that was equal and opposite to the change in

momentum of the ball [A(mv)parL] .

The change in momentum of the ball is quite obvious because it changes direction and flies off at greater speed.
However, the change in momentum of the bat is not obvious at all. This occurs primarily because the bat is more
massive than the ball. Additionally, the bat is held firmly by the batter, so the batter’s mass can be combined with
the mass of the bat. Since the bat’s mass is so much greater than that of the ball, but they have equal and opposite

forces, the bat’s final velocity is significantly smaller than that of the ball.

Consider another system: that of two ice skaters. If we have one of the ice skaters exert a force on the other skater,
the force is called an internal force because both the object exerting the force and the object receiving the force
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are inside the system. In a closed system such as this, momentum is always conserved. The total final momentum
always equals the total initial momentum in a closed system. Conversely, if we defined a system to contain just one
ice skater, putting the other skater outside the system, this is not a closed system. If one skater pushes the other, the
force is an external force because the receiver of the force is outside the system. Momentum is not guaranteed to be
conserved unless the system is closed.

In a closed system, momentum is always conserved. Take another example: if we consider two billiard balls
colliding on a billiard table and ignore friction, we are dealing with a closed system. The momentum of ball A
before the collision plus the momentum of ball B before collision will equal the momentum of ball A after collision
plus the momentum of ball B after collision. This is called the law of conservation of momentum and is given by
the equation

P Abefore T PBbefore = PAafter + PBafter

Example Problem: Ball A has a mass of 2.0 kg and is moving due west with a velocity of 2.0 m/s while ball B has
a mass of 4.0 kg and is moving west with a velocity of 1.0 m/s. Ball A overtakes ball B and collides with it from
behind. After the collision, ball A is moving westward with a velocity of 1.0 m/s. What is the velocity of ball B

after the collision?

Solution: Because of the law of conservation of momentum, we know that

PAbefore T PBbefore = PAafter T PBafter

mava +mpvg = myv' s +mpV'p
(2.0 kg)(2.0 m/s) + (4.0 kg) (1.0 m/s) = (2.0 kg) (1.0 m/s) + (4.0 kg) (vs' m/s)
4.0kg-m/s+4.0 kg-m/s =2.0 kg-m/s +4vg’ kg-m/s
4vg' =8.0-2.0=6.0
vg' = 1.5 m/s
After the collision, ball B is moving westward at 1.5 m/s.

Example Problem: A railroad car whose mass is 30,000. kg is traveling with a velocity of 2.2 m/s due east and
collides with a second railroad car whose mass is also 30,000. kg and is at rest. If the two cars stick together after
the collision, what is the velocity of the two cars?

Solution: Note that since the two trains stick together, the final massism 4 +m p , and the final velocity for
each object is the same. Thus the conservation of momentum equation, mava + mgvg = maVv'a +mpV'p , can be
rewritten mava + mpgvg = (ma +mg)V'

(30,000. kg)(2.2 m/s) 4 (30,000. kg)(0 m/s) = (60,000. kg)(v' m/s)
66000+ 0 = 60000V
V= 90008 = 1.1 m/s

After the collision, the two cars move off together toward the east with a velocity of 1.1 m/s.

Summary

* A closed system is one in which both the object exerting a force and the object receiving the force are inside
the system.

* In a closed system, momentum is always conserved.
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Practice

The following video shows the Mythbusters building and using various sizes of a toy called "Newton’s Cradle."
Use this resource to answer the question that follows.

https://www.youtube.com/watch?v=BiL.g5Gnpo8Q

ﬁ v d MEDIA
1060 Click image to the left for more content.

1. What is Newton’s Cradle?
2. How does Newton’s Cradle work?
3. How does a Newton’s Cradle show conservation of momentum?

If you are interested in learning more about Newton’s Cradles, visit this site: http://science.howstuffworks.com/ne
wtons-cradle.htm

Review

1. A 0.111 kg hockey puck moving at 55 m/s is caught by a 80. kg goalie at rest. With what speed does the goalie
slide on the (frictionless) ice?

2. A 0.050 kg bullet strikes a 5.0 kg stationary wooden block and embeds itself in the block. The block and the
bullet fly off together at 9.0 m/s. What was the original velocity of the bullet?

3. A 0.50 kg ball traveling at 6.0 m/s due east collides head on with a 1.00 kg ball traveling in the opposite direction
at-12.0 m/s. After the collision, the 0.50 kg ball moves away at -14 m/s. Find the velocity of the second ball after
the collision.

4. Two carts are stationary with a compressed spring between them and held together by a thread. When the thread
is cut, the two carts move apart. After the spring is released, one cart m = 3.00 kg has a velocity of 0.82 m/s east.
What is the magnitude of the velocity of the second cart (m = 1.70 kg) after the spring is released?

5. Compared to falling on a tile floor, a glass may not break if it falls onto a carpeted floor. This is because

a. less impulse in stopping.
b. longer time to stop.

c. both of these

d. neither of these.

6. A butterfly is hit by a garbage truck on the highway. The force of the impact is greater on the

12
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a. garbage truck.
b. butterfly.
c. it is the same for both.

7. A rifle recoils from firing a bullet. The speed of the rifle’s recoil is small compared to the speed of the bullet
because

the force on the rifle is small.

the rifle has a great deal more mass than the bullet.

the momentum of the rifle is unchanged.

the impulse on the rifle is less than the impulse on the bullet.
none of these.

o0 o

* Law of Conservation of Momentum: The total linear momentum of an isolated system remains constant
regardless of changes within the system.

References

1. Courtesy of NOAA. http://commons.wikimedia.org/wiki/File:Humpback_whale_noaa.jpg . Public Domain
2. CK-12 Foundation - Samantha Bacic. . CC-BY-NC-SA 3.0
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CONCEPT
5 Conservation of Momentum

in Two Dimensions

» Use the conservation of momentum and vector analysis to solve two-dimensional collision problems.
* Review vector components.

In a game of billiards, it is important to be able to visualize collisions in two dimensions — the best players not only
know where the target ball is going but also where the cue ball will end up.

Conservation of Momentum in Two Dimensions

Conservation of momentum in all closed systems is valid, regardless of the directions of the objects before and after
they collide. Most objects are not confined to a single line, like trains on a rail. Rather, many objects, like billiard
balls or cars, can move in two dimensions. Conservation of momentum for these objects can also be calculated;
momentum is a vector and collisions of objects in two dimensions can be represented by axial vector components.
To review axial components, revisit Vectors: Resolving Vectors into Axial Components and Vectors: Vector
Addition.

Example Problem: A 2.0 kg ball, A, is moving with a velocity of 5.00 m/s due west. It collides with a stationary
ball, B, also with a mass of 2.0 kg. After the collision, ball A moves off at 30° south of west while ball B moves off
at 60° north of west. Find the velocities of both balls after the collision.

Solution: Since ball B is stationary before the collision, then the total momentum before the collision is equal to
momentum of ball A. The momentum of ball A before collision is shown in red below, and can be calculated to be
p=mv=(2.00kg)(5.00 m/s) = 10.0 kg m/s west
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Since momentum is conserved in this collision, the sum of the momenta of balls A and B after collsion must be 10.0
kg m/s west.

Paafter = (10.0 kg m/s)(cos30°) = (10.0 kg m/s)(0.866) = 8.66 kg m/s
PBafter = (10.0 kg m/s)(cos60°) = (10.0 kg m/s)(0.500) = 5.00 kg m/s

To find the final velocities of the two balls, we divide the momentum of each by its mass. Therefore, v4 = 4.3 m/s
and vg =2.5m/s.

Example Problem: A 1325 kg car moving north at 27.0 m/s collides with a 2165 kg car moving east at 17.0
m/s. The two cars stick together after the collision. What is the speed and direction of the two cars after the
collision?

Solution:
Northward momentum = (1325 kg)(27.0 m/s) = 35800 kg m/s
Eastward momentum = (2165 kg)(17.0 m/s) = 36800 kg m/s

R= \/ (35800)2 + (36800)2 = 51400 kg - m/s
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0 = sin~! % = 44° north of east

51400 kg-m/s
3490 kg

Example Problem: A 6.00 kg ball, A , moving at velocity 3.00 m/s due east collides with a 6.00 kg ball, B, at
rest. After the collision, A moves off at 40.0° N of E and ball B moves off at 50.0° S of E.

velocity = £ = =14.7m/s @ 44° N of E

7 A
""
é"
RAoX
W - - > > E
\\50" pO
§‘~
<
l)B

a. What is the momentum of A after the collision?
b. What is the momentum of B after the collision?
c. What are the velocities of the two balls after the collision?

Solution: piyitias = mv = (6.00 kg)(3.00 m/s) = 18.0 kg m/s
This is a right triangle in which the initial momentum is the length of the hypotenuse and the two momenta after the

collision are the legs of the triangle.

a. pa = (18.0 kg m/s)(cos40.0°) = (18.0 kg m/s)(0.766) = 13.8 kg m/s
b. ps = (18.0 kg m/s)(cos 50.0°) = (18.0 kg m/s)(0.643) = 11.6 kg m/s
c. v4g =2.30 m/s vp =193 m/s

Summary

* The conservation of momentum law holds for all closed systems regardless of the directions of the objects
before and after they collide.

* Momentum is a vector; collisions in two dimensions can be represented by axial vector components.

Practice

This video shows circus performers using conservation of momentum. Use this resource to answer the questions
that follow.

http://www.pbs.org/opb/circus/classroom/circus-physics/angular-momentum/
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. Why do the fliers scrunch up in the air while spinning and twisting?

What happens to the rate at which they spin when they change shape in the air?

Review

. Billiard ball A , mass 0.17 kg, moving due east with a velocity of 4.0 m/s, strikes stationary billiard ball B ,

also mass of 0.17 kg. After the collision, ball A moves off at an angle of 30° north of east with a velocity of
3.5 m/s, and ball B moves off at an angle of 60 ° south of east . What is the speed of ball B ?

A bomb, originally sitting at rest, explodes and during the explosion breaks into four pieces of exactly 0.25 kg
each. One piece flies due south at 10 m/s while another pieces flies due north at 10 m/s.

(a) What do we know about the directions of the other two pieces and how do we know it?
(b) What do we know about the speeds of the other two pieces and how do we know it?

. In a head-on collision between protons in a particle accelerator, three resultant particles were observed. All

three of the resultant particles were moving to the right from the point of collision. The physicists conducting
the experiment concluded there was at least one unseen particle moving to the left after the collision. Why did
they conclude this?

References
1. Image copyright VitCOM Photo, 2013. http://www.shutterstock.com . Used under license from Shutter-
stock.com
2. CK-12 Foundation - Samantha Bacic. . CC-BY-NC-SA 3.0
3. CK-12 Foundation - Samantha Bacic. . CC-BY-NC-SA 3.0
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CONCEPT 6 ] o
Inelastic Collisions

Students will learn how to solve problems involving inelastic collisions.

Key Equations

Y. Dinitial = L. P

final  The total momentum does not change in closed systems

AT

\—|

Example 1

Question : Two blocks collide on a frictionless surface. Afterwards, they have a combined mass of 10kg and a
speed of 2.5m/s . Before the collision, block A, which has a mass of 8.0kg, was at rest. What was the mass and
initial speed of block B?

MV I:mﬁLmA)"_.r
BE— [B o—>
0
Momentum Momentum
Before After

Solution : To find mass of block B we have a simple subtraction problem. We know that the combined mass is
10kg and the mass of block A is 8.0kg.

10kg — 8.0kg = 2.0kg

Now that we know the mass of both blocks we can find the speed of block B. We will use conservation of
momentum. This was a completely inelastic collision. We know this because the blocks stuck together after the
collision. This problem is one dimensional, because all motion happens along the same line. Thus we will use the
equation

(ma +mp)vy =my X va+mp X vp
and solve for the velocity of block B.

(ma+mp)vy =my X va+mpvp = (ma ¥ ms)(v4) = (ma)(va) = VB
: mg

Watch this Explanation
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Simulation

Note: move the elasticity meter to 0% for perfectly inelastic collisions.
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Collision Lab (PhET Simulation)
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Car Collision (CK-12 Simulation)

Time for Practice

—/

1.

2. Two blocks collide on a frictionless surface, as shown. Afterwards, they have a combined mass of 10 kg and a

speed of 2.5 m/s . Before the collision, one of the blocks was at rest. This block had a mass of 8.0 kg . What
was the mass and initial speed of the second block?

4. In the above picture, the carts are moving on a level, frictionless track. After the collision all three carts stick
together. Determine the direction and speed of the combined carts after the collision.

5. The train engine and its four boxcars are coasting at 40 m/s . The engine train has mass of 5,500 kg and the
boxcars have masses, from left to right, of 1,000 kg , 1,500 kg , 2,000 kg, and 3,000 kg . (For this problem,
you may neglect the small external forces of friction and air resistance.)
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a. What happens to the speed of the train when it releases the last boxcar? ( Hint: Think before you blindly
calculate. )

b. If the train can shoot boxcars backwards at 30 m/s relative to the train’s speed, how many boxcars does
the train need to shoot out in order to obtain a speed of 58.75 m/s ?

6. In Sacramento a 4000 kg SUV is traveling 30 m/s south on Truxel crashes into an empty school bus, 7000 kg
traveling east on San Juan. The collision is perfectly inelastic.

a. Find the velocity of the wreck just after collision
b. Find the direction in which the wreck initially moves

7. Manrico (80.0 kg) and Leonora (60.0 kg) are figure skaters. They are moving toward each other. Manrico’s
speed is 2.00 m/s ; Leonora’s speed is 4.00 m/s . When they meet, Leonora flies into Manrico’s arms.

a. With what speed does the entwined couple move?

b. In which direction are they moving?
c. How much kinetic energy is lost in the collision?

Answers to Selected Problems

2.0kg,12.5m/s

0.13 m/s to the left

a. no change b. the last two cars

a. 15m/sb. 49°Sof E

a. 0.57 m/s b. the direction Leonora was originally travelling c. 297.26 J

S
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CONCEPT . . .
7 Elastic Collisions

Students will learn how to solve problems involving elastic collisions
Key Equations
Y. Dinitial = X P
final  The total momentum does not change in closed systems
Y KEiitia = Y KE

final  The total kinetic energy does not change in elastic collisions

Example 1

Maomentum Conservation

iy =i 0y MEDIA

Click image to the left for more content.

Example 2

Question : Chris and Ashley are playing pool. Ashley hits the cue ball into the 8 ball with a velocity of 1.2m/s .
The cue ball (¢) and the 8 ball ( e ) react as shown in the diagram. The 8 ball and the cue ball both have a mass of
.17kg . What is the velocity of the cue ball? What is the direction (the angle) of the cue ball?

Answer : We know the equation for conservation of momentum, along with the masses of the objects in question
as well two of the three velocities. Therefore all we need to do is manipulate the conservation of momentum
equation so that it is solved for the velocity of the cue ball after the collision and then plug in the known values to
get the velocity of the cue ball.

MeVie +MeVie = McVie + MV ge
McVie +MeVie — MV e

Vie = -
_ 17kg x2.0m/s+.17kg x Om/s — .17kg x 1.2m/s

Ve = 17ke

vie =.80m/s

Now we want to find the direction of the cue ball. To do this we will use the diagram below.
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8 Ball

( }me

Cue Ball

We know that the momentum in the y direction of the two balls is equal. Therefore we can say that the velocity in
the y direction is also equal because the masses of the two balls are equal.

MeVeY = MeVey — Ve = Vey

Given this and the diagram, we can find the direction of the cue ball. After 1 second, the 8 ball will have traveled
1.2m . Therefore we can find the distance it has traveled in the y direction.

opposite  x

sin25° = —x=us5in25x1.2m = .51m

hypotenuse  1.2m

Therefore, in one second the cue ball will have traveled .51m in the y direction as well. We also know how far in
total the cue ball travels in one second (.80m) . Thus we can find the direction of the cue ball.

sin~ opposite sin~) Slm 400
hypotenuse .80m
Watch this Explanation
MEDIA

Click image to the left for more content.

Simulation
Note: move the elasticity meter to 100% for perfectly elastic collisions.
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Collision Lab (PhET Simulation)

Time for Practice

1. You are playing pool and you hit the cue ball with a speed of 2 m/s at the 8 -ball (which is stationary). Assume
an elastic collision and that both balls are the same mass. Find the speed and direction of both balls after the
collision, assuming neither flies off at any angle.

2. A 0.045 kg golf ball with a speed of 42.0 m/s collides elastically head-on with a 0.17 kg pool ball at rest. Find
the speed and direction of both balls after the collision.

3. Ball A is traveling along a flat table with a speed of 5.0 m/s , as shown below. Ball B, which has the same
mass, is initially at rest, but is knocked off the table in an elastic collision with Ball A . Find the horizontal
distance that Ball B travels before hitting the floor.

4. Students are doing an experiment on the lab table. A steel ball is rolled down a small ramp and allowed to hit
the floor. Its impact point is carefully marked. Next a second ball of the same mass is put upon a set screw
and a collision takes place such that both balls go off at an angle and hit the floor. All measurements are taken
with a meter stick on the floor with a co-ordinate system such that just below the impact point is the origin.
The following data is collected:

(a) no collision: 41.2 cm
(b) target ball: 37.3 cm in the direction of motion and 14.1 cm perpendicular to the direction of motion
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i. From this data predict the impact position of the other ball.
ii. One of the lab groups declares that the data on the floor alone demonstrate to a 2 % accuracy that
the collision was elastic. Show their reasoning.

iii. Another lab group says they can’t make that determination without knowing the velocity the balls
have on impact. They ask for a timer. The instructor says you don’t need one; use your meter stick.
Explain.

iv. Design an experiment to prove momentum conservation with balls of different masses, giving
apparatus, procedure and design. Give some sample numbers.

5. A 3 kg ball is moving 2 m/s in the positive x— direction when it is struck dead center by a 2 kg ball moving
in the positive y— direction at 1 m/s. After collision the 3 kg ball moves at 3 m/s 30 degrees from the positive

X— axis.
lmls/
' ' l 130°
. 2m/s , .
3kg
T -

. >

2kg

Find the velocity and direction of the 2 kg ball.

Answers to Selected Problems

1. 8 m/s same direction as the cue ball and 0 m/s
2. Vgoif = —24.5m/s;vpool = 17.6 m/s

3. 2.8m

4. .

5. 1.5m/s 54°
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CONCEPT 8
Momentum and Impulse

* Define momentum.

* Define impulse.

* Given mass and velocity of an object, calculate momentum.

Calculate the change in momentum of an object.

State the relationship that exists between the change in momentum and impulse.

* Using the momentum-impulse theorem and given three of the four variables, calculate the fourth.

Rachel Flatt performs a layback spin at the 2 011 Rostelecom Cup in Moscow, Russia.

When an ice skater spins, angular momentum must be conserved. When her arms or feet are far away from her
body, her spin slows; when she brings her arms and feet close in to her body, she spins faster.

Momentum and Impulse
If a bowling ball and a ping-pong ball are each moving with a velocity of 5 mph, you intuitively understand that it
will require more effort to stop the bowling ball than the ping pong ball because of the greater mass of the bowling

ball. Similarly, if you have two bowling balls, one moving at 5 mph and the other moving at 10 mph, you know it

26


http://www.ck12.org

www.ck|Z.org Concept 8. Momentum and Impulse

will take more effort to stop the ball with the greater speed. It is clear that both the mass and the velocity of a
moving object contribute to what is necessary to change the motion of the moving object. The product of the mass
and velocity of an object is called its momentum . Momentum is a vector quantity that has the same direction as

the velocity of the object and is represented by a lowercase letter p .

p=my

The momentum of a 0.500 kg ball moving with a velocity of 15.0 m/s will be

p=mv = (0.500 kg)(15.0 m/s) = 7.50 kg - m/s

You should note that the units for momentum are kg-m/s.

According to Newton’s first law, the velocity of an object cannot change unless a force is applied. If we wish to
change the momentum of a body, we must apply a force. The longer the force is applied, the greater the change in
momentum. The impulse is the quantity defined as the force multiplied by the time it is applied. It is a vector
quantity that has the same direction as the force. The units for impulse are N-s but we know that Newtons are
also kg-m/s 2 and so N-s = (kg-m/s > )(s) = kg-m/s. Impulse and momentum have the same units; when an impulse
is applied to an object, the momentum of the object changes and the change of momentum is equal to the impulse.

Ft = Amy
Example Problem: Calculating Momentum
A 0.15 kg ball is moving with a velocity of 35 m/s. Find the momentum of the ball.
Solution: p =mv = (0.15 kg)(35 m/s) = 5.25 kg-m/s

Example Problem: If a ball with mass 5.00 kg has a momentum of 5.25 kg - m/s , what is its velocity?

. p_s2kgm/s
Solution: v = 1~ = “Sokg 1.05 m/s

It should be clear from the equation relating impulse to change in momentum, F# = Amyv , that any amount of force
would (eventually) bring a moving object to rest. If the force is very small, it must be applied for a long time, but a
greater force can bring the object to rest in a shorter period of time.

If you jump off a porch and land on your feet with your knees locked in the straight position, your motion would be
brought to rest in a very short period of time and thus the force would need to be very large — large enough,
perhaps, to damage your joints or bones.

Suppose that when you hit the ground, your velocity was 7.0 m/s and that velocity was brought to rest in
0.05 seconds. If your mass is 100. kg, what force was required to bring you to rest?

_ Amv __ (100.kg)(7.0m/s)
F=5F= 0.050 S = 14,000 N
If, on the other hand, when your feet first touched the ground, you allowed your knees to flex so that the period of
time over which your body was brought to rest is increased, then the force on your body would be smaller and it

would be less likely that you would damage your legs.

Suppose that when you first touch the ground, you allow your knees to bend and extend the stopping time to 0.50
seconds. What force would be required to bring you to rest this time?

_ Amy _ (100. kg)(7.0m/s)
F=Am _ Q0SSO — 1400 N

With the longer period of time for the force to act, the necessary force is reduced to one-tenth of what was needed
before.

Extending the period of time over which a force acts in order to lessen the force is a common practice in design.
Padding in shoes and seats allows the time to increase. The front of automobiles are designed to crumple in an
accident; this increases the time the car takes to stop. Similarly, barrels of water or sand in front of abutments on
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the highway and airbags serve to slow down the stoppage time. These changes all serve to decrease the amount of
force it takes to stop the momentum in a car crash, which consequently saves lives.

Example Problem: An 0.15 kg baseball is thrown horizontally at 40. m/s and after it is struck by a bat, it is
traveling at -40. m/s.

(a) What impulse did the bat deliver to the ball?

(b) If the contact time of the bat and bat was 0.00080 seconds, what was the average force the bat exerted on the
ball?

(c) Calculate the average acceleration of the ball during the time it was in contact with the bat.

Solution: We can calculate the change in momentum and give the answer as impulse because we know that the
impulse is equal to the change in momentum.

(a)

p =mAv = (0.15 kg)(—40. m/s — 40. m/s)
= (0.15 kg)(—80. m/s) = —12 kg - m/s

The minus sign indicates that the impulse was in the opposite direction of the original throw.

—2kemls _ 15000 N

_ Amyv __
(b) F= t — 0.00080 S

Again, the negative sign indicates the force was in the opposite direction of the original throw.

(©a= =380 = 100,000 ms”

Summary

* The product of the mass and velocity of an object is called momentum, given by the equation p = mv .
* Momentum is a vector quantity that has the same direction as the velocity of the object.

* The quantity of force multiplied by the time it is applied is called impulse.

* Impulse is a vector quantity that has the same direction as the force.

* Momentum and impulse have the same units: kg-m/s.

* The change of momentum of an object is equal to the impulse. Fr = Amvy

Practice

Use this resource to answer the question that follows.

https://www.youtube.com/watch?v=3g4v8x7xggU

ﬁ v d MEDIA
1060 Click image to the left for more content.

1. Why don’t the glasses of water spill when the tablecloth is pulled out from under them?
2. How does the video get from momentum to impulse?
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Review

1. A small car with a mass of 800. kg is moving with a velocity of 27.8 m/s.

(a) What is the momentum of the car?
(b) What velocity is needed for a 2400. kg car in order to have the same momentum?

2. A scooter has a mass of 250. kg. A constant force is exerted on it for 60.0 s. During the time the force is
exerted, the scooter increases its speed from 6.00 m/s to 28.0 m/s.

(a) What is the change in momentum?
(b) What is the magnitude of the force exerted on the scooter?

3. The brakes on a 15,680 N car exert a stopping force of 640. N. The car’s velocity changes from 20.0 m/s to
0 m/s.

(a) What is the car’s mass?

(b) What was its initial momentum?

(c) What was the change in momentum for the car?

(d) How long does it take the braking force to bring the car to rest?

* momentum: A measure of the motion of a body equal to the product of its mass and velocity. Also called
linear momentum .

e impulse: The product obtained by multiplying the average value of a force by the time during which it acts.
The impulse equals the change in momentum produced by the force in this time interval.
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CONCEPT 1
Circular Motion

Define centripetal acceleration.

Understand the theory of the centripetal acceleration equation.

Use the centripetal acceleration equation.

* Understand the angular relationship between velocity and centripetal acceleration.

Use the equations for motion in two directions and Newton’s Laws to analyze circular motion.

Weather satellites, like the one shown above, are found miles above the earth’s surface. Satellites can be polar
orbiting, meaning they cover the entire Earth asynchronously, or geostationary, in which they hover over the same
spot on the equator.

Circular Motion

The earth is a sphere. If you draw a horizontal straight line from a point on the surface of the earth, the surface of
the earth drops away from the line. The distance that the earth drops away from the horizontal line is very small —
so small, in fact, that we cannot represent it well in a drawing. In the sketch below, if the blue line is 1600 m, the
amount of drop (the red line) would be 0.20 m. If the sketch were drawn to scale, the red line would be too short to
see.
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Y

When an object is launched exactly horizontally in projectile motion, it travels some distance horizontally before it
strikes the ground. In the present discussion, we wish to imagine a projectile fired horizontally on the surface of the
earth such that while traveling 1600 m horizontally, the object would fall exactly 0.20 m. If this could occur, then
the object would fall exactly the amount necessary during its horizontal motion to remain at the surface of the earth,
but not touching it. In such a case, the object would travel all the way around the earth continuously and circle the
earth, assuming there were no obstacles, such as mountains.

What initial horizontal velocity would be necessary for this to occur? We first calculate the time to fall the 0.20 m:

2d 2)(0.20
a 9.80 m/s
The horizontal velocity necessary to travel 1600 m in 0.20 s is 8000 m/s. Thus, the necessary initial horizontal

velocity is 8000 m/s.

In order to keep an object traveling in a circular path, there must be an acceleration toward the center of the circle.
This acceleration is called centripetal acceleration. In the case of satellites orbiting the earth, the centripetal
acceleration is caused by gravity. If you were swinging an object around your head on a string, the centripetal
acceleration would be caused by your hand pulling on the string toward the center of the circle.

It is important to note that the object traveling in a circle has a constant speed but does not have a constant velocity.
This is because direction is part of velocity; when an object changes its direction, it is changing its velocity. Hence
the object’s acceleration. The acceleration in the case of uniform circular motion is the change in the direction of
the velocity, but not its magnitude.

For an object traveling in a circular path, the centripetal acceleration is directly related to the square of the velocity
of the object and inversely related to the radius of the circle.

<

ac = —

Taking a moment to consider the validity of this equation can help to clarify what it means. Imagine a yo-yo. Instead
of using it normally, let it fall to the end of the string, and then spin it around above your head. If we were to
increase the speed at which we rotate our hand, we increase the velocity of the yo-yo - it is spinning faster. As it
spins faster, it also changes direction faster. The acceleration increases. Now let’s think about the bottom of the
equation: the radius. If we halve the length of the yo-yo string (bring the yo-yo closer to us), we make the yo-yo’s
velocity greater. Again, it moves faster, which increases the acceleration. If we make the string longer again, this
decreases the acceleration. We now understand why the relationship between the radius and the acceleration is an
inverse relationship - as we decrease the radius, the acceleration increases, and visa versa.
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In uniform circular motion, the
velocity, v, is always tangential
to the circle and the centripetal
acceleration is always toward the
center of the circle.

>

Therefore, the velocity and the
centripetal acceleration are always
perpendicular to each other.

Example Problem: A ball at the end of a string is swinging in a horizontal circle of radius 1.15 m. The ball makes
exactly 2.00 revolutions per second. What is its centripetal acceleration?

Solution: We first determine the velocity of the ball using the facts that the circumference of the circle is 277 and
the ball goes around exactly twice per second.

y= Q0 _ QRGIHLISM _ g4

We then use the velocity and radius in the centripetal acceleration equation.

2o (1448 e 2

e = " = " 115m

Example Problem: The moon’s nearly circular orbit around the earth has a radius of about 385,000 km and a
period of 27.3 days. Calculate the acceleration of the moon toward the earth.

Solution:

2w (2)(3.14)(3.85x10m)
v=T= (27.3 d)(24.0 h/d)(3600 s/h) — 1020 m/s

2 (1020 m/s)> 2

As shown in the previous example, the velocity of an object traveling in a circle can be calculated by
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Where r is the radius of the circle and T is the period (time required for one revolution).

This equation can be incorporated into the equation for centripetal acceleration as shown below.

N2
d_ﬁ_(%) _ 4rr
N
Summary

* In order to keep an object traveling in a circular path, there must be an acceleration toward the center of the
circle. This acceleration is called centripetal acceleration .
* The acceleration in the case of uniform circular motion changes the direction of the velocity but not its

magnitude.
4n’r
T2

. . 2
* Formulas for centripetal acceleration are a, = "7 and a, =

Practice

This video is a demonstration of centripetal force using balloons and trays of water. Use this resource to answer the
questions that follow.

https://www.youtube.com/watch?v=EX5DZ2MHIV4

Question £

MEDIA

Click image to the left for more content.

1. What does centripetal mean?
2. What is uniform circular motion?
3. Why is centripetal acceleration always towards the center?

Review

1. Anautomobile rounds a curve of radius 50.0 m on a flat road at a speed of 14 m/s. What centripetal acceleration
is necessary to keep the car on the curve?

2. An object is swung in a horizontal circle on a length of string that is 0.93 m long. If the object goes around
once in 1.18 s, what is the centripetal acceleration?

* circular motion: A movement of an object along the circumference of a circle or rotation along a circular
path.
 centripetal acceleration: The acceleration toward the center that keeps an object following a circular path.
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CONCEPT 2 . .
Circular Motion

Students will learn that in circular motion there is always an acceleration (and hence a force) that points to the center
of the circle defined by the objects motion. This force changes the direction of the velocity vector of the object but
not the speed. Students will also learn how to calculate that speed using the period of motion and the distance of its
path (circumference of the circle it traces out).

Vocabulary

* centripetal acceleration: The inward acceleration that keeps an object in circular motion.
 centripetal force: The inward force that keeps an object in circular motion.

Introduction

A satellite orbits around the Earth in Figure below . A car travels around a curve in Figure below . All of these
objects are engaged in circular motion. Let us consider the satellite first. The satellite is held in place by the Earth’s
gravity. The gravity holds the satellite in its orbit. In what direction does this force act? If the earth were “magically”
gone, the satellite would fly off tangent to its motion at the instant gravity no longer held it. The force preventing
this from happening must keep pulling the satellite toward the center of the circle to maintain circular motion.

FIGURE 2.1

What is the force in Figure above that prevents the car from skidding off the road? If you guessed “the friction
between the tires and the road” you’d be correct. But is it static or kinetic friction? Unless the tires skid, there can
be no kinetic friction. It is static friction that prevents the tires from skidding, just as it is static friction that permits
you to walk without slipping. In Figure below , you can see the foot of a person who walks toward the right by
pushing their foot backward with a horizontal component of force F . They move forward because the ground exerts
a horizontal component force f; in the opposite direction. (Note that vertical forces are ignored.) The force the
ground exerts on the person’s foot is a static friction force. Because the foot does not slide, we know that F and f;
are equal opposed forces. We can easily see which direction the static friction force must act when we walk, but what
about a car performing circular motion? In what direction does the static friction act on the car in Figure above ?
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FIGURE 2.2
Direction of Motion
_—>
FIGURE 2.3
Force on Ground, F ¢ Force on Foot, f

( —

Figure below shows the top view of a car moving around a circular track with a constant speed. Since acceleration
is defined as a = % , you may be tempted to say that since the speed remains constant, Av = 0 , the acceleration
must also be zero. But that conclusion would be incorrect because Av represents a change in velocity, not a change
in speed. The velocity of the car is not constant since it is continuously changing its direction. How then do we find
the acceleration of the car?

Figure below shows the instantaneous velocity vectors for the car in two different positions a very small time apart.

Notice that the vector AV points toward the center of the circle. (Recall that AV can be thought of as the sum of the
vectors Vo + (—V1) .) The direction of the acceleration points in the direction of AV since acceleration is defined as
a= % . This is reasonable, since if there were no force directed toward the center of the circle, the car would move

off tangent to the circle.

We call the inward force that keeps an object in circular motion a “center seeking”, or centripetal force and the
acceleration, centripetal acceleration. The centripetal acceleration is often denoted as a, In order to find the correct
expression for the magnitude of the centripetal acceleration we’ll need to use a little geometric reasoning. Figure
below and Figure below show two “almost” similar triangles.

The magnitudes of —V; and V, are equal, and the change in location of the car occurs over a very small increment
in time, A¢ . The velocities are tangent to the circle and therefore perpendicular to the radius of the circle. As such,
the “radius” triangle and the “velocity” triangle are approximately similar (see the figures above). We construct an
approximate ratio between the two triangles by assuming that during the time At , the car has traveled a distance As

6


http://www.ck12.org

www.ck12.org Concept 2. Circular Motion

FIGURE 2.4

FIGURE 2.5

along the circle. The ratio below is constructed in order to determine the acceleration.

& = & "which leads to, vAs = rAv .

r

e g . . L. As - Ay
Dividing both sides of the equation by Az , we have: vz =r7; .
But % is the speed v of the car and % is the acceleration of the car.
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If we allow the time to become infinitesimally small, then the approximation becomes exact and we have: v> =
ra,a ="~ . Thus, the magnitude of the centripetal acceleration for an object moving with constant speed in circular

motion is a. = V7 , and its direction is toward the center of the circle.

Illustrative Examples using Centripetal Acceleration and Force

Example 1A: A 1000 kg car moves with a constant speed 13.0 m/s around a flat circular track of radius 40.0 m.

What is the magnitude and direction of the centripetal acceleration?

. . . 2 . . .
Answer: The magnitude of the car’s acceleration is a. = *- = % =4.225 = 4.23 m/s* and the direction of its
acceleration is toward the center of the track.

Example 1b: Determine the force of static friction that acts upon the car in Figure below

R,

To Center of Track

FIGURE 2.6

mg

Answer:

Using Newton’s Second Law: Y F = f; = ma = 1000(4.225) = 4225 = 4230 N

Example 1c: Determine the minimum necessary coefficient of static friction between the tires and the road.
Answer:

Y F=Fy—Mg=0,Fy =Mgbut f; = uFy = ma

Thus, uMg = Ma,usg = a,u, = % = 422 = 0.431 =0.43

8

Check Your Understanding

True or False?
1. Kinetic friction is responsible for the traction (friction) between the tires and the road.

Answer : False. As long as the car does not skid, there is no relative motion between the instantaneous contact area
of the tire and the road.

2. True or False? The force of static friction upon an object can vary.

Answer : True. In attempting to move an object, a range of forces of different magnitudes can be applied until
the maximum static friction between the object and the surface it rests upon is overcome and the object is set into
motion. Recall that the magnitude of static friction is represented by the inequality: f; < usFy
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3. The greater the mass of the car, the greater the coefficient of friction.

Answer : False. The coefficient of friction is independent of the mass of an object. Recall that it is the ratio of the
friction force to the normal force. As such, it is a pure number dependent only upon the nature of the materials in
contact with each other- in this case rubber and asphalt.
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CONCEPT
Centripetal Force

* Define centripetal force.
* Solve problems involving centripetal force.
» Explain the difference between centripetal and centrifugal forces.

Gossamer Rings \
Halo

Main Ring

»
Adrastea

Amalthea

Jupiter’s moons and ring materials follow all the laws of physics, including centripetal force and centripetal acceler-
ation.

Centripetal Force

Centripetal force is, simply, the force that causes centripetal acceleration. Objects that move in uniform circular
motion all have an acceleration toward the center of the circle and therefore, they must also suffer a force toward the
center of the circle. That force is the centripetal force. For orbiting satellites, such as the moon orbiting the earth or
the earth orbiting the sun, the centripetal force is produced by gravity. When an Olympic hammer thrower whirls a
massive ball on a chain, the centripetal force is created by the athlete and transmitted by the chain.

Newton’s second law shows the relationship between force and acceleration, F = ma . Since we have formulas
expressing the relationships for centripetal acceleration, they can easily be altered to show the relationships for
centripetal force.

2 2
a.=Y and F =ma so F, = ™~
r r

and

__ 4nlrm

4n?r
s0 Fo = =7

T2

a., =
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Common Misconceptions

Many people incorrectly use the term centrifugal force instead of centripetal force . Often, you will hear the term
centrifugal force used to describe the outward force pushing an object away from the center of a circle. In reality,
however, centrifugal forces are inertial, or fictional, forces. They only exist in the frame of reference of the object
that is moving and, even then, are theoretical. Physicists dealing in a moving frame of reference use centrifugal
forces to ease calculations.

For a great explanation of the difference between centrifugal and centripetal force, see this video:

https://www.youtube.com/watch?v=DLgy6rVV-08

ﬁ v d MEDIA
1060 Click image to the left for more content.

Summary

* Centripetal force is the force that causes centripetal acceleration.
4’ rm
T2

. . 2
* Equations for centripetal force are F, = "~ and F, =

Practice

A video of physics students riding a roller coaster. Use this resource to answer the questions that follow.

http://www.teachersdomain.org/asset/phy03_vid_roller/

1. Does the roller coaster in the video have a complete circle as part of its path?
2. What is it that keeps the glass of water on the tray as it swings over the student’s head?

Review

1. A runner moving at a speed of 8.8 m/s rounds a bend with a radius of 25 m. What is the centripetal force
needed to keep this runner on the curve and what supplies this force?
2. A 1000. kg car rounds a curve of 50.0 m radius on a flat road with a speed of 14.0 m/s.

(a) Will the car make the turn successfully if the pavement is dry and the coefficient of friction is 0.60?
(b) Will the car make the turn successfully if the pavement is wet and the coefficient of friction is 0.20?

3. An 0.500 kg object tied to a string is swung around a person’s head in a horizontal circle. The length of the
string is 1.00 m and the maximum force the string can withstand without breaking is 25.0 N. What is the
maximum speed the object may be swung without breaking the string?

* centripetal force: The component of force acting on a body in curvilinear motion that is directed toward the
center of curvature or axis of rotation.
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CONCEPT 1 ]
Measuring Waves

Lesson Objectives

* Define wave amplitude and wavelength.
» Relate wave speed to wave frequency and wavelength.

Lesson Vocabulary

hertz (Hz)

* wave amplitude
* wave frequency
» wavelength

* wave speed

Introduction

Tsunamis, or the waves caused by earthquakes, are unusually large ocean waves. You can see an example of a
tsunami in Figure 1.1 . Because tsunamis are so big, they can cause incredible destruction and loss of life. The
tsunami in the figure crashed into Thailand, sending people close to shore running for their lives. The height of a
tsunami or other wave is just one way of measuring its size. You’ll learn about this and other ways of measuring
waves in this lesson.

FIGURE 1.1
This tsunami occurred in Thailand on De-
cember 26, 2004.
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The height of a wave is its amplitude. Another measure of wave size is wavelength. Both wave amplitude and
wavelength are described in detail below. Figure 1.2 shows these wave measures for both transverse and longitudinal
waves. You can also simulate waves with different amplitudes and wavelengths by doing the interactive animation
at this URL: http://sci-culture.com/advancedpoll/GCSE/sine%20wave%?20simulator.html

Transverse Wave

Resting position is
halfway between crests
Crest and troughs.

Amplitude

Wavelength
Trough

Longitudinal Wave

Resting position is where the coils are

nelther compressed nor rarified
I— Wavelength —|

Amphtude closeness of coils in compre551ons

Rarefaction

Wave Amplitude

FIGURE 1.2

Wave amplitude and wavelength are two
important measures of wave size.

Wave amplitude is the maximum distance the particles of a medium move from their resting position when a wave
passes through. The resting position is where the particles would be in the absence of a wave.

* In a transverse wave, wave amplitude is the height of each crest above the resting position. The higher the

crests are, the greater the amplitude.

* In a longitudinal wave, amplitude is a measure of how compressed particles of the medium become when the
wave passes through. The closer together the particles are, the greater the amplitude.
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What determines a wave’s amplitude? It depends on the energy of the disturbance that causes the wave. A wave
caused by a disturbance with more energy has greater amplitude. Imagine dropping a small pebble into a pond of
still water. Tiny ripples will move out from the disturbance in concentric circles, like those in Figure above . The
ripples are low-amplitude waves. Now imagine throwing a big boulder into the pond. Very large waves will be
generated by the disturbance. These waves are high-amplitude waves.

Wavelength

Another important measure of wave size is wavelength. Wavelength is the distance between two corresponding
points on adjacent waves (see Figure 1.2 ). Wavelength can be measured as the distance between two adjacent
crests of a transverse wave or two adjacent compressions of a longitudinal wave. It is usually measured in meters.
Wavelength is related to the energy of a wave. Short-wavelength waves have more energy than long-wavelength
waves of the same amplitude. You can see examples of waves with shorter and longer wavelengths in Figure 1.3 .

I— Wavelength —{

Longer wavelength

FIGURE 1.3
Both of these waves have the same ampli-
tude, but they differ in wavelength. Which

Wavelength wave has more energy?

—

Shorter wavelength

Wave Frequency and Speed

Imagine making transverse waves in a rope, like the waves in Figure above . You tie one end of the rope to a
doorknob or other fixed point and move the other end up and down with your hand. You can move the rope up and
down slowly or quickly. How quickly you move the rope determines the frequency of the waves.

Wave Frequency

The number of waves that pass a fixed point in a given amount of time is wave frequency . Wave frequency can be
measured by counting the number of crests or compressions that pass the point in 1 second or other time period. The
higher the number is, the greater is the frequency of the wave. The SI unit for wave frequency is the hertz (Hz) ,
where 1 hertz equals 1 wave passing a fixed point in 1 second. Figure 1.4 shows high-frequency and low-frequency
transverse waves. You can simulate transverse waves with different frequencies at this URL: http://zonalandeduc
ation.com/mstm/physics/waves/partsOf AWave/waveParts.htm
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High

frequency
FIGURE 1.4
A transverse wave with a higher fre-
quency has crests that are closer to-
gether.

Low

frequency

The frequency of a wave is the same as the frequency of the vibrations that caused the wave. For example, to generate
a higher-frequency wave in a rope, you must move the rope up and down more quickly. This takes more energy, so
a higher-frequency wave has more energy than a lower-frequency wave with the same amplitude.

Wave Speed

Assume that you move one end of a rope up and down just once. How long will take the wave to travel down the
rope to the other end? This depends on the speed of the wave. Wave speed is how far the wave travels in a given
amount of time, such as how many meters it travels per second. Wave speed is not the same thing as wave frequency,
but it is related to frequency and also to wavelength. This equation shows how the three factors are related:

Speed = Wavelength x Frequency

In this equation, wavelength is measured in meters and frequency is measured in hertz, or number of waves per
second. Therefore, wave speed is given in meters per second.

The equation for wave speed can be used to calculate the speed of a wave when both wavelength and wave frequency
are known. Consider an ocean wave with a wavelength of 3 meters and a frequency of 1 hertz. The speed of the
wave is:

Speed =3 m x 1 wave/s =3 m/s

You Try It!

Problem: Jera made a wave in a spring by pushing and pulling on one end. The wavelength is 0.1 m, and the wave
frequency is 0.2 m/s. What is the speed of the wave?

If you want more practice calculating wave speed from wavelength and frequency, try the problems at this URL: htt
p://www.physicsclassroom.com/class/waves/ul012e.cfm

The equation for wave speed (above) can be rewritten as:
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Speed Speed
pee or Wavelength = pee

F == it bt
requency Wavelength Frequency

Therefore, if you know the speed of a wave and either the wavelength or wave frequency, you can calculate the
missing value. For example, suppose that a wave is traveling at a speed of 2 meters per second and has a wavelength
of 1 meter. Then the frequency of the wave is:

2 m/
Frequency = 175 = 2 waves/s, or 2 Hz
m

You Try It!

Problem: A wave is traveling at a speed of 2 m/s and has a frequency of 2 Hz. What is its wavelength?

The Medium Matters

The speed of most waves depends on the medium through which they are traveling. Generally, waves travel fastest
through solids and slowest through gases. That’s because particles are closest together in solids and farthest apart
in gases. When particles are farther apart, it takes longer for the energy of the disturbance to pass from particle to
particle.

Lesson Summary

* Wave amplitude is the maximum distance the particles of a medium move from their resting positions as a
wave passes through. Wavelength is the distance between two corresponding points of adjacent waves. Waves
with greater amplitudes or shorter wavelengths have more energy.

* Wave frequency is the number of waves that pass a fixed point in a given amount of time. Higher frequency
waves have more energy. Wave speed is calculated as wavelength multiplied by wave frequency. Wave speed
is affected by the medium through which a wave travels.

Lesson Review Questions

Recall
1. How is wave amplitude measured in a transverse wave?

2. Describe the wavelength of a longitudinal wave.
3. Define wave frequency.

Apply Concepts

4. All of the waves in the sketch below have the same amplitude and speed. Which wave has the longest
wavelength? Which has the highest frequency? Which has the greatest energy?
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5. A wave has a wavelength of 0.5 m/s and a frequency of 2 Hz. What is its speed?

Think Critically

6. Relate wave amplitude, wavelength, and wave frequency to wave energy.
7. Waves A and B have the same speed, but wave A has a shorter wavelength. Which wave has the higher
frequency? Explain how you know.

Points to Consider

You read in this lesson that waves travel at different speeds in different media.

* When a wave enters a new medium, it may speed up or slow down. What other properties of the wave do you
think might change when it enters a new medium?

* What if a wave reaches a type of matter it cannot pass through? Does it just stop moving? If not, where does
it go?
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CONCEPT 2 _
Mechanical Wave

¢ Describe mechanical waves.
¢ Define the medium of a mechanical wave.
* Identify three types of mechanical waves.

No doubt you’ve seen this happen. Droplets of water fall into a body of water, and concentric circles spread out
through the water around the droplets. The concentric circles are waves moving through the water.

Waves in Matter

The waves in the picture above are examples of mechanical waves. A mechanical wave is a disturbance in matter
that transfers energy through the matter. A mechanical wave starts when matter is disturbed. A source of energy is
needed to disturb matter and start a mechanical wave.

Q: Where does the energy come from in the water wave pictured above?

A: The energy comes from the falling droplets of water, which have kinetic energy because of their motion.

The Medium

The energy of a mechanical wave can travel only through matter. The matter through which the wave travels is called
the medium ( plural , media). The medium in the water wave pictured above is water, a liquid. But the medium of
a mechanical wave can be any state of matter, even a solid.

Q: How do the particles of the medium move when a wave passes through them?

A: The particles of the medium just vibrate in place. As they vibrate, they pass the energy of the disturbance to the
particles next to them, which pass the energy to the particles next to them, and so on. Particles of the medium don’t
actually travel along with the wave. Only the energy of the wave travels through the medium.
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Types of Mechanical Waves

There are three types of mechanical waves: transverse, longitudinal, and surface waves. They differ in how particles
of the medium move. You can see this in the Figure 2.1 and in the animation at the following URL. http://www.
acs.psu.edu/drussell/Demos/waves/wavemotion.html

Transverse Wave

t Particle movement

Direction of wave

Longitudinal Wave FIGURE 2.1
Particle movement

4= =) 4= =)

Direction of wave

Surface Wave

Direction of wave

* In a transverse wave, particles of the medium vibrate up and down perpendicular to the direction of the wave.

* In a longitudinal wave, particles of the medium vibrate back and forth parallel to the direction of the wave.

* In a surface wave, particles of the medium vibrate both up and down and back and forth, so they end up
moving in a circle.

Q: How do you think surface waves are related to transverse and longitudinal waves?

A: A surface wave is combination of a transverse wave and a longitudinal wave.

Summary
* A mechanical wave is a disturbance in matter that transfers energy through the matter.
* The matter through which a mechanical wave travels is called the medium ( plural , media).

* There are three types of mechanical waves: transverse, longitudinal, and surface waves. They differ in how
particles of the medium move when the energy of the wave passes through.

Vocabulary

* mechanical wave : Disturbance in matter that transfers energy from one place to another.
* medium (plural, media ): Matter through which a mechanical wave moves.

Practice

At the following URL, read the short introduction to waves and watch the animations. Then answer the questions
below. http://www.acs.psu.edu/drussell/Demos/waves-intro/waves-intro.html
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1. The article gives a dictionary definition of wave. What is the most important part of this definition?
2. What happens to particles of the medium when a wave passes?

3. How is “doing the wave” in a football stadium like a mechanical wave?

Review
1. Define mechanical wave.

2. What is the medium of a mechanical wave?
3. List three types of mechanical waves.

4. If you shake one end of a rope up and down, a wave passes through the rope. Which type of wave is it?
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CONCEPT
Transverse Waves

* Describe transverse waves.

* Explain how waves transfer energy without transferring matter.

* Define wavelength, frequency, and period of a transverse wave.

« State the relationship between speed, wavelength, and frequency.

* Solve problems using the relationships between speed, wavelength, frequency, and period.

Professional surfer Marcio Freire rides a giant wave at the legendary big wave surf break known as as "Jaws" during
one the largest swells of the winter March 13, 2011 in Maui, HI. Massive waves, such as this one, transfer huge
amounts of energy.

Transverse Waves
Types of Waves

Water waves, sound waves, and the waves that travel along a rope are mechanical waves . Mechanical waves
require a material medium such as water, air, or rope. Light waves, however, are electromagnetic waves and travel
without a material medium. They are not mechanical waves.

In all types of mechanical waves, energy moves from one place to another while the media carrying the wave only
vibrates back and forth in position. One type of mechanical wave is the transverse wave . In the case of transverse
waves, the movement of the medium is perpendicular to the direction of the energy movement.

10
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In the sketch above, consider the transverse wave produced when the boy jerks one end of a rope up and down while
the other end is tied to a tree. The energy spent by the boy transfers permanently down the rope to the tree. The
rope, however, only moves up and down. If we stuck a piece of tape somewhere on the rope, we would see that the
particles of medium do not travel with the energy. After the wave has passed by, the piece of tape would still be in the
same place it was before the wave approached. In all transverse waves, the movement media vibrates perpendicularly
to the direction of wave motion, and the medium is not permanently moved from one place to another.

Frequency, Wavelength, and Velocity

Waves are identified by several characteristics. There is a center line where the medium would be if there were
no wave, which is sometimes describes as the undisturbed position. The displacement of the medium above this
undisturbed position is called a crest and the displacement below the undisturbed position is called a trough .
The maximums of the crest and trough are equal and are called the amplitude . The distance between equivalent
positions on succeeding waves is called the wavelength . The wavelength could be measured from a crest to the
next crest or from a trough to the next trough, and is commonly represented with the Greek letter lambda, A .

Amplitude Wavelength

The time interval required for one complete wave to pass a point is called the period . During the period of the
wave, an entire wavelength from one crest to the next crest passes a position. The number of waves that pass a single
position in one second is called the frequency . The period of a wave and its frequency are reciprocals of each
other.

1
I=7

-1

The units for the period are seconds and the units for frequency are s or é . This unit has also been given the

name Hertz (Hz).

11


http://www.ck12.org

WWW.C .org

Another important characteristic of a wave is its velocity. The wave velocity is different from the velocity of the
medium; the wave velocity is the velocity of the linearly transferred energy. Since the energy travels one wavelength,
A , in one period, T , the velocity can be expressed as distance over time:

<
I
N>

Since period and frequency are reciprocals, the speed of the wave could also be expressed as v = Af .

Example Problem: A sound wave has a frequency of 262 Hz. What is the time lapse between successive wave
crests?

Solution: The time lapse between successive crests would be the period and the period is the reciprocal of the
frequency.

1 1
T=- = =000382
7= 3gas T 000382

Example Problem: A sound wave has a frequency of 262 Hz has a wavelength of 1.29 m. What is the velocity of
the wave?

Solution: v=Af=(1.29 m)(262 s~ ') =338 m/s

Summary

* Mechanical waves require a material medium such as water, air, or rope.

* In all types of mechanical waves, energy moves from one place to another while the media carrying the wave
only vibrates back and forth in position.

* One type of mechanical wave is the transverse wave, in which the movement of the medium is perpendicular
to the direction of the energy propagation.

* The maximum displacement of the medium is the distance from the undisturbed position to the top of a crest,
or the amplitude.

» The distance along the line of motion of the wave from equivalent positions on succeeding waves is the
wavelength.

* The time interval required for one entire wave to pass a point is the period.

* The number of periods per second is the wave’s frequency.

* The period of a wave and its frequency are reciprocals of each other.

* The velocity of the wave’s energy transfer is given by v = Af or

Nl =

Practice

The following video explains wave characteristics. Pause the video before each practice question and try to solve it
yourself before moving on.

http://www.youtube.com/watch?v=5ENLxaPiJJI
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MEDIA

Click image to the left for more content.

1. What is the distance between the base line and crest called?
2. What symbol is used for wavelength?
3. What is the relationship between period and frequency?

Review

1. A sound wave produced by a chime 515 m away is heard 1.50 s later.

(a) What is the speed of sound in air?
(b) The sound wave has a frequency of 436 Hz. What is its period?
(c) What is the wavelength of the sound?

2. A hiker shouts toward a vertical cliff 685 m away. The echo is heard 4.00 s later.

(a) What is the speed of sound in air?

(b) Why is this speed of sound slightly different from the previous answer?
(c) The wavelength of the sound is 0.750 m. What is the frequency?

(d) What is the period of the wave?

3. The speed of light in air is 3.00 x 10  m/s. If a light wave has a wavelength of 5.80 x 10 =7 m, what is its
frequency?

* transverse wave: A transverse wave is a moving wave that consists of oscillations occurring perpendicular
(or right angled) to the direction of energy transfer

* undisturbed position: The equilibrium or rest position of the medium in a wave.

* crest: A crest is the point on a wave with the maximum value or upward displacement within a cycle

* trough: A trough is the opposite of a crest, so the minimum or lowest point in a cycle

* amplitude: The maximum displacement from a zero value during one period of an oscillation.

» wavelength: The distance between corresponding points of two consecutive waves.

* frequency: The number of waves that pass a fixed point in unit time.

* period: A period is the time required for one complete cycle of vibration to pass a given point.
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CONCEPT 4 ] _
Longitudinal Waves

* Describe longitudinal waves.

https://www.google.com/url ?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&docid=6e9QZ8b6JzZZRM&tbnid=-
CAV1rIJRLaBDfM:&ved=0CAUQjRw&url=http%3A%2F%2Fsirius.ucsc.edu%2Fdemoweb%2Fcgi-bin%2F%3Fwaves-
visible-slinky &ei=kE4FUpSDN4HXygHR84HwDg&bvm=bv.50500085,d.b21&psig=AFQjCNEJ230S_x3Ga2tbC3 Vi-
2VVUfbPMQ&ust=1376165898023972

Playing with a Slinky is a childhood tradition, but few children realize they are actually playing with physics.

Longitudinal Waves

Like transverse waves, longitudinal waves are mechanical waves, which means they transfer energy through a
medium. Unlike transverse waves, longitudinal waves cause the particles of medium to move parallel to the direction
of the wave. They are most common in springs, where they are caused by the pushing an pulling of the spring.
Although the surface waves on water are transverse waves, fluids (liquids, gases, and plasmas) usually transmit
longitudinal waves.

As shown in the image below, longitudinal waves are a series of compressions and rarefactions , or expansions. The
wavelength of longitudinal waves is measured by the distance separating the densest compressions. The amplitude
of longitudinal waves is the difference in media density between the undisturbed density to the highest density in a
compression.

Longitudinal Wave

Energy moves constantly to
the right while the media
moves left and right.

| <€ Wavelength él

Ll il

Compression
Rarefaction

Example Problem: A sonar signal (sonar is sound waves traveling through water) of 1.00 x 10° Hz frequency has
a wavelength of 1.50 mm in water. What is the speed of sound in water?

Solution: v=Af = (0.00150 m)(1.00 x 10% s~!) = 1500 m/s
Example Problem: A sound wave of wavelength 0.70 m and velocity 330 m/s is produced for 0.50 s.
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a. What is the frequency of the wave?
b. How many complete waves are emitted in this time interval?
c. After 0.50 s, how far is the wave front from the source of the sound?

Solution:

_ v __330m/s -1
a f=35=%70m —470s

b. complete waves = (470 cycles/s)(0.50 s) = 235 cycles
c. distance = (330 m/s)(0.50s) = 115 m

Summary

* Longitudinal waves cause the particle