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Introduction to the Examkrackers Manuals

The Examkrackers books are designed to give you exactly the information you
need to do well on the MCAT® while limiting extraneous information that will
not be tested. This manual organizes all of the information on the physics tested
on the MCAT™ conceptually. Concepts make the content both simple and por-
table for optimal application to MCAT™ questions. Mastery of the physics topics
covered in this manual will increase your confidence and allow you to succeed
with seemingly difficult passages that are designed to intimidate. The MCAT®
rewards your ability to read complex passages and questions through the lens of
basic science concepts.

An in-depth introduction to the MCAT" is located in the Reasoning Skills
manual. Read this introduction first to start thinking like the MCAT" and to
learn critical mathematical skills. The second lecture of the Reasoning Skills man-
ual addresses the research methods needed for success on 50% of questions on the
science sections of the MCAT™. Once you have read those lectures, return to this
manual to begin your study of the physics you will need to excel on the MCAT™

How to Use This Manual

Examkrackers MCAT™ preparation experience has shown that you will get the
most out of these manuals when you structure your studying as follows. Read each
lecture three times: twice before the class lecture, and once immediately following
the lecture. During the first reading, you should not write in the book. Instead,
read purely for enjoyment. During the second reading, highlight and take notes
in the margins. The third reading should be slow and thorough. Complete the
twenty-four questions in each lecture during the second reading before coming to
class. The in-class exams in the back of the manual are intended to be completed
in class. Do not look at them before class.

Warning: Just attending the class will not raise your score. You must
do the work. Not attending class will obstruct dramatic score increases.

If you are studying independently, read the lecture twice before taking the in-
class exam and complete the in-lecture questions during the second reading. Then
read the lecture once more after the in-class exam.

The thirty minute exams are designed to educate. They are similar to an
MCAT" section, but are shortened and have most of the easy questions removed.
We believe that you can answer most of the easy questions without too much help
from us, so the best way to raise your score is to focus on the more difficult ques-
tions. This method is one of the reasons for the rapid and celebrated success of the
Examkrackers prep course and products.

A scaled score conversion chart for the in-class exams is provided on the answer
page, but it is not meant to be an accurate representation of your score. Do not be
discouraged by poor performance on these exams; they are not meant to predict
your performance on the real MCAT". The questions that you get wrong or
even guess correctly are most important. They represent your potential
score increase. When you get a question wrong or have to guess, deter-
mine why and target these areas to improve your score.

In order to study most efficiently, it is essential to know what topics are and
are not tested directly in MCAT® questions. This manual uses the following con-
ventions to make the distinction. Any topic listed in the AAMC’s guide to the
MCAT®™ is printed in red, bold type. You must thoroughly understand all topics
printed in red, bold type. Any formula that must be memorized is also printed
in red, bold type.

—_* Read this Section First!

Vil



If a topic is not printed in bold and red, it may still be important. Understand-
ing these topics may be helpful for putting other terms in context. Topics and
equations that are not explicitly tested but are still useful to know are printed in
italics. Knowledge of content printed in italics will enhance your ability to answer
passage-based MCAT™ questions, as MCAT® passages may cover topics beyond
the AAMCs list of tested topics on the MCAT®™.

Features of the Examkrackers Manuals

The Examkrackers books include several features to help you retain and integrate
information for the MCAT®. Take advantage of these features to get the most out
of your study time.

* The 3 Keys — The keys unlock the material and the MCAT®™. Each lecture
begins with 3 keys that organize by highlighting the most important things
to remember from each chapter. Examine the 3 Keys before and after reading
each lecture to make sure you have absorbed the most important messages.
As you read, continue to develop your own key concepts that will guide your
studying and performance.

e Signposts — The new MCAT" is fully integrated, asking you to apply
the biological, physical, and social sciences simultaneously. The signposts
alongside the text in this manual will help you build mental connections
between topics and disciplines. This mental map will lead you to a high score
on the MCAT®Y. The post of each sign "brackets" the paragraph to which
it refers. When you see a signpost next to a topic, stop and consider how
the topics are related. Soon you will begin making your own connections
between concepts and topics within and between disciplines. This is an
MCAT?™ skill that will improve your score. When answering questions, these
connections give you multiple routes to find your way to the answer.

Thel’modgnamics L
CHEM|STRY =

* MCAT® Think sidebars invite deeper consideration of certain topics. They
provide helpful context for topics that are tested and will challenge you just
like tough MCAT®™ passages. While MCAT™ Think topics and their level
of detail may not be explicitly tested on the MCAT®, read and consider
each MCAT® Think to sharpen your MCAT?" skills. These sidebars provide
essential practice in managing seemingly complex and unfamiliar content, as
you will need to do for passages on MCAT™ day.

Text written in purple is me, Salty the Kracker. | will remind you what is and
is not an absolute must for the MCAT®. | will help you develop your MCAT®
intuition. In addition, | will offer mnemonics, simple methods of viewing

a complex concept, and occasionally some comic relief. Don’t ignore me,
even if you think | am not funny, because my comedy is designed to help you
understand and remember. If you think | am funny, tell the boss. | could use a
raise.

Additional Resources

If you find yourself struggling with the science or just needing more prac-
tice, take advantage of the additional Examkrackers resources that are available.
Examkrackers offers a 9-week Comprehensive MCAT® Course to help you
achieve a high score on the MCAT?®, including 66 hours with expert instruc-
' tors, unique course format, and regular full-length MCAT® exams. Each class
' includes lecture, a practice exam, and review, designed to help you develop essen-
tial MCAT®™ skills. For locations and registration please visit Examkrackers.com
or call 1-888-KR ACKEM.
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Superior Test Preparation - MCAT - LSAT

Study with Examkrackers MCAT Books
1 you have quesbons nooul the proplems in ine Examkrsckers books., ask Inem here. Our MCAT exparts sl 3nswer your questons snanly. To PEst  quastion. semply choOBE Ine Bsbject of which you hive 3 GUaSIion aBouL

o5t a question for th
quest e include the

Your purchase of this book new will also give you access to the Examkrackers
Forums at www.examkrackers.com/mcat/forum. These bulletin boards allows
you to discuss any question in the book with an MCAT™ expert at Examkrackers.
All discussions are kept on file so you can refer back to previous discussions on any
question in this book. Once you have purchased the books you can take advantage
of this resource by calling 1-888-KR ACKEM to register for the forums.

Examkrackers offers a 9-week Comprehensive MCAT® Preparation Course to
help you achieve a high score on the MCAT™. The Examkrackers course includes
66 hours with expert instructors, a unique course format, and regular full-length
simulated MCAT" exams. Each class includes lecture, practice exam, and review,
designed to help you develop essential MCAT™ skills. For locations and registra-
tion, visit www.examkrackers.com or call 1.888. KR ACKEM.

Although we make every effort to ensure the accuracy of our books, the occa-
sional error does occur. Corrections are posted on the Examkrackers Books Errata
Forum, also at www.examkrackers.com/mcat/forum. If you believe that you have
found a mistake, please post an inquiry on the Study with Examkrackers MCAT"
Books Forum, which is likewise found at www.examkrackers.com/mcat/forum.
As the leaders in MCAT™ preparation, we are committed to providing you with
the most up-to-date, accurate information possible.

Study diligently, trust this book to guide you, and you will reach your MCAT*

goals.
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PHYSICAL SCIENCES

DIRECTIONS. Most questions in the Biological Sciences test are
organized into groups, each preceded by a descriptive passage.
After studying the passage, select the one best answer to each
question in the group. Some questions are not based on a
descriptive passage and are also independent of each other. You
must also select the one best answer to these questions. If you are
not certain of an answer, eliminate the alternatives that you know
to be incorrect and then select an answer from the remaining
alternatives. A periodic table is provided for your use. You may
consult it whenever you wish.

| PERIODIC TABLE OF THE ELEMENTS

1 2
H | He
1.0 4.0
3 4 5 6 7 8 9 10
| Li | Be B C N o F | Ne
L 6.9 9.0 ‘ 10.8 | 12.0 | 14.0 | 16.0 | 19.0 | 20.2
1 | 12 13| 14| 15| 16| 17 | 18
Na | Mg Al | Si | P S Cl | Ar

23.0 | 24.3 | ) 27.0 | 28.1 | 31.0 | 32.1 | 355 | 39.9 |
19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 290 | 30 | 31 | 32 | 33 | 34 | 35 | 36 |
K Ca Sc | Ti | V Cr 'Mn | Fe Co | Ni Cu|Zn Ga Ge As Se Br Kr
39.1 | 40.1 | 45.0 | 47.9 | 50.9 | 52.0 | 54.9 | 55.8 | 58.9 | 58.7 | 63.5 | 65.4 | 69.7 | 72.6 | 74.9 | 79.0 | 79.9 | 83.8
37w38‘39340\41 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54

Rb‘Sr‘Y Zr Nb Mo Tc Ru|Rh | Pd| Ag | Cd| In Sn | Sb | Te| | | Xe
85.5 | 87.6 | 88.9 | 91.2 | 92.9 | 959 | (98) |101.1102.9|106.4 107.9 | 112.4 |114.8 | 118.7 | 121.8|127.6 | 126.9| 131.3
55 56 | 57 | 72| 73 | 74 75| 76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 | 85 | 86
Cs Ba La* Hf Ta W Re Os |Ir | Pt| Au | Hg TI;Pb Bi | Po | At | Rn
132.9137.3/138.9 178.5 180.9 | 183.9186.2|190.2| 192.2| 195.1|197.0 | 200.6 | 204.4 | 207.2 | 209.0 | (209) | (210) | (222)
87 | 88 | 89 | 104 105 | 106 | 107 | 108 | 109

Fr Ra Ac Ung Unp Unh Uns Uno Une

(223) | 226.0227.0 | (261) | (262) | (263) ‘(262) (265) | (267)

| 50 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | 71
* Ce Pr | Nd Pm | Sm | Eu|Gd Tb | Dy | Ho Er Tm Yb Lu
140.1 | 1409 |144.2 | (145) |1504 |152.0 |157.3 |158.9 |162.5 |164.9 |167.3 |168.9 [173.0 |175.0
90 | 91 | 92 | 93 | 94 | 95 | 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103
=/ Th | Pa| U |[Np|  Pu Am|Cm Bk Cf | Es | Fm Md | No | Lr
12320 | (231) |238.0 | (237) | (244) | (243) | (247) | (247) | (251) | (252) | (257) | (258) | (259) | (260) |

For your convenience, a periodic table is also inserted in the back of the book.
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Motion and Force

101 Introduction

Physics concepts are tested in the Chemical and Physical Foundations of Biological
Systems Section of the MCAT™. This section asks the test taker to solve problems
by combining knowledge of physics and chemistry with scientific inquiry and
reasoning skills. The Physics Manual reviews all of the physics knowledge tested
by the MCAT®. Together with the following, it covers the knowledge and skills
tested in the Chemical and Physical Foundations of Biological Systems Section:

* the Research and Reasoning Skills for the MCAT" Lecture in the
Reasoning Skills Manual,

» the Chemistry Manual,
* the Biology 1: Molecules Manual; and
* the Biology 2: Systems Manual.

Achieving a high score on the MCAT™ requires application of the physics con-
cepts presented in this manual to biological systems. Many physics-related passages
and questions on the MCAT® will involve physiological processes.

Pay special attention to connections between physics and biology lectures. For

example, while reading the Fluids Lecture in this manual, note connections with
the circulatory system, discussed further in Biology 2: Systems.

www.Examkrackers.com

1.01 Introduction

1.02 Salty's Five Step Never-Fail
Method for Solving Physics
Problems

1.1 Introduction to Motion and
Force

1.2 Vectors and Scalars

1.3 Translational Motion

1.4 Graphs of Linear Motion

1.5 Projectile Motion

1.6 Mass and Weight

1.7 Force and Free Body Diagrams
1.8 Newton’s Laws in Action

THE 3 KEYS

1. Acceleration is
required for any change
in motion, that is change
in direction or speed.

2. See net force, think
acceleration. See
acceleration, think net
force.

3. When forces are
acting, draw free body
diagrams.




02| Salty’s Five Step Never-Fail Method
for Solving Physics Problems

Whether they realize it or not, any good physics student has a method for
solving physics problems. Some problems are so simple that the entire sys-
tem can be completed without conscious thought in a fraction of a second.
Other times, each step is given careful and deliberate consideration. The fol-
lowing is my method that you can use to solve every single physics problem
on the MCAT®. For easy problems you will be able to do the entire method in
your head in seconds or less, but the moment you feel any hesitation, start
drawing diagrams with your pencil. Remember: first breathe, then DIVE.

Step 1: Breathe.

Don’t let yourself be intimidated by any MCAT™ question. Remember that the
MCAT"™ only tests basic physics. After completing this manual, you will have all
of the necessary knowledge to handle any physics problem on the MCAT™.

Step 2: Diagram.

Draw a well-labeled diagram. A good diagram takes the question out of the
‘MCAT®" environment’ and puts it on your terms. The act of drawing a diagram
also provides you with new insight into the problem.

Step 3: Isolate.

[solate the system of bodies that is of interest for answering the question. This
step may seem obvious, but it is the one most often forgotten. Learn to concen-
trate on only the body or bodies that are relevant to the question and ignore all
extraneous information.

Step 4: Variable.

List all variables that are involved in the problem. Identify the variable(s) that
describe the body or system of bodies of interest. Write down any values given
for those variables. Identify the variable whose value you are being asked to find.

Step 5: Equation.

If an equation is needed, brainstorm by writing down equations that include
both the variable(s) you know and the one for which you must solve. Select the
equation that will allow you to answer the question asked. As necessary, plug in
given values and solve for unknowns.

The example problem below will demonstrate every step of my system.
The owner of a warehouse asks an engineer to design a ramp that will reduce

the force required to lift boxes to the top of a 0.5 m high step. If there is only room
enough for a 4 m ramp, what is the maximum factor by which the lifting force

could be reduced?

Breathe

and then: A %

Diagram B. 2

25 Isolate C 4
§’ Variable

D. 8
Equation

2 EXAMKRACKERS MCAT® — PHYSICS
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Breathe:

All of the information needed to solve this problem is covered in the Motion
and Force and Energy and Equilibrium Lectures of the Physics Manual.

Diagram:

Isolate:

Step [0.5m

Ramp

4dm

The problem is asking about the degree to which a ramp can reduce the force
required to lift a box to the top of a step.

Variable(s):

Force (F): unknown
Displacement (d):
dyepy = 0.5m
oy = 4 m

For now, don’t worry about the physics knowledge needed to solve this par-
ticular problem. We'll get to that later. Focus on the method that is being
used to solve the problem.

Equation:
F=ma

This equation involves force (F). It relates force to mass (i) and acceleration (a).

U:i
t

This equation involves displacement (d). It relates displacement to velocity (v)

and time (f).

LECTURE 1: Motion and Force




Now that you've learned my never-
fail method for solving physics
problems, it's time to focus on the
physics.

Avector has magnitude and
direction; a scalar has magnitude
only. Changing the magnitude or
direction of a vector creates a new
vector.

4 EXAMKRACKERS MCAT® — PHYSICS

This equation involves force (F) and displacement (d). It equates their product
to work ().

Ramps do not change the amount of work done. W = Fd = APE = mg(Ah),
and m, g, and Ah are constant, so W is constant. However, ramps do change both
displacement and force.

Because the product of force and displacement is equal to a constant, these vari-
ables are said to be inversely proportional to each other. If one increases by a given
factor, the other must decrease by that same factor. The addition of a 4 m ramp
would increase displacement by a factor of 8. Therefore, force would decrease by
that same factor.

If there is only room for a 4 m ramp, the lifting force could be reduced, at most,
by a factor of 8.

1.1 | Introduction to Motion and Force

This lecture begins with a brief review of vectors and scalars. It then covers motion
and the forces that cause and change it. The lecture discusses the basics of trans-
lational motion, including displacement, velocity, and acceleration, emphasizing
the fact that any change in the direction of motion is a change in velocity and thus
requires acceleration. Next the lecture discusses forces acting at an object’s center
of mass. Forces create acceleration and cause or change motion. Net force moves
an object from rest to motion, from motion to rest, or from one state of motion
to another.

1.2 |Vectors and Scalars

Understanding the difference between vectors and scalars is necessary for solving
MCAT? physics problems. This lecture will demonstrate how vectors and scalars
can be used to solve problems about motion and force. A scalar is a physical quan-
tity that has magnitude but no direction. Distance and speed are scalars commonly
used to describe motion. A vector is a physical quantity with both magnitude and
direction. A vector can be represented by an arrow. The direction of the arrow
indicates the direction of the vector; the length of the arrow indicates the magni-

tude of the vector. Displacement, velocity, and acceleration are vectors commonly
used to describe motion. Forces are also vector quantities.




Adding and Subtracting Vectors

Solving problems with vector quantities often involves adding or subtracting vec-
tors to produce a new vector, such as when forces are added to calculate net force.

To add vectors geometrically, place the first vector such that the head of the
arrow meets the tail of the second vector, and draw an arrow from the tail of the
first to the head of the second. The resulting arrow is the vector sum of the other
two vectors. Notice that the magnitude of the sum of two vectors must be smaller
than or equal to the sum of their magnitudes and greater than or equal to the dif-
ference of their magnitudes. The sum of two velocity vectors with magnitudes of
10 m/s and 7 m/s will be greater than or equal to a velocity vector of 3 m/s, but
smaller than or equal to a velocity vector of 17 m/s.

To subtract vectors geometrically, place the heads of the two vectors together
and draw an arrow from the tail of the first to the tail of the second. An alternative
method is to find the negative of the vector that is being subtracted and add it to
the other vector. The new arrow represents the vector difference between the two
original vectors.

Vector Addition and Subtraction

head

tail

P+0

P+(-Q) P-Q

LECTURE 1: Motion and Force




Component Vectors

Vectors can also be added and subtracted algebraically. This method requires sepa-
rating each vector into its x and y component vectors. Any vector can be resolved
into infinite numbers of pairs of perpendicular component vectors whose vector
sum is equal to the original vector. This property of vectors is often convenient,
since vectors that are perpendicular to each other, like x and y component vectors,
sometimes affect each other in a limited fashion or not at all.

Figure 1.2 shows three possible pairs of component vectors for one vector. Each

_ component vector is perpendicular to its partner and sums with its partner to
m Componem Vectors equal the original vector. Each of the infinite number of

points on the semi-circle represents a possible meeting

of the head of one partner and the tail of another. The
lengths of the component vectors can be found through

simple trigonometry such as the Pythagorean Theorem
and SOH CAH TOA.

Any vector can be replaced by component vectors.
Component vectors are always at right angles to

each other, and their sumis equal to the vector
Resultant vector being replaced.

SOH CAH TOA is a little slow Lengths of Component Vectors
for the MCAT®. Memorize the
following (where O is Opposite, His

Hypotenuse, and A is Adjacent):

0 =HsinO ) B O
A =Hcos0 sin6 = O/H

Except for the ones that you cosb =A/H A A
should memorize (as discussed tanO = O/A

in the Introduction to the MCAT® '
and Math Lecture), the MCAT® Pythagorean theorem: SOH CAH TOA
will provide the values of sine and A%2+B%2= C?

cosine when needed, and, more
often, when not needed.

As long as we're thinking about the Pythagorean theorem, we might as well
remember one of the most common triangles seen on the MCAT®, the 3-4-5
triangle, and a less common cousin, the 5-12-13 triangle.

v 3 13
5
4 12

6 EXAMKRACKERS MCAT® — PHYSICS




1.3 | Translational Motion

Distance, displacement, speed, velocity, and acceleration are all characteristics that
describe motion. Distance and displacement are scalar and vector counterparts,
as are speed and velocity. Displacement is distance with the added dimension of
direction, and velocity is speed with the added dimension of direction. The defi-
nitions of average speed and average velocity are represented by the following
formulae:

distance
time

displacement

speed = velocity =

time

If a man walks from Point A to Point B, his distance traveled can be measured
by the number of steps that he takes. His displacement is his final position relative
to his starting point, meaning the net distance traveled. If Point B is 10 meters to
the right of Point A4, the man’s displacement is 10 meters in the rightward direc-
tion. However, the distance is unknown, because he may have taken path X, Y, or

The speed and velocity of a

moving object will have the same
magnitude, but the displacement
and distance of a trip taken by that
object will not necessarily have the
same magnitude. A meandering
path from Point A to Point B
(described by distance) will differ

in magnitude from the shortest
path from A to B (described by

Z (or any other possible path). Notice that the magnitudes of the man’s displace- displacement).
ment and distance are not necessarily equal.
Distance vs. Displacement
X
z— sso ), . ey, :u,,'““ Point
Point

o
o
"y '
" W
e

If the entire trip took 100 s, the man’s average velocity is his displacement
divided by 100 s, or 0.1 m/s to the right. The average velocity does not depend
on the path chosen. The man’s average vertical velocity during the trip was zero.
Since the distance traveled is unknown, the average speed cannot be determined.

The man’s instantaneous speed and instantaneous velocity, that is, his speed
and velocity at any one moment during the trip, are also unknown. It is possible
that his speed and velocity were constant throughout the trip. Alternatively, he
could have covered the first half of the trip in 99 seconds and the second halfin 1
second, thus changing velocity over the course of the trip.

The rate of change in velocity is a vector quantity called acceleration, which
is defined as follows:

; change in velocity
acceleration =

time

LECTURE 1: Motion and Force 7




You likely have an intuitive understanding of velocity, but not of accelera-
tion. For instance, you probably know what it feels like to move at a velocity
of 55 miles/hour, but how does it feel to accelerate at 55 miles/hour®? Are
you thrown to the back of your seat, or do you become impatient waiting

to speed up? You can understand 55 miles/hour” as a change in velocity of
55 miles/hour every hour. Starting from zero , it would take you one hour to
reach a velocity of 55 miles/hour, and another hour to reach 110 miles/hour.

Any change in velocity is acceleration, whether it is a change in magnitude,
direction, or both. Thus a particle must accelerate in order to change the
direction of its motion. An object traveling at 10 m/s north one moment and
10 m/s east the next moment has accelerated, even though its speed has
not changed. A particle moving at constant velocity has no acceleration;
that is, an acceleration equal to zero.

One more point about acceleration: velocity and acceleration do NOT have

to be in the same direction. A particle can be moving to the left while
accelerating to the right, or moving up while accelerating down. If velocity
and acceleration are in opposite directions, the object is slowing down. For
instance, a ball thrown upwards is accelerating downwards due to the force
of gravity even though it is moving upwards. This is why the ball slows down
and eventually starts to fall. The ball is even accelerating the moment it
reaches its maximum height, where its velocity is zero, because it is changing
direction to start moving downwards.

Sorry.
Science experiment
in progress.

e

b
ey

MR
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Uniformly Accelerated Motion and Linear Motion

The motion — more specifically, the velocity — of a particle experiencing uniform
acceleration changes at a constant rate. Recall that acceleration is a vector. Both
the direction and magnitude of acceleration must remain constant for the accelera-

tion to be considered constant. This section will examine the rules for the simple

case of uniformly accelerated motion along a straight line. Projectile motion, a Study uniformly accelerated and

more complex example, will be discussed later in the lecture. linear motion in order to get a solid
The motion of a particle in uniformly accelerated motion on a linear path grasp on translational motion,

can be described completely by four basic variables: displacement (x), velocity (v), component vectors, velocity and

acceleration (a), and time (f). The first three of these are vectors, and the last one acceleration.

is a scalar. The values for these variables can be found through three basic equa-
tions. These equations can be referred to as the linear motion equations. However,
remember that they only apply to objects that are experiencing constant accelera-
tion. The equations are:

x—x,=0.,t+at

v—v,=at

>

v'=02+2a(x—x.)

The subscript . indicates a starting value. Note that x — x, = Ax and v — v, = A,
where ‘A" means ‘change in.” The equations can be manipulated by substitution
of variables. These equations can only be applied to objects that are undergoing
constant acceleration and linear motion. When selecting an equation to apply to a
particular problem, pick the one in which only one variable is unknown.

The velocities in the equations above are instantaneous velocities. Average

velocity in a uniformly accelerated motion problem is given by:

This skier is accelerating as she skis down
&, the hill. If she moves side-to-side on

' the way, the distance she travels will be
greater than her overall displacement.

—
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Questions 1-8 are NOT related to a passage.

Item 1

A weather balloon travels upward for 6 km while the wind
blows it 10 km north and 8 km east. Approximately what is
its final displacement from its initial position?

OA) 7km
OB) 10km
OC) 14km

OD) 20km

Item 2

The Earth moves around the sun at approximately 30 m/s. Is
the Earth accelerating?

OA) No, because acceleration is a vector
OB) No, because the speed is constant

OC) Yes, because the speed is not constant
OD) Yes, because the velocity is not constant

Item 3

An airliner flies from Chicago to New York. Due to the
shape of the earth, the airliner must follow a curved
trajectory. How does the curved trajectory of the airliner
affect its final displacement for this trip?
OA) The displacement is less than it would be if the
airliner flew in a straight line to New York.
OB) The displacement is greater than it would be if the
airliner flew in a straight line to New York.
OC) The displacement is the same as it would be if the
airliner flew in a straight line to New York.
OD) The final displacement of the airliner is zero.

Item 4

An automobile that was moving forward on a highway pulled
over onto the exit ramp and slowed to a stop. While the
automobile was slowing down, which of the following could
be true?

OA) The velocity was positive and the acceleration was

positive.

OB) The velocity was negative and the acceleration was
negative.

OC) The velocity was positive and the acceleration was
negative.

OD) The velocity and acceleration had the same sign,
either positive or negative.

Questions 1-8 of 120
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Item 5

All of the following describe the magnitude and direction of
a vector EXCEPT:

OA) 10 m/s West.
OB) 10 m/s in a circle.
OC) 20 m to the left.
OD) 20 m straight up.

Item 6

A car accelerates at a constant rate from 0 to 25 m/s over a
distance of 25 m. Approximately how long does it take the
car to reach the velocity of 25 m/s?

OA) 1s

OB) 2s

OC) 4s

OD) 8s
Item 7

A particle moving forward in a straight line slows down at a
constant rate from 50 m/s to 25 m/s in 2 seconds. What is the
acceleration of the particle?

OA) -12.5m/s’
OB) -25m/s’
OC) +12.5m/s’
OD) +25 m/s?

Item 8

A driver moving at a constant speed of 20 m/s sees an
accident up ahead and hits the brakes. If the car decelerates
at a constant rate of -5 m/s’, how far does the car go before it
comes to a stop?

OCA) 10m
OB) 20m
OC) 40m
OD) 100m




14 |Graphs of Linear Motion

In order to examine changes in the displacement (d), velocity (), and acceleration
(a) of an object in linear motion, we can graph d, v, or a as a function of time ().
Such graphs give information only about the object’s position and motion along
one line in space. For instance, a linear motion graph describing a particle’s north
and south position or movement would not indicate anything about the particle’s
position or movement with respect to east and west. This section will describe the
significance of the slope of the line and the area under the curve in each type of
graph of linear motion.

In a displacement vs. time graph, an object’s Displacement vs. Time

displacement is plotted as a function of time.

The slope at any point is the instantaneous

velocity at that particular time. An upward slope 307

indicates positive velocity, while a downward

slope indicates negative velocity (i.e. velocity 204 -
in the reverse direction). A straight line has a 104 ]

constant slope, indicating constant velocity.

A straight horizontal line has a slope of zero, 0 1 ] 1

indicating that the particle is not moving. A

Displacement (m)

curved line has a changing slope, indicating -10 1
a changing velocity and thus acceleration.
(Recall that acceleration is the rate of change —20
in velocity). The area beneath the curve has no
meaning in a displacement vs. time graph. —30-

Suppose that the graph in Figure 1.5 describes
the position of a particle with respect to north

10 20 30 40 5

T T T

T
60—+76—+8619

Time (s)

100

and south only. If we arbitrarily designate
north as positive, we can make the following
observations about the particle's motion:

@ Between zero and 20 seconds, the slope of the line is one, so the particle
has a constant velocity of 1 m/s to the north. (The particle's east, west,
up, or down velocity cannot be determined from the information given.)

@ Between 20 and 40 seconds, the particle remains exactly 20 meters
to the north of its original position. It is stationary with respect to
movement along a north-south axis. The particle may or may not be
moving east or west, but we do not have any information that would
allow us to determine its movement in those directions.

@ At 50 seconds, the particle is back where it started with respect to its
north-south coordinates. The slope of the line is -2, so it is moving
to the south at a velocity of 2 m/s. It has traveled a total distance of
40 meters: 20 meters north and 20 meters south. The particle's total
displacement is zero, assuming that it is not moving east or west.

At 60 seconds, the particle changes direction and begins to accelerate
north.

@ The average north-south velocity of the particle after 100 seconds is 20
m/100 s or 0.2 m/s to the north.

To practice interpreting displacement vs. time graphs, reexamine Figure 1.5 at
each step and try deriving these values.

A velocity vs. time graph plots an object’s velocity as a function of time. On this
type of linear motion graph, the slope at any point is the instantaneous accelera-
tion at that time. An upward slope indicates positive acceleration, while a down-
ward slope indicates negative acceleration. Negative acceleration is not necessarily
slowing down. It is simply acceleration in what has been designated the reverse

LECTURE 1: Motion and Force




d/t Graph Machine

Particle slides
on a track

One way to visualize the movement
represented by ad/t graphis to
imagine this machine:

On a displacement versus time
graph, the slope is velocity, and
the area is meaningless. On a
velocity versus time graph, the
slope is acceleration, and the area
is displacement. Study these

Paper feeds
through

@

@

©e © © @

direction. Negative acceleration means slowing down if the
velocity is in the positive direction, but speeding up if the
velocity is in the negative direction. A straight line indicates
constant slope and thus constant acceleration. A curved line
has a changing slope, indicating a changing acceleration. The
area beneath the curve can represent distance or displacement.
If we label all of the area between the curve and zero velocity
as positive, the total area represents distance. If we label the
area below zero velocity as negative, the total area represents
displacement.

If Figure 1.7 describes the position of a particle with respect
to north and south only, and we designate north as positive,

we can make the following observations about its motion:

The particle begins with a velocity of 10 m/s to the north. Remember,
the particle could also be moving up, down, east, or west, but such
movement cannot be determined from this particular graph.

For the first 20 seconds, the slope of the line is -1, so the particle's
acceleration is -1 m/s”. The negative sign shows that the particle is
accelerating to the south. Note that for the first 10 seconds the particle
is moving north but slowing down, and for the next 10 seconds it is
moving south and speeding up.

At exactly 10 seconds, the particle has traveled 50 meters to the north
(not zero meters), as determined by calculating the area under the line.

At 20 seconds, the particle has a displacement of zero meters. It is at its
starting point with respect to north and south. However, it has travelled
100 meters.

Between 20 and 40 seconds, the particle has no acceleration and is
moving at a constant velocity to the south.

At 80 seconds, the particle begins to decelerate; it is moving north but
slowing down. The curved line shows that the deceleration, or negative
acceleration, is not constant.

At 100 seconds, the particle has a positive, nonzero displacement.

graphs and the interpretations in
the text until you are completely
comfortable with them. The MCAT®
is very fond of questions that
involve interpretation of graphs.

FIGURE 1.7 | Velocity vs. Time

The displacement is calculated by subtracting the area under the x-axis and
above the curve from the area above the x-axis and below the curve. The total
distance traveled is calculated by adding these areas. The area beneath the x-axis
represents negative displacement. Since distance is a scalar quantity and has no
direction, the area above and beneath the curve represents positive distance.

To practice interpreting velocity vs. time

graphs, reexamine Figure 1.7 at each step and
309 try deriving the values given above.
The linear motion equations can be used on
20 1 any of the straight-line sections of a velocity
= 10( vs. time graph because acceleration for those
E @ sections is constant.
2 0 1 T | ] T | T T
_8 10\20» 30 4 0 60 70 80 90
3 101
| -20
-30
Time (s)
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Want a fast, easy way to solve linear motion problems without using the equations? Use a v/t graph as follows.
Draw a line and label the left end with the initial velocity and the right end with the final velocity. If the acceleration
is constant, this line represents the line on a v/t graph. The exact midpoint of the line is always the average
velocity. Since the displacement is the average velocity multiplied by the time, you know the displacement. If you
don’t know the time, it is the change in velocity divided by the acceleration; i.e., the difference between the two
ends of your line divided by the rate of change in velocity. Remember, acceleration is how fast velocity is changing.

It's not as complicated as it sounds. Use the following examples to practice.

What is the distance traveled by a particle that starts at 30 m/s and accelerates to 50 m/s in 4 seconds?
What is the acceleration?

| 1) Draw and label your line. » 50 m/s

AT

30 m/s

2) Find the average velocity exactly at the middle. 7

3 50 m/s

40 m/s

30 m/s

3) Average velocity (40 m/s) multiplied by time (4 s) = 160 m.

4) The acceleration is 50 m/s minus 30 m/s divided by 4 s = 5 m/s”.

Anobject is dropped from a plane and falls for 5 seconds. How far does it fall?

1) The vertical velocity for a projectile changes by 10 m/s each second, so final velocity is 50 m/s.

2) Draw and label your line. »50 m/s

| N
{

:

:

3) Find the average velocity exactly at the middle. 7

0 m/s

50 m/s

25 m/s
0 m/s

U pe=————

4) Average velocity (25 m/s) multiplied by time (5 s) = 125 m.
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Projectile motion helps develop
intuition for the concepts of
velocity, acceleration and force.
Projectile motion is unlikely to

be tested directly on the MCAT®,
but could appear in a passage. The
principles that govern projectile
motion also underlie the study of
fluids and electricity, which ARE
both tested by the MCAT®.

15 | Projectile Motion

The movement of an object through the air along a curved path due to gravity,
called projectile motion, is a prominent example of uniformly accelerated motion.
After an external force puts a projectile into motion — that is, gives it a v,— the
only acceleration the projectile experiences is acceleration due to the force of
gravity. Gravitational acceleration, g, is a constant approximately equal to 10 m/s”.

Projectile motion is not linear motion, but its components are linear. First
resolve projectile motion into its vertical and horizontal components. Then apply
the linear motion equations.

Acceleration in the vertical direction is constant and equal to gravitational
acceleration, 10 m/s’. There is no acceleration in the horizontal direction. In
the absence of air resistance, horizontal velocity remains constant throughout the
object's flight, since acceleration is required for any change in motion.

In projectile motion, the component with acceleration — the vertical compo-
nent — determines the time for both components. Without the force of gravity
pulling the projectile towards the earth, the projectile would travel indefinitely in
the horizontal direction.

According to SOH CAH TOA, the initial vertical velocity is always vsinf and
the horizontal velocity remains constant at vcos0.

Projectile Motion

Yy =0 x,, =0
v, = vcoso U,y = Usind
a, =0 a, = —10 m/s’

‘-I“.‘--.-..‘

s
*
.
.

h Yo,

vcosO L3 .
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The peak height of the projectile can be found by
rearranging the equation:

v=,/2¢h

where ¢ is positive 10 m/s”. This general equation is
derived from the linear motion equations. When using
it to find the maximum height of a projectile launched
from the ground, v represents the initial vertical
velocity, or v,sinf. This equation can also be used to
find the final velocity v of a projectile that is dropped
straight down from a height h. When the object begins
to fall, the vertical velocity is zero, and is changing at
a rate of ¢ in the downward direction. This means
that v, 1s zero, and choosing the downward direction
as positive gives ¢ a positive value. Solving for v or h
results in a positive value as well.

The path of a projectile that is not experiencing air
resistance is not influenced by the mass of the pro-
jectile. In a vacuum, a golf ball will follow the same
path as a ping pong ball if their initial velocities are
the same.

Finally, in the absence of air resistance a projec-
tile exhibits symmetry: its path upward is the mirror
image of its path downward. For a projectile over a flat
plane, time is the same for both halves of the flight,
and initial speed is equal to final speed.

In the absence of air resistance, the projectile follows a parabolic path. Its
vertical velocity decreases as it moves toward its peak and increases as it
moves away from its peak.

Study projectile motion qualitatively and quantitatively. In
other words, don't just rely on the equations. Stop now and
contemplate projectile motion. The projectile moves both

up and down in the same flight, but its acceleration is con-
stant. Even when the projectile is motionless, at the instant
it reaches its peak, acceleration is still equal to g. How can a
motionless object have acceleration? The answer lies in the
definition of acceleration.

Use the symmetry of projectile motion to help you solve prob-
lems. If we use only the second half of the trip, for example,
vertical v, is always equal to zero, making calculations easier.

Remember that vertical velocity dictates time of flight. If two
projectiles leave the Earth with the same vertical velocity,
they will land at the same time, regardless of their horizontal
velocities. A bullet shot horizontally from a gun and a rock
dropped from the same height will both land at the same time.

Also remember that mass does not affect projectile motion,
assuming that there is no air resistance.

LECTURE 1:



u Mass and Weight

Whether they are moving or at rest, all objects have a tendency to remain in their

present state of motion. This tendency is called inertia. Mass 1s the quantitative

measure of an object’s inertia. An object’s mass tells us how much that object will
resist a change in its motion. On the MCAT", mass is usually measured in kilo-
grams (kg).

Weight is the gravitational force that an object experiences when it is close to
a much larger body, such as the Earth. Weight 1s measured in newtons (N). An
object’s weight at the surface of the Earth is given by the product of its mass and
the gravitational constant g. Thus, the weight of any object at the surface of the
Earth is equal to ‘mg.” We

1t and mass are proportional to each other, but they
are not the same physical quality.

On Earth,
| have

Here in space, | am virtually
weightless, but my mass is
the same as it is on Earth.
No matter where | go,
my mass does not change.




Center of Mass

: _ " y - : uestions about center
The forces discussed in this lecture act at a system’s center of mass, causing that sys- a

o - - . . : 7. - of mass on the MCAT®
tem to accelerate. The center of mass of a system is the single point at which all of

; : ‘ will be intuitive or will
the system’s mass can be considered to be concentrated. More precisely, the center

. : ; ; ; . Y — involve symmetrical
of mass is the point through which a single force can be applied in any direction , Y

s i s objects. Just look
to cause all points in the system to accelerate equally.

for the perfect

If a system 1s uniformly dense, its center of mass coincides with its geometric i i
balancing point.

center. If the system is not uniformly dense, its center of mass is shifted away from
the geometric center toward the denser side. For example, a cube with one half
made of lead and the other half made of Styrofoam would have a geometric center
equidistant from its edges. However, its center of mass would be shifted toward
the lead side.

The center of mass of an object does not have to be located within that object.
A doughnut with uniform density, for instance, has its center of mass at the center
of the doughnut hole, a point where there is no mass.

The center of mass of an object is the point where, if the object was hanging by
a string, it would be perfectly balanced in any orientation. But center of mass is
not limited to systems with only one object. A system with any number of objects
also has a center of mass. If the planets shown in Figure 1.9 were of uniform den-
sity, the center of mass would be in the middle of the three planets. From a distant
spaceship, however, the planets would appear to be a single small dot. The ship
would be affected by the three planets’ gravitational force as if their entire mass
was concentrated at the center of mass of the system.

Center of Mass of a Group of Objects

Center of Mass
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Questions 9-16 are NOT related to a passage.

Which of the following graphs best represents a particle with
constant velocity?

0A) °B)
4
2 g
15 =
Q fay
= 2L
o (o)
2 8
= E
time time
oC) oD)
=
2 g
2 i
3 L
5 E
bS] &
time time

The graph below represents a particle moving along a
straight line. What is the total distance traveled by the
particle from 7= 0 to 7= 10 seconds?

30

20

10

0
-10

velocity (m/s)

—20

5 10 15
time (s)

OA) Om

OB) 50m
OC) 100m
OD) 200m

Which of the following is the most probable description of
the motion of the object depicted by the graph below?

velocity
o

time

OA) A person on a bike accelerating in a straight line,
and then decelerating

OB) A baseball thrown by a pitcher and hit by a batter

OC) A planet in orbit

OD) One swing on a pendulum

The graph below shows the displacement of a particle over
time.

displacement

time

The particle exhibits increasing:

I. displacement.
II. velocity.
III. acceleration.

OA) Tlonly

OB) Il only

OC) IandII only
OD) Iand III only




Item 13

The graph below represents a particle moving in a straight
line. When 7 = 0, the displacement of the particle is 0.

15
10

velocity (m/s)

0 5 10 15
time (s)

All of the following statements are true about the particle
EXCEPT:

OA) the particle has a total displacement of 100 m.

OB) the particle moves with constant acceleration from
0 to 5 seconds.

OC) the particle moves with constant velocity between 5
and 10 seconds.

OD) the particle is moving backwards between 10 and

15 seconds.
tem 14

A hiker throws a rock horizontally off a cliff that is 40
meters above the water below. If the speed of the rock is
30 m/s, how long does it take for the rock to hit the water?
(Ignore air resistance, g = 10 m/s’).

OA) 3sec
OB) 4sec
OC) 5sec
OD) 6sec

Item 15

A 10 kg mass is in free fall with no air resistance. In order
to slow the mass at a rate equal to the magnitude of g, an
upward force must be applied with magnitude:

OA) ON.

OB) 10N.

OC) 100N.

OD) 200 N.
Item 16

A 50 kg skydiver and a 100 kg skydiver open their
parachutes and reach a constant velocity. The net force on
the larger skydiver is:

OA) equal to the net force on the smaller skydiver.
OB) twice as great as the net force on the smaller

skydiver.

OC) four times as great as the net force on the smaller
skydiver.

OD) half as great as the net force on the smaller
skydiver.

STOP |
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17 |Force and Free Body Diagrams

Net force is the sum of all forces The Nature of Force

acting on an object. Two forces that Force is what causes and changes motion. Distance, displacement, speed, velocity,
are equal in magnitude but opposite and acceleration describe motion. Uniformly accelerated motion, linear motion,
in direction will cancel each other and projectile motion are types of motion. It is net force that creates acceleration
out, leaving zero net force. and causes changes in motion. When presented with net force, think of accelera-

tion, and when presented with acceleration, think of net force. Net force moves
an object from rest to motion, from motion to rest, and from one state of motion
to another.

There are only four types of forces in nature:

1. the strong nuclear force;

2. the weak nuclear force;

3. gravitational force; and

4. electromagnetic force.

The first two forces exist within the nucleus of an atom. Any other force must
be either gravitational or electromagnetic. Categorizing a given force would thus
be simple if not for the fact that some electromagnetic forces are difficult to identi-
ty. For instance, if a person pushes a book with his finger, the force that moves the
book is electromagnetic. Electrostatic repulsion between the atoms in the person’s
finger and the atoms in the book creates a force that we usually think of as being
created by contact. Since it is difficult to think of such contact forces as electro-
magnetic, we will label them as ‘contact forces’ instead of electromagnetic forces.

Thus, for any MCAT® problem that does not take place at the level of the
atomic nucleus, there are only three possible forces:

1. gravitational;
2. electromagnetic; and

3. contact.

Contact Forces are Electromagnetic

Only gravitational and electromagnetic forces act at a distance. These forces are
easy to identify. Gravity is usually just mg. Electromagnetic forces require the pres-
ence of a charged object or a magnet. In order for contact forces to be acting on a
system, something must be making physical contact with the system.

Contact forces must act in at least one of two directions: perpendicular to a sur-
tace and/or parallel to a surface. The perpendicular force is also called the normal
force. The parallel force requires friction.
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Free Body Diagrams

Free body diagrams can be used to solve problems involving forces acting on a
body or system of bodies. Vectors are used in a free body diagram to isolate the
system of interest, show the direction and relative impact of each force, and allow
easy addition of forces. Because free body diagrams include vectors that show the
direction and relative magnitude of each force, they provide a visual indication of
whether or not a net force is acting on the system.

To construct a free body diagram, first remove the body from its environment
and draw it as a simple shape. Place a point at its center of mass. Then draw a
vector to represent each force acting on the body’s center of mass. If the Earth's
gravitational force is acting on the body, draw a vector pointing downward from
the center of mass. If normal force (discussed in the next section) is present, draw a
vector pointing upward from the center of mass. Draw as many vectors as needed
to represent all of the forces acting on the object, using longer lines for forces with
greater magnitudes. Take note of which force vectors cancel and which do not.
Ask yourself if there is a net force on the body. If there is a net force, there will be
acceleration.

Free Body Diagrams

Ifwe are interested in the movement of the box in the diagram above, we
should consider only the forces acting on the box. The top diagram contains
allkinds of force vectors and is nearly useless. The dark red vectors in the
bottom diagram represent only forces acting on the system (the box) and are
the only forces that should be considered. First draw the weight forces, then
any electromagnetic forces, and then any contact forces, which can only be
created by something that has direct physical contact with your system.

1. BREATHE &
2. D iagram
3. I solate

4. V ariable
5. E quation

Let's go back to my 5 step system.
The third step, isolating the
system of interest, is particularly
relevant to drawing free body
diagrams. A system can be any
mass or group of masses. Define
your system carefully, making sure
that you know what is your system
and what is not. When working
through a problem, consider only
the forces that are acting directly
on your system. Ask yourself, “Is
gravity acting on my system?”

If s0, label it. Ask yourself, “Is

my system charged?” Label the
electromagnetic forces, if present.
Finally, look for anything touching
your system, and label the normal
and frictional contact forces
created by those objects. After
these steps, you know that you
have included all of the relevant
forces.
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1.8 |Newton’s Laws in Action

Newton’s laws of motion describe how and to what extent forces cause objects to
accelerate. Newton’s First Law of motion, the law of inertia, states that an object
in a state of rest or in a state of motion will tend to remain in that state unless it is
acted upon by a net force. Any change in motion requires acceleration, and where
there is acceleration, there must be net force.

Newton’s Second Law states that when a net force acts on an object, the change
in that object’s state of motion will be inversely proportional to the mass (m) of the
object and directly proportional to the net force (F) acting on the object. New-
ton’s Second Law can be written as the equation below:

F=ma

The equation shows that for a given force, the smaller the mass experiencing
the force, the greater the acceleration. In other words, a small mass experiences a
greater effect of a force than would a larger mass. The effect of the force, accelera-
tion, is a change in the object’s velocity — in magnitude, direction, or both. For a
given force, a greater mass will experience a smaller resulting acceleration or effect
of that force. The direct proportionality between F and a demonstrates that for a
given mass, the greater the force, the greater the acceleration.

Newton’s Third Law states that for every action, there exists an equal and
opposite reaction. When object A applies a force to object B, object A experiences
a force that is equal in magnitude but opposite in direction. Such acting and react-
ing forces never exist within a single system. One system applies a force on another

system and experiences a reacting force of equal magnitude.

Systems Approach to Newton's Third Law

It will
How can the horse accelerate the cart? No matter how never work,
hard the horse pulls, the cart pulls back just as hard. Isaac.

How can it possibly move?

on the cart due to the horse
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The Law of Universal Gravitation

The laws of motion state that forces, including gravitational forces, cause objects
to accelerate in proportion to their masses. This section will discuss gravitational
force and how its magnitude is determined.

Gravitational force is the attractive force that every mass in the universe exerts
on every other mass in the universe. Each mass pulls on the other; not only does
the Earth pull on a person, but a person pulls on the Earth. The magnitude of
gravitational force is directly proportional to both of the masses, m;, and m,, and
inversely proportional to the square of the distance rbetween their centers of mass.
Note that r represents the distance from the center of one mass to the center of the
other, not the distance between their surfaces. The formula representing Newton'’s
Law of Universal Gravitation is as follows:

. ~ Mm
l' — (7 r -

where G is equal to 6.67 X 107" m” kg™ s . This formula gives the magnitude
of the force but not the direction. The direction is from the center of mass of one
object to the center of mass of the other. According to Newton’s Third Law, both
masses experience a force of the same magnitude. The Earth pulls a person toward
its center with a force equal to the person’s weight, and the person pulls the Earth
toward his or her center of mass with a force that is also equal to the person’s
weight. When we use the gravitational acceleration constant ¢, we consider the
force that the object exerts on the Earth to be negligible in its effects and assume
that the Earth remains stationary. This is a reasonable assumption due to the large
difference in mass between the object and the Earth.

In order to determine how quickly two objects that do not differ greatly in
mass will accelerate toward each other, as in Figure 1.13, consider the gravitational
force of each. Apply Newton’s Second Law to each mass and then add the magni-
tudes of their accelerations. Suppose that the gravitational force on object A causes
it to accelerate in the direction of object B at 10 m/s. Since object B is half as mas-
sive as object A, object B accelerates toward object A at 20 m/s”, even though the
gravitational force on B is of equal magnitude. These values represent the separate
accelerations of the objects, but the two bodies are accelerating toward each other
ata faster rate. Adding the magnitudes of the objects’ individual accelerations gives
avalue of 30 m/s®, the rate at which the objects are accelerating toward each other.
Object B is accelerating relative to object A at 30 m/s”, but it is accelerating rela-
tive to a stationary boundary A at only 20 m/s”.

Universal Gravitation

The Earth pulls down on the 400 pound
barbell, but the barbell also pulls up on
the earth with the same force. To separate
the barbell from the Earth, the weight lifter
gets between them and pushes up on the
barbell with a 400 pound force, but also
must push down on the Earth with a 400
pound force.

Big G, the Universal Gravitational
Constant, and little g, the
acceleration due to gravity, are not
the same thing. Big Gis a constant
anywhere in the universe, but little g
is a constant only near the surface
of the Earth. Notice also that big G
is a very small number, on the order
of 107",

Object A
: Object B
FA M, =2M;
AT |Fa| = | R
r
o 2as | = | as|
bewintiargA |F=|R|=M.|as| = Ma|as| = G 2o
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Remember, when forces are acting,
draw a free body diagram.

Forces on an Object

on an Inclined Plane

Inclined Planes

Net gravitational force causes an object on the surface of an inclined plane to accel-
erate down the plane. The normal force opposes the component of gravity per-
pendicular to the surface, and the force of friction opposes the component of
gravity parallel to the surface. When the parallel component of gravity is stronger
than the force of friction, the object slides down the plane.

In the simplest case (no friction and nothing attached to the block), the only
forces acting on a block on an inclined plane are gravity pushing straight downward
and the inclined plane pushing back. The force of the inclined plane pushing back
against the block is called the normal force (F,). The normal force is always per-
pendicular to the surface that applies it. Figure 1.14 shows a free body diagram of a
block on a frictionless inclined plane.

Since gravity and the normal force are the only forces acting on the block, their
sum is the net force. The net force can be plugged into Newton’s Second Law to
find the acceleration of the system. As shown in Figure 1.15, vector addition of
the gravitational and normal forces creates a right triangle. This triangle is similar
to the triangle of the inclined plane. Similar triangles have equal corresponding

angles. Using SOH CAH TOA, we find that the resultant vector has a
magnitude of mg sin®, where 0 is the angle between the inclined plane
and a horizontal surface. The net force due to gravity and the normal
force of an inclined plane is always equal to mg sin0 and points in a
direction that is parallel to the plane.

Remember that mg sin0 is the vector sum of the weight and the normal
force. Do not label the system with both mg¢ sin® and weight or the normal
force, since this would be redundant.

According to the rules of SOH CAH TOA, the normal force is always
equal to mg cos0.

Resultay

F,
0

Vector addition of
mg +F,

"' m
- mg sin6
“ '.-l":‘i --..."/
m -t
g mg sin0
mg
A :
E
F“ 0 o &
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You can remember mg Sin because
the mass Slides down the incline.

ST miAERLRDEE Ny
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e

‘ / PR RS T e D ]

Whenever you see an inclined plane, think mg sin0. This is always the net force
down any inclined plane due to gravity and the normal force. Likewise, mg cost is
always the normal force. These formulas work regardless of the angle of the plane.

m
)
0
L 0
90
a=g Oc<a«<g a=0
The extreme cases of inclined planes are 90° and O°. At 90°, mg sinb = mg;
at 0°, mg sinb= O. An object on a frictionless incline with any angle between
O° and 90° will accelerate at some fraction of g.
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Friction is unlikely to show up on
the MCAT®, but if it does, be sure
toinclude it in free body diagrams.
Friction does NOT oppose motion;
it opposes relative motion. Friction
makes a car's movement possible
by opposing relative motion
between the tires and the road.
Without friction, the tires would
slide easily on the surface of the
road, and the car would not move.

Air resistance is unlikely to appear
on the MCAT® but if it does,

you'll be ready. Air resistance
brings together many physics
topics, including fluids, collisions,
projectiles, force, and acceleration.
Remember, the force of air
resistance depends on the number
of collisions between an object and
air molecules per unit time.
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Friction and Air Resistance

Friction is a force that opposes relative motion. It is caused by attractive molecular
forces between surfaces that are in contact. As one surface moves past the other,
the molecules of each surface attract those of the other. Because the surfaces” mol-
ecules are attracted to each other, the surfaces do not move past each other as easily
as they would in the absence of friction. A frictional force acts parallel to the con-
tact surface, in contrast to a normal force, which acts perpendicular to the contact
surface. Draw frictional force vectors to point in the direction that will prevent
surfaces from sliding past each other. For instance, the frictional force on the front
tires of an accelerating front wheel-drive car points in the direction of motion of
the car because the force prevents the tires from sliding backwards on the road.

A common type of friction is drag, also called air resistance. Air resistance is usu-
ally considered to be negligible in problems involving projectile motion. In real-
ity, it can have a significant effect on motion. Air resistance results from an object’s
collisions with air molecules. As an object (such as a projectile) moves through a
fluid (such as air), or as a fluid moves past an object, fluid molecules collide with
and drag past the object. These interactions impede relative motion between the
fluid and the object. If the object is a projectile, drag slows the projectile; if the
object is a pipe, drag slows the fluid moving through the pipe. The greater the
number of molecular collisions that occur each second, the greater the effect of
drag.

The shape, surface area, and velocity of a projectile change the force of the
air resistance that it experiences. Streamlined objects, which are designed to
have smooth surfaces and reduced surface area, experience decreased collisions
with fluid molecules and thus decreased drag. Fluid molecules slip by smoother
objects more easily than rougher objects, so smoother objects experience less drag.
Reduced surface area also leads to fewer collisions and therefore less drag. As the
velocity of an object increases, the number of collisions with fluid molecules each
second increases, and drag increases.

The mass of an object does not affect the force of air resistance experienced by
the object. However, mass does affect the acceleration that results from air resis-
tance. Since the force of air resistance remains constant for any mass (unless the
factors discussed above create significant changes), acceleration must decrease as
mass increases. Remember, F = ma. If force is constant, acceleration and mass must
be inversely proportional to one another. For this reason, a golf ball and a ping
pong ball, which experience similar forces of air resistance, experience different
accelerations due to air resistance. A golf ball experiences lesser acceleration due to
air resistance because it is more massive than a ping pong ball.

The direction of air resistance is opposite to the direction of relative motion.
When travelling upward, a projectile experiences a downward force of air resis-
tance. Both gravity and air resistance point downward, so net downward accel-
eration is greater than g. When traveling downward, a projectile experiences an
upward force of air resistance. Since gravity points downward and air resistance
points upward, the net downward acceleration of the projectile is less than g. Pro-
jectiles are commonly said to be “slowed down” by air resistance because the
direction of air resistance is opposite to the direction of motion.

More massive objects are less affected by air resistance than are less massive
objects. When a golf ball and a ping pong ball are thrown from the same height,
the more massive golf ball will be slowed down less than the ping pong ball.



Hooke's Law

" Compressing or stretching an object creates another type of force, which fol- If Hooke’s law comes up on the

| lows Hooke’s law. Solids that have been deformed tend to ‘remember’ their shape MCAT®, it will probably be in a

| and re-form to it. Hooke’s law describes the force that most objects apply against problem concerning springs. 'k’ is

1' a deforming force. The object’s force is directly proportional to the amount of often referred to as the ‘spring

‘ deformation or, more precisely, the change in position (Ax). Hooke’s law is given constant.’ The negative sign in the
by the following equation: formula can usually be ignored.

1 F=— kAx

where k is a constant unique to a given object. The negative sign Hooke's Law

indicates that the force is in the opposite direction of the displacement.
Most solids follow Hooke’s law to some extent. All solids violate Hooke’s
law at some limit of displacement, unique to each object. The point of

e . . o _ mg
violation is called the yield point. When an object is deformed beyond its
yield point, it loses the ability to regain its original shape. At some greater

.
displacement, the object will reach the fracture point and break.
On the MCAT™, Hooke’s law is most often applied to springs. The "
force F is the tension in the spring and Ax is the change from the spring’s bR A B A Ax """"""
position at rest. Rearranging Hooke’s Law shows that the spring in Figure ‘ _____ -
1.16 has a spring constant k = mg/Ax.
m

Assuming that my head follows Hooke’s law, the force that my head
produces against this vise is equal to the change in thickness, Ax, 1
mg

multiplied by some constant, k..., which is specific to my head. The
change in the thickness of my head is negative because I'm getting
thinner. If | were being stretched, the change in my thickness would
be positive and the force | create would be in the other direction.
According to Newton’s Third Law, the vise applies an equal but
opposite force against me. That's the one that hurts.

Fis= _ksa[t_yAx
P Xo
2
Ax -
= F

A

R
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Questions 17-24 are NOT related to a passage.

Item 17

A box starts from rest and slides 40 m down a frictionless
inclined plane. The total vertical displacement of the box is
20 m. How long does it take for the block to reach the end of

the plane?
OA) 1s
OB) 2s
OC) 4s
OD) &8s
Item 18

A box rests on an incline. Which of the following describes
the forces on the box as the angle of inclination is increased?

OA) The force parallel to the ramp increases and the

| force perpendicular to the ramp decreases.

OB) The force parallel to the ramp increases and the
force perpendicular to the ramp also increases.

OC) The force parallel to the ramp decreases and the
force perpendicular to the ramp also decreases.

OD) The force parallel to the ramp and the force
perpendicular to the ramp remain constant.

Item 19

In many harbors, old automobile tires are hung along the
sides of wooden docks to cushion them from the impact of
docking boats. The tires deform in accordance with Hooke’s
law. As a boat is brought to a stop by gently colliding with
the tires, the rate of deceleration of the boat:

OA) is constant until the boat stops.

OB) decreases until the boat stops.

OC) increases until the boat stops.

OD) increases and then decreases before the boat stops.

Item 20

The diagram below shows two different masses hung from
identical Hooke’s law springs. The Hooke’s law constant &
for the springs is equal to:

OA) 2 N/cm.
OB) 5 N/cm.
OC) 10 N/cm.
OD) 20 N/em.
Questions 17-24 of 120

28 EXAMKRACKERS MCAT®— PHYSICS

—

Item 21

Newton’s Third Law states that for every action there exists
an equal and opposite reaction. What is the force that acts
in reaction to the force of Earth’s gravity on an object on its
surface?

OA) The normal force that the object exerts on the Earth

OB) The force of gravity that the object exerts on the
Earth

OC) The normal force that the Earth exerts on the object

OD) The force of gravity that the Earth exerts on the
object

Item 22

Newton’s Law of Universal Gravitation states that any

two objects attract each other with a force that is directly
proportional to the product of their masses and indirectly
proportional to the square of the distance between them.
Thus, an object on the Earth’s surface exerts a gravitational
force on the Earth that is equal to that which the Earth exerts
on it. Which of the following best describes the acceleration
experienced by the Earth?

OA) The Earth is not accelerating towards the object.

OB) The Earth and the object are accelerating toward
each other with the same acceleration.

OC) The acceleration of the Earth towards the object is
small because the Earth’s mass is large.

OD) The Earth and the object are accelerating away
from each other with the same acceleration.

Item 23

How much force is required to lift a 10 kg box such that it is
accelerated from rest to a velocity of 5 m/s within 1 second?

OA) 150N

OB) 100N

OC) 50N

OD) ON
Item 24

Which of the following is true regarding a tennis ball and
a feather dropped from the same height? Assume that air
resistance acts on both objects.

OA) The tennis ball has more mass so it will fall faster.

OB) The tennis ball has more surface area so it will fall
faster.

OC) The tennis ball has less surface area so it will fall
faster.

OD) The tennis ball has more weight so it falls faster.




EQUATION SUMMARY

d = distance v = velocity _ -
— —4d e g = Bv
zi—speed i—tlme | w = v="% a t
d = displacement a = acceleration
[ x—x, = vt + Fat’
1= time —
0 — 0= dt
x = displacement
h = height ; )
9 _ amustbe— v’ = v’ + 2a(x— x,)
v = velocity constant
a = acceleration Ve = H(0+1,)
v, must
v = «/2ghj7 ©
be zero
Newton's Second Law
E= ma The net force applied to the center of mass of a system always equals the mass of the
system times its acceleration.
Gravity
m,m, The force of gravity is proportional to the mass of each body and inversely proportional to
F =G the square of the distance between their centers of gravity. G is a universal constant.
Inclined Planes
F = mgsin0 The sum of the normal force and the force of gravity is mg sin.
F = mgcos0 The normal force is mg cos6.
Friction
L=k, Contiguous surfaces may exert equal and opposite forces against each other parallel to
s their contiguous surfaces. If the surfaces do not slide relative to each other, this force is
A= i, static friction. If the surfaces slide relative to each other, this force is kinetic friction.

Hooke's Law
When deformed, objects obeying Hooke's Law will exert a force proportional to their
=~ kAx deformity. k is a constant unique to the object.
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TERMS YOU NEED TO KNOW

Acceleration Gravitational force Newton'’s First Law of motion
Average speed Inertia Normal force (F,)

Average velocity Instantaneous speed Scalar

Component vectors Instantaneous velocity Vector

Electromagnetic force Mass Weight

THE 3 KEYS

1. Acceleration is required
for any change in motion,
that is change in direction
or speed.

2. See net force, think
acceleration. See
acceleration, think net
| force.

3. When forces are acting,
draw free body diagrams.
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Energy and Equilibrium

2.1 Introduction
2.2 Torque

Introduction 2.3 Equilibrium

This lecture covers the states of equilibrium and then the concept of energy in 2.4 Systems and Energy
Physics. To introduce torque, it begins with a discussion of rotational motion. 2.5 Energy and Accounting
Rotational motion is produced by forces acting at points other than an object’s 2.6 Work and Power

center of mass. Translational motion, in contrast, is produced by forces acting at an A
P g < 2.7 Machines: Ramp, Lever and

Pulley

object’s center of mass. Torque measures the ability of a force to {uce rotational
motion. Next, equilibrium is discussed. A system in equilibrium experiences

no net force, no net torque, and thus no translational or rotational acceleration.

Finally, the lecture will present the topic of energy, emphasizing how energy is THE 3 KEYS
never destroyed. It is either converted from one form to another or transferred 1. Equilibrium means
between a system and its surroundings as heat or work. Energy equations are no net force and no net

simply “accounting” used to keep track of where energy came from and where it torque, therefore no
1s going. Most of the energy equations presented in this lecture are versions of one acceleration.

of the following concepts: 2. Energy is conserved.
| 1. Energy of system + surroundings before = energy of system + surroundings Use accounting to build
| after. equations: energy before
equals energy after,
energy in equals energy
out...

2. Energy leaving a system = energy entering the surroundings, and
Energy entering a system = energy leaving the surroundings.

3. Total energy of a system = the sum of all forms of energy in that system.

3. Assume that work

in Physics means total

change in energy, or

force times displacement.

of° < -

N,

Objects experiencing translational
' motion have a fixed orientation.

Objects experiencing rotational
motion change orientation as they
rotate about an axis.




Torque

A force, F, is applied to an object such that
it rotates. The lever arm, , is the position
vector, r, that is perpendicular to the force
vector.

Point of
rotation

Notice that force and lever arm

are inversely proportional. To keep
torque constant while increasing
force, the lever arm must decrease,
and vice versa. This inverse
proportionality is important for
equilibrium, as discussed in the
next section.

EXAMKRACKERS MCAT" — PHYSICS

2.2 | Torque

Torque is a measure of a force’s ability to cause rotational acceleration. An object
accelerates when it is acted on by a net force. If the net force acts at the object’s
center of mass, the object accelerates translationally. If it acts at any point other
than the center of mass, the object also accelerates rotationally.

Like force, torque is a vector. On the MCATY, it can be thought of as being
clockwise or counter-clockwise. The magnitude of torque is given by the follow-
ing equation:

t=Frsin0

where F is the force vector, ris the position vector, and 0 is the angle
between the force and position vectors. The position vector is the distance
from the point of rotation to the point of application of the force. If the
object is not rotating, any fixed point can be designated as the point of
rotation. Since sin(90°) is equal to 1, it is convenient to make the position
vector extend from the point of rotation to the point where the force acts
at 90°. This type of position vector is called a lever arm (/). When the
lever arm is used, the equation for torque can be written as:

T=FI

The greater the net torque on an object, the greater its rotational acceleration.
Torque increases as the following variables increase: 1. the component of the force
acting perpendicular to the position vector; and 2. the distance between the point
of application of the force and the point of rotation. Door handles are placed
perpendicular to the door’s surface and far from the door’s hinges in order to
maximize rotational acceleration for a given force.

-
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How far from the left end of the board should | hang the
hippo so that the board experiences no net torque or net
force?

We'll return to this question at the end of the section on
equilibrium.




23 [Equilibrium

In physics, equilibrium is a state in which there is no net force and no net torque.
Objects in equilibrium may be moving, but they are not accelerating. A system
is in equilibrium if the translational velocity of its center of mass and the angular
velocities of all its parts are constant; in other words, if it is moving and rotating
at a constant velocity. If all velocities are zero, the system is in static equilibrium.
If any velocities are nonzero, but all velocities are constant, the system is in
dynamic equilibrium.

Remember, in equilibrium there
is no net force, no net torque,
and therefore no acceleration.
Equilibrium does not mean
motionless. It means constant
velocity.

Static and dynamic equilibrium are both
defined by constant velocity. The only
difference is that in static equilibrium,
the constant velocity is zero. Problems
involving static or dynamic equilibrium
are solved in exactly the same way.

Force due to gravity

Force of air
resistance

Dy Eau
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For any system in equilibrium, the
upward forces equal the downward
forces, the rightward forces equal
the leftward forces, and the clock-
wise torques equal the counter-
clockwise torques.

When considering the equilibrium
between clockwise and
counterclockwise torques, think
about the inverse proportionality
of lever arm and force. Imagine that
you are trying to balance a broom
on your finger—in other words, you
are placing it in static equilibrium.
You have to place your finger close
to the heavier end of the broom

so that the increased downward
force due to gravity at that end is
balanced by the decreased lever
arm.
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For a system in equilibrium, the sum of all the forces and torques acting on
the system equals zero. In other words, the net force and net torque acting on a
system in equilibrium are equal to zero. A reliable and simple method of viewing
systems in equilibrium on the MCAT® is as follows: the sum of the magnitudes of
the upward forces equals the sum of the magnitudes of the downward forces, the
sum of the magnitudes of the rightward forces equals the sum of the magnitudes of
the leftward forces, and the sum of the magnitudes of the clockwise torques equals
the sum of the magnitude of the counterclockwise torques. With this method, it
is possible to use positive numbers for all forces. It is no longer necessary to decide
if ¢ is positive or negative 10; g is always said to be positive.

This is not the method taught in physics class, but it is faster and more intui-
tive for simple problems, so it is an effective method for the MCAT®. The three
formulae that describe a system in equilibrium are:

Fupward = Fdownward

Frighlward = Ijleﬂward

o~ -
¢ clockwise ¢ counterclockwise

Systems Not in Equilibrium

If a system is not in equilibrium, its center of mass is accelerating translationally
or its parts are accelerating rotationally. The MCAT® does not test angular accel-
eration, where parts are accelerating rotationally, so a system not in equilibrium
on the MCAT® must have only translational acceleration. For a system not in
equilibrium, the sum of the forces equals the mass of the system multiplied by the
acceleration of the system, or £F = ma.

On the MCAT® there is a faster and more effective way to solve non-equilib-
rium problems. When faced with any system not in equilibrium, follow these five
steps:

Step 1: Assume that you have the knowledge to solve the problem.
Step 2: Draw your diagram.

A. Ignore the acceleration and lay out the problem as if the system were in
equilibrium.

B. Predict the direction of acceleration and verify that one of your axes is
parallel to the direction of acceleration.

Step 3: Choose your system.
Step 4: Find your formulae.

Step 5: Plug and chug (if needed).




-

Non-Equilibrium vs. Equilibrium

As an example, we can solve for the acceleration of the skydiver in Figure 2.2.
Immediately after the skydiver jumps from the plane, he is not in equilibrium.
The downward force on him due to gravity is greater than the upward force due to
air resistance. In order to find his acceleration, we pretend that he is in equilibrium
by placing all upward forces on one side of the equation and all downward forces
on the other. Since he is not in equilibrium, the two sides are not equal.

Fupw.:rd # Einwnwnrd

Next we decide which side has greater force. Since he is accelerating down-
ward, the downward force must be greater. In order to balance the two sides of
our equation, we add ‘ma’ to the side with less force.

Fupward +ma= Fd()wnward

Now the two sides are equal and we can solve for acceleration.

After a few seconds, the skydiver reaches terminal velocity, where the
gravitational force downward is equal to the force of air resistance upward. At this
point, he is in equilibrium and his acceleration is zero.

Note again that our method is not the method that you learned in physics class. In physics class, you
assign positive and negative values to opposite directions and label your forces accordingly. Then
you set the sum of these positive and negative forces equal to ma. If the acceleration is positive,
. theobject is accelerating in the positive direction. If the acceleration is negative, the

object is accelerating in the negative direction. In our method, all numbers are positive. Our
method helps you think about the problem intuitively. Since the MCAT® tends to test your
science intuition more than the ability to recall formulae and plug and chug, our method

is more fast and effective on the MCAT®. The physics class method works perfectly and is
certainly the preferred method if you are an engineer building a bridge! But you have to be careful
when using it on the MCAT®. The MCAT® expects you to use the physics class method and has
developed questions designed to be confusing when you use it. As is usually the case on the MCAT®,
asimplified method is better than lengthy calculations.
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2 Let’s return to the problem from the
o previous section. Assume that I'm
£ given the length of the board, L; the

distance from the left end of the
board to the hanging rope, x; the
mass of the object, m; and my mass,
ms. First, | have confidence that since
they asked me, there must be a way
to answer the problem using only basic
science. Second, | draw the board, labeling

all the force vectors that act directly on it
and no others. Third, | choose my system. |
want the board to be in static equilibrium,

so0 | choose the board as my system. Fourth,
I choose a formula. Since this is a torque
problem (I want to prevent the board from
rotating), | know that | must use the three
equations given on the previous page. Since
there are no horizontal forces, | can throw
out the equation with horizontal forces.
The equation for the vertical forces
leaves me with two unknown
variables:dand T.
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Point of \‘ ’. i i
rotation /

Now | go to my third equation. To use it, | /
need to know the torques on my system.In @'\ 1
R order to find the torques, | must choose a

1
]
\ I
\ 1
]
I
I
1
]
I
1
1
1
1
1
1
!

| want. Since | need all the forces toact at
\ A 90 degrees to their lever arms, | will choose |,
a point on the board. Let’s say that | use thel/
left end of the board as my point of 7
| rotation. Now | draw my clock- 2
' wise and counter-clock- ’
wise torques. ’

- Todo this, | hold my

7

7
3 system motionless only

s

f
E //' at the point of rotation and
AR T then push it around that point
| : =T in the direction of the force. Finally |
L ol set the clockwise and counter-clockwise

ty=migl 14t 1-F="
‘ ‘ torques equal to each other.

i\ -

T, T

clockwise counter-clockwise

T4+ T3=T>5

Now | have two equations
and two variables.
| simply plug and chug.
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Questions 25-32 are NOT related to a passage.

Item 25

A rescue helicopter lifts a 50 kg rock climber by a rope from
a cliff face. The rock climber is accelerated vertically at 5 m/
s*. What is the tension in the rope?

OA) 350N

OB) 500N

OC) 750N

OD) 1500N
Item 26

A skydiver jumping from a plane will accelerate up to a
maximum velocity and no greater. This constant velocity is

known as terminal velocity. Upon reaching terminal velocity,

the net force on the skydiver is:

OA) zero and the skydiver is in equilibrium.

OB) zero and the skydiver is not in equilibrium.

OC) equal to the weight of the skydiver and the skydiver
is in equilibrium.

OD) equal to the weight of the skydiver and the skydiver
is not in equilibrium.

Item 27

There are 3 forces acting on an object. Two of the forces are
of equal magnitude. One of these forces pulls the object to
the north and one pulls to the east. If the object undergoes no
acceleration, then in which direction must the third force be
pulling?

OA) Northeast

OB) Northwest

OC) Southeast

OD) Southwest

Item 28

Which of the following describes a situation requiring no net
force?

OA) A car starts from rest and reaches a speed of 80
km/hr after 15 seconds.

OB) A bucket is lowered from a rooftop at a constant
speed of 2 m/s.

OC) A skater glides along the ice, gradually slowing
from 10 m/s to 5 m/s.

OD) The pendulum of a clock moves back and forth at a

constant frequency of 0.5 cycles per second.

Questions 25-30 of 120
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Item 29

A telephone pole stands as shown below. Line A is 4 m off
the ground and line B is 3 m off the ground. The tensions in
line A and line B are 200 N and 400 N respectively. What is
the net torque on the pole?

] line A
I A
line B
A 0
4m
3m
OA) ONm
OB) 400 Nm
OC) 800 Nm
OD) 2000 Nm
Item 30

If all of the forces below have equal magnitude, which one
creates the most torque?

P
7 4




Item 31
A one meter board with uniform density hangs in static

equilibrium from a rope with tension T. A weight hangs from
the left end of the board as shown. What is the mass of the

board?
'y
0.2m T
]
3 kg
OA) 1kg
OB) 2kg
OC) 3kg
OD) 4kg

A student with a mass of 40 kg sits on the end of a seesaw
with a total length of 10 meters as shown in the picture.

A S N 1 1 1 1
54321A12345

How far to right of the center of the seesaw should a student
with a mass of 50 kg sit to achieve the best balance?

OCA) 1m
OB) 2m
0OC) 4m
OD) 5m

2 of 120
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24 |Systems and Energy

Energy is often transferred between systems and their surroundings. A system is
any defined area that we choose to consider separately from the rest of the uni-
verse. The rest of the universe is called the surroundings. Mass and energy define the
three basic types of systems in physics: the open system, which allows exchange of
energy and mass with the surroundings; the closed system, which allows exchange
of energy with the surroundings but not exchange of mass; and the isolated system,
which allows no exchange of energy or mass with the surroundings. The form
of energy in an isolated system may change, but the energy of the system is con-

served. In the First Law of Thermodynamics, which says that the energy of the
universe remains constant, the universe is being defined as an isolated system.

Isolated System
Exchanges with surroundings:

Yes No
Q ™ WorkandHeat ) " . ) -
0 o Mass An isolated system cannot exchange work, heat, or mass with its surroundings. This storage unit is

securely locked and temperature controlled. Thus no work can be done on the system; no heat can
be transferred into or out of it; and no mass can be added to or taken from it.

Open System
Exchanges with surroundings:
Yes No
M QO WorkandHeat
M O Mass

Closed System
Exchanges with surroundings:
Yes No
M QO WorkandHeat
O @ Mass

A closed system can exchange work and heat with its surroundings.
This forklift is doing work on the system by lifting it, changing its
potential energy. The box remains closed, so no mass can be added
to or taken from it. A closed system cannot exchange mass with its
surroundings.

An open system can exchange work, heat, and mass
with its surroundings. The conveyer belt is both do-

ing work on the system and transferring heat into it.
Because the box is open, ice cubes can be added to it,
and the melted ice cubes can leave the system as water;
thus mass can be added and removed from the system.
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25 |[Energy and Accounting

The energy of a system, including that of a closed or open system, is never
destroyed. Instead, it is either converted from one form to another or transferred
as work or heat. The energy that leaves an open or closed system goes into its sur-
roundings. For energy problems on the MCAT®, think like an accountant and
keep careful record of where the energy is coming from and where it is going.
Many equations are presented in this lecture, but most are just versions of one
of the following:

1. Energy of system + surroundings before = energy of system + surroundings
after.

2. Energy leaving a system = energy entering the surroundings, and
Energy entering a system = energy leaving the surroundings.

3. Total energy of a system = the sum of all forms of energy in that system.

When you see an energy problem, think like an accountant. Use these
equations to “balance the books.”

The unit of energy used on the MCAT® is the joule (J). One joule is 1 kg m*/s’,
which is the same as 1 N m.

Energy is a scalar. Thus energy usually provides the most convenient method
for solving mechanics problems. Whenever there is a mechanics problem on the
MCAT®, first check to see if it can be solved using conservation of energy, which
is discussed below.

Mechanics is the study of bodies, the forces that act on them, and the
- motion that they experience.

Energy can be divided into mechanical and non-mechanical energies.
Mechanical energy (AL,) is the energy of a macroscopic system. A macroscopic
system is a system that can be examined without a microscope. Mechanical energy
can be further divided into kinetic and potential energy.

Keep it simple here. Remember that there are two kinds of energy:

mechanical and non-mechanical. Mechanical energy is the energy of

macroscopic objects. Non-mechanical energy is the energy of microscopic
objects.

Kinetic energy (K) is the energy of motion. Any moving mass has a kinetic
energy given by the equation:

K= 3mv’

Potential energy (U) is the energy of position. The potential energy of any
object depends on where it is located. The most important types of potential
~ energy on the MCAT™ are gravitational potential energy (U,) and elastic potential
: energy (U,). (Electrical potential energy will be discussed in Physics Lecture 4.)

Gravitational potential energy (U,) is potential energy created by the force
of gravity. Gravitational potential energy between any two masses is given by U,
= — Gmym,/r, where G is the universal gravitational constant, m, and m, are the
two masses, and r is the distance between their centers of gravity. The negative
sign indicates that energy decreases as the distance between objects decreases. The
numerical value becomes larger as distance decreases, but because of the negative
sign, this increase corresponds to decreasing energy. A limited form of this equa-

Think of energy as you have always
thought about energy. You have an
intuitive idea of what is meant by
the statement “He is full of energy
today.” Use that intuition about
energy when you work physics
problems.

You are about to use energy to turn
this page. Where did that energy
come from? We can begin with the
center of the sun. Nuclear fusion
at the sun's core releases solar
energy. That energy is trapped

by the chloroplasts in plants and
converted to chemical energy. All
food begins with plant energy. The
energy you put into your "system”
in the form of calories is converted
through the process of cellular
respiration to ATP and heat. It

is then converted to mechanical
energy during muscle contraction,
allowing you to turn the page!
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Some MCAT® questions can be
solved with either vectors or
conservation of energy. It is

much faster to solve them using
conservation of energy. When faced
with a mechanics problem, always
consider conservation of energy
first.

c”EMlSTRY =

Thermodynamics
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tion, which is more useful on the MCAT™, gives the gravitational potential energy
of an object near the earth’s surface. This formula is:

U, = mgh

where m is the mass of the object, ¢ is the free-fall acceleration at the surface of
the earth, and / is the height of the object or system above some arbitrary point.

An object is said to have elastic potential energy (U,) when a restorative elas-
tic force acts on it. For most objects, the magnitude of the restoring force, F, is
proportional to the change in position, Ax. That is, most objects follow Hooke’s
Law, F = —kAx. A deformed object following Hooke’s Law has an elastic potential
energy given by the formula:

Uu. = s kAx’

where k is the Hooke's Law constant for the object and Ax is the displacement
of the object from its relaxed position. The constant k is an intrinsic property of
the material from which the object is made. It measures the extent to which the
material resists deformation and is expressed in newtons per meter (N/m). This
makes sense since the magnitude of k is equal to F/Ax.

Conservation of energy does not mean that a certain type of energy (i.e.
kinetic or potential) must be conserved. It means that the sum of all energy
types must remain constant in an isolated system. Kinetic energy can be
converted to potential energy and vice versa while the total amount of
energy remains constant. In a closed system, the change in the sum of all
energy types must equal the energy leaving or entering the system. Energy
can enter or leave a closed system only as work or heat. Work is discussed in
the following section. Heat is discussed in the Thermodynamics Lecture of
the Chemistry Manual.

2.6 |Work and Power

There are only two types of energy transfer: heat and work. Heat (q) is energy
that is transferred between a system and its surroundings due to a temperature dif-
ference between them. Work (W) is energy transferred for any reason other than
a temperature difference. Thus all work is energy transfer, but not all energy trans-
fer is work. By ‘transfer’ we mean transfer from the system to the surroundings or
vice versa. The energy transferred out of a system equals the energy transferred
into its surroundings, and the energy transferred into a system equals the energy
transferred out of its surroundings.

Work is a scalar and is measured in units of energy (joules). This makes sense
since work is a transfer of energy.

As summarized by the First Law of Thermodynamics, any change in the total
energy of a system is due to either work or heat.

W+ g=AE,.

This equation shows that in the absence of heat, ¢, any change in a system’s total
energy must be due to work, W

Recall that the total energy of a system is equal to the sum of all forms of energy
in that system. That is, AE .1 = AE echanical T AEinterna = AK + AU + AE; i erna- Work
changes the total energy of a system, so it changes one or more of the forms of
energy that are present in that system. The MCAT® often tests students’ knowl-
edge of work through questions that describe a change in the potential or kinetic
energy of a system occurring in the absence of heat. To answer such questions
correctly, recognize that the change in energy is equal to the magnitude of work
done.




The MCAT®™ does not test frictional forces, and only frictional forces can

change E;, rna, 50 assume that AE, ... 1s equal to zero unless otherwise explained For more on internal energy, see
in a passage. A useful simplification for the MCAT®™ is: the Thermodynamics Lecture in the
Chemistry Manual.

W+qg=AK+ AU

This equation shows that in the absence of heat, any change in the sum of
potential and kinetic energies must be due to work.
An even more simplified version tested by the MCAT® is:

W =AK

This equation is an expression of the Work-Kinetic Energy Theorem. It is
only true when all energy transfer results only in a change to kinetic energy. In
other words, it is a very limited case of the previous equations. As an example, this
equation could be used to calculate the work done to stop a moving object. The
work, I7, done on the moving object is equal to the change in kinetic energy, AK.

Remember, energy equations are accounting tools. Use them to keep track
of where energy came from and where it is going. Think of work as the total
money transferred into or out of a bank account. Think of forms of energy as
the forms that money can take, such as checks, bills, and coins. A hundred
dollars can be transferred into a bank account in the form of two fifty-dollar
bills or five twenty-dollar bills. In the same way, a hundred joules can be
transferred into a system as 20 J of potential energy and 80 J of kinetic
energy or 50 J of potential energy and 50 J of kinetic energy. Work changes
the total energy of a system. Once within the system, that energy can

change forms.

A common example of work is the energy transfer that occurs when a force acts You have probably seen the formula
over a distance. In this case, the magnitude of work done is given by: for work written as:

W = fdcos0 = AK + AU W=Fd

where F is the force on some system, d is the displacement of the system, and This formulais an ab.breviation for

B is the angle between F and d. This equation gives the energy transferred into W= Fd cosb. F_-cose '5_ the .compo-
~ a system due to a force. The force described by this equation may be one of nent of:force in the direction paral-

many forces acting on the system or it may be the net force. Know that only a lel to dlsplace.ament, 0 when you
force or component of force in the direction parallel to the system’s direction of see W= Fd, Fis u"ders't’OOd tobe
displacement, F cos6, can do work on the system. the force parallel to displacement.
Work
E Work performed on lawnmower No work performed on suitcase
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Something is wrong here.

W +
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This may look like a nice example of how work plus heat is equal to the change in my energy throughout the day, but
looking more closely will show that this doesn’t work as an example of W + g = AE. Can you find three reasons why?

MCAT® THINK i

q =

Answer: See page 56

The simplest way to understand work is to remember the first law of ther-
modynamics: energy is always conserved, or

AE=W+gq

where gis heat and AE is the total change in energy of a closed system.
There are only two ways that energy can leave or enter a system: work and
heat.

If you want to know whether work is done, first define your system. If your
system is the same temperature as its surroundings, there can be no heat.
Any energy change to such a system must be accomplished through work.
Add up the change in energy and you have the work done on the system. If
your system is not the same temperature as its surroundings, heat must
be considered and you have a thermodynamics problem. (Caveat: change in
temperature is not the same thing as heat.)

Sign Conventions for Work

Sign conventions for work provide a standardized way to show where energy is
coming from and where it is going.

When deciding whether to assign a positive or negative value to work done on
or by a system, first identify the system of interest. Is'energy going into or out of
this system? If energy is going in, assign it a positive value. If energy is going out,
assign it a negative value. Energy goes into a system when work is done on the
system. If 50 J of work are done on a system, W for that system = +50 J. Energy
goes out of a system when the system does work. If 50 J of work are done by a
system, W/ for that system is -50 J. This all makes sense given the First Law of
Thermodynamics, AE,; = W + q. When a system does work, it transfers energy
to its surroundings, decreasing its own total energy. AE,,, < 0, so W < 0.

When deciding whether to assign a positive or negative value to work done
by a force, consider the direction of the force. If the force acts in the direction of
displacement, assign it a positive value. If the force acts in the opposite direction to
the direction of displacement, assign it a negative value. The force of gravity does
positive work on a skydiver falling towards the earth. The force of air resistance
does negative work on that same skydiver.

e



Power

The amount of work done by a force per unit time is described in terms
of power:

W

P=T

More generally, power (P) is the rate of energy transfer:

AE
t

Ea—

where 1 is the time during which energy is transferred and AE is the energy
change of the system, which equals work plus heat.

The unit of power is the watt (W), which is defined as J/s. Do not confuse the
unit W with the variable W, which represents work.

The instantaneous power due to a force is given by:

Digesting a cracker releases five
times as much energy per gram

as exploding dynamite, but the
dynamite releases energy over a
much shorter time. Thus, the power
of the dynamite is greater. That's
why we don’t make bombs out of
crackers.

P =Fvcos0

where 0 is the angle between F and v. The cos8 indicates that the force is in the
direction of the velocity. This equation is sometimes written as P = Fr, where it is
understood that F is the force in the direction of the velocity (thus 8 = 180° and
cost = 1). This is the same shorthand often used for the equation for work. Note
that power is a scalar quantity, not a vector; it does not have direction.

Conservative and Non-conservative Forces

To determine whether a force is conservative or non-conservative, think like an
accountant and check to see if the force has changed the total mechanical energy
of the system on which it acts. Does mechanical energy before equal mechanical
energy after? If so, the force is conservative. If not, the force is non-conservative.

When a conservative force does work on a system, the system experiences no
change in mechanical energy. The total work done by a conservative force is equal
to zero. Recall that in the absence of friction, W = AE,,.

The Law of Conservation of Mechanical Energy states that when only
conservative forces are acting, the sum of mechanical energies remains constant.
Mechanical energy before equals mechanical energy after.

I(1 o l,l1 = KZ + u, (conservative forces only, no heat)
Written another way:
0 = AK = AU (conservative forces only, no heat)

Gravitational forces and Hooke’s law forces are the conservative forces that are
most likely to appear on the MCAT™. To be a conservative force, it is necessary
but not sufficient that a force be a function of position only. The conservative force
of gravity experienced by an object depends on its position within a gravitational
field. The conservative Hooke’s law force depends on the position of the spring or
object creating it.

Conservative forces have associated potential energies. This makes sense since
potential energy is the energy of position.

Warning: If a question asks, “How much work is done by gravity?” (or any
other conservative force), the question implies that gravity is not part of the
system. There are three methods to answer such a question: 1. use Fd cosO; 2.
simply calculate the change in AU,; or 3. use W = AK + AU but do not include
gravitational potential energy in your calculation of AU. Technically speaking, a
conservative force does not do work because energy is never lost or gained by the
system.
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When a non-conservative force does work on a system, the mechanical energy
of the system changes. Mechanical energy before is not equal to mechanical ener-
gy after. Examples of non-conservative forces are kinetic frictional forces and the
pushing and pulling forces applied by animals. For instance, if a human lifts an
object from rest to height £, the total mechanical energy of the object has changed.

If an object is propelled to height i by its own kinetic energy, its total mechanical
energy remains constant.

The pushing and pulling forces applied by animals are non-conservative.
In this picture, the force applied to the cart by the horses is a non-
conservative force.

Except for frictional forces, the work done by all non-conservative forces equals

the change in the mechanical energy of the systems upon which they are applied.
This result is described by the equation:

W=AK+ AU

Notice that this equation was also given as one of the definitions of work.
This is because non-conservative forces do work. Compare this equation to the
equation for the change in mechanical energy when only conservative forces act.

The MCAT® might ask you to identify conservative and non-conservative
forces, but the most important thing to understand is how they affect work.
If you already understand work and can do most MCAT® problems involving
work, don’t worry too much about conservative and non-conservative forces.

When conservative forces are acting, the total mechanical energy, meaning the sum of
the potential and kinetic energies, remains constant. A conservative force may convert

energy from one form of mechanical energy to another while the total mechanical
energy is unchanged.

The work done against conservative forces is conserved in potential

energy. The work done against non-conservative forces is not
conserved.

2

i,
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Examples of Work

Figure 2.4 shows a force acting at an angle to the direction of displacement.

A Force ata 60° Angle

M M

Position 1 Poation®
b0\

>

A force F acts on mass M along a frictionless surface, resulting in displacement
d. The force is acting through the entire displacement of the mass from position
1 to position 2. This simple example demonstrates several concepts about work.
First, since an applied force transfers energy from the applicator of the force to the
mass, work is done. The vertical component of the force was apparently too small
to move the mass off the horizontal line. Thus the vertical displacement is zero,
and the vertical component of force does no work. Gravity and the normal force
are 90° to the displacement and also do no work. The horizontal component of
the force moves the mass a displacement of d and thus does work. We can use the
equation W = Fd cos60° to find the work done by the force. (Notice that F cos60°
is the horizontal component of the force.) The mass does not change height, so
there is no change in potential energy. The work done on the mass goes com-
pletely into changing its kinetic energy. The change in kinetic energy is equal to
the work.

Consider the physical manifestations of work in the example above. Since work
is a transfer of energy, what physical changes to a mass result from this energy
transfer? Imagine the same force acting on the box at an angle of 30°. How would
the changed force affect the work done on the box? Would one force do more
work than the other? What would be the physical manifestations of a difference
in work done?

A Force ata 30° Angle

M M

Position 1 Position 2

»

Since the force applied at 30° has a greater horizontal component, it does more
work. This greater work would lead to a greater acceleration throughout the dis-
placement, greater velocity at the end of the displacement, and less time required
to achieve the displacement.
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When faced with a problem involving work, follow my 5 step system given

at the beginning of Physics Lecture 1. Once you have defined your system,
decide what energy transfers are taking place. If there is heat or pressure-
volume change, you have a thermodynamics problem. See the Thermody-
namics Lecture of the Chemistry Manual for more on this type of problem.
Otherwise, all energy transfer is work. The work done will be given by W= Fd
cosf unless friction is acting, but can always be found by W= AK + AU + AE, if
information on internal energy change is available. Remember, you have three
methods to calculate the work done by a conservative force:

1. Fdcosb;
2.AU;
3. everything but AU.




Questions 33-40 are NOT related to a passage.

Item 33

A meteor with a mass of 1 kg moving at 20 km/s collides
with Jupiter’s atmosphere. The meteor penetrates 100 km
into the atmosphere and disintegrates. What is the average
force on the meteor once it enters Jupiter’s atmosphere?
(Note: ignore gravity)

OA) 2x10°N

OB) 4x10°N

0oC) 8x10°N

OD) 2x10°N
Item 34

If 1 kg blocks were stacked one upon the other starting at the
surface of the earth and continuing forever into space, the
blocks near the bottom of the stack would have:

OA) less gravitational potential energy than blocks at
the middle or blocks near the top of the stack.

OB) less gravitational potential energy than blocks at
the middle and the same gravitational energy as
blocks near the top of the stack.

OC) the same gravitational potential energy as all other
blocks.

OD) more gravitational potential energy than blocks at
the middle or blocks near the top of the stack.

Item 35

Objects A and B are placed on the spring as shown. Object
A has twice as much mass as object B. If the spring is
depressed and released, propelling the objects into the air,
object A will:

OA) rise one fourth as high as object B.
OB) rise half as high as object B.

OC) rise to the same height as object B.
OD) rise twice as high as object B.

Ttem 36

A spring powered dart-gun fires a dart 1 m vertically into the
air. In order for the dart to go 4 m, the spring would have to
be depressed:

OA) 2 times the distance.
OB) 3 times the distance.
OC) 4 times the distance.
OD) 8 times the distance.

Item 37

A 100 N force is applied as shown to a 10 kg object for 2
seconds. If the object is initially at rest, what is its final
velocity? (Ignore friction: sin 30° = 0.5; cos 30° = 0.87)

10 kg

OA) 87m/s

OB) 1m/s

OC) 174 m/s

OD) 348 m/s
Item 38

A large rock is tied to a rubber band and dropped straight
down. As the rock falls, the rubber band gradually stretches,
eventually bringing the rock to a stop. Which of the
following energy transfers is taking place in this process?

OA) Kinetic to gravitational potential to elastic potential
OB) Kinetic to elastic potential to gravitational potential
OC) Gravitational potential to elastic potential to kinetic
OD) Gravitational potential to kinetic to elastic potential

Item 39

Energy consumption in the home is generally measured in
units of kilowatt hours. A kilowatt hour is equal to:

OA) 3,600 J.
OB) 6,000 J.
OC) 3,600,000 J.
OD) 6,000,000 J.

Item 40

A winch is used to lift heavy objects to the top of building
under construction. A winch with a power of 50 kW was
replaced with a new winch with a power of 100 kW. Which
of the following statements about the new winch is NOT
true?

OA) The new winch can do twice as much work in the
same time as the old winch.

OB) The new winch takes twice as much time to do the
same work as the old winch.

OC) The new winch can raise objects with twice as
much mass at the same speed as the old winch.

OD) The new winch can raise objects with the same
mass at twice the speed of the old winch.

STOP |
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27 |[Machines: Ramp, Lever and Pulley

Machines reduce the force required to do a given amount of work. This ability to
reduce applied force is referred to as mechanical advantage. Machines are able to
reduce force but do not change work. Remembering that machines do not change
work can make otherwise difficult MCAT™ problems fast and simple. This section
will examine the ramp, lever, and pulley. The Fluids Lecture of this manual will
present one more simple machine, a hydraulic lift.

The Ramp

A ramp is an inclined plane that reduces the force needed to do work by increas-
ing the distance over which the force is applied. The work required to lift a mass
m to a tabletop of height h is equal to the force mg multiplied by the distance h,
or mgh. A frictionless ramp makes it possible to achieve the same result with a
reduced force. To push the mass up the inclined plane, we must only overcome
the force that is pushing the mass down the plane, mg sin0. Since the sine of any
angle is a fraction, we know that this force is only a fraction of mg. Thus the work
has been reduced by the machine. Multiplying the force by the distance shows
that the work is still the same. From SOH CAH TOA, we know that the distance
along the ramp is the opposite, or h, divided by sin®. Thus W = mg sin® X h/sin6.
This reduces to W = mgh, the same as the work that would be required without
the machine. This example shows that in order to reduce the force by a certain
fraction, we must increase the length of the ramp by the reciprocal of that fraction.
To reduce the force to %2 mg, for example, we must make a ramp with length 2h.
This is the same as saying that force and distance are inversely proportional to each
other when work is held constant, as shown by W = Fd.

. h _
sinf = pi W= Fd

F = mgsin0 S W= mg’gld
gyl ot
F=mg . W=mgh
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The Lever

A lever is a beam attached to a fulcrum (pivot point). A lever reduces the force
needed to do a given amount of work by increasing the distance over which the
force is applied, as does a ramp. The lever differs from a ramp in that it is based
on the principle of torque. Again, consider the process of lifting a mass m to a
height /. Assume that the system is in dynamic equilibrium, meaning that the
magnitudes of the clockwise and counter-clockwise torques are equal. Torque
is force multiplied by lever arm. Doubling the length of the lever arm reduces
the force required by a factor of two. We can do this by placing the fulcrum so
that it is twice as far from the force as from the mass. The diagram below shows
that the curve traveled by the mass to reach height h, is only half as long as the
curve traveled by the force-bearing end of the lever. As with the ramp, the force
is inversely proportional to the distance, and the work is the same with or without
the machine.

Many bones in your body act as
levers. Think about this as you lift
something heavy! See more on
levers in the body (Muscle, Bone
and Skin Lecture, Biology 2: Systems
Manual).

Notice that as soon as the lever begins to move, the lever arm shortens. As long
as both gravity and the force point downward, the lever arms remain in the same
proportions.

Teounter—clockwise — T clockwise

mgL, = FL,

W = mgh,
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Mass Hanging by a Rope

Tension at the top of the rope is equal to
mg. Tension at the bottom of the rope is
also equal to mg. Overall, the tension in
the rope is just mg. Remember that the
tension throughout a rope is assumed to
be constant. Do not add tension at one
end of a rope to tension at the other end
of the rope.

Tmg

|ms
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The Pulley

A pulley acts by the same principle as the ramp and lever: it allows force to act
over a greater distance so that the same amount of work can be done with less
force. A pulley uses rope to increase the distance over which the force acts. The
magnitude of the force acting throughout the length of a rope is called tension.
Tension is a scalar quantity and has no direction. For the purposes of the MCAT®,
assume that tension throughout a rope is constant. In the diagram below, the ten-
sion T'is the same at every point in the rope: T'=T, = T, = T;.

If you see tension on the MCAT®, replace the rope through which it acts with
aforce vector acting on your system.

Without a pulley, the force F required to lift the mass m would be equal to mg.
With a pulley, the tension T lifts the mass. In order to solve for T, select the system
on which T acts directly. This system is pulley number 1.

As usual, assume that the system 1s in dynamic equilibrium. This means that the
magnitudes of the upward and downward forces are equal. The downward force
is mg. The upward forces are the two tensions, T; and T, in the rope attached to
the pulley. The tension throughout a rope in an ideal pulley is the same at every
point, so the two tensions here must be equal: T'= T; = T, = T;. Setting upward
forces equal to downward forces gives us mg = 27, or T'= % mg.

Pulley #2

1)

Pulley #1

h




The work required to lift the mass to the table has not changed. Since the force
is halved, the force must be applied over twice the distance. If we look closely at
the pulley system and imagine that the mass is raised one meter, we see that in
order for the rope to lift evenly, one meter must come off of both sides of the pul-
ley rope. Since it is all one rope, this amounts to pulling the rope a distance of two
meters when the force F is applied. Thus we have reduced the force by a factor of
two by increasing the distance over which it acts by a factor of two. Again, when
work is held constant, force and distance are inversely proportional.

Rotation point

mg lF mg lF

Modified Levers

These machines appear to be pulleys, but they are
actually modified levers. They work on the principle

of torque. In each, the lever arm acted on by force F is
greater than the lever arm acted on by mg. Notice that
L, # L,. Thus, the force required to lift mg is reduced.
The work remains the same. Notice that the tension is
not constant throughout these ropes as it is throughout
the ropes of a true pulley.
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Questions 41-48 are NOT related to a passage.

Item 41

The frictionless pulley system below reduces the force
necessary to lift any mass by a factor of 3. How much power
is required to lift a 30 kg object 2 meters in 60 seconds using
this pulley system?

OA) 4W

OB) 10W

oC) 24W

OD) 120W
Item 42

An eccentric pulley can be used on a compound bow to
increase the velocity of an arrow. The pulleys pivot around
the dots as shown. Below is a compound bow in two
positions. The tension at point A compared to point B is most
likely:

>
>

Position 1 Position 2

OA) less in both position 1 and position 2.

OB) less in position 1 and greater in position 2.
OC) greater in both position 1 and position 2.
OD) greater in position | and less in position 2.

Item 43

A crate is to be lifted to a height of 3 meters with the
assistance of an inclined plane. If the inclined plane is a
non-ideal machine, which of the following statements is most
likely true?

OA) The non-ideal inclined plane increases the force
required and decreases the work that has to be
done.

OB) The non-ideal inclined plane decreases the force
required and increases the work.

OC) The non-ideal inclined plane increases the force
and the work required.

OD) The non-ideal inclined plane decreases the force
and the work required.

Questions 41-45 of 120
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Item 44

A girl riding her bicycle up a steep hill decides to save energy
by zigzagging rather than riding straight up. Ignoring friction,
her strategy will:

OA) require the same amount of energy but less force on
the pedals.

OB) require the same amount of energy and the same
amount of force on the pedals.

OC) require less energy and less force on the pedals.

OD) require less energy and more force on the pedals.

Item 45

An inventor designs a machine that he claims will lift a 30
kg object with the application of only a 25 N force. If the
inventor is correct, what is the shortest possible distance
through which the force must be applied for each meter that
the object is raised?

OA) Sm
OB) 8m
OC) 12m
OD) 15m




Item 46 Item 47

The pulley system shown below operates as a modified lever. The mechanical advantage for a machine is defined as the
Pulley A and pulley B turn together, so when a person pulls output force divided by the input force. Since the output force
on rope A the mass attached to rope B will be lifted. Which is typically greater than the input force, this value is normally
of the following changes to the system will reduce the force greater than one. For an ideal machine, what would be
needed to lift the mass? another way of representing the mechanical advantage?
Pulley A OA) (output distance)/(input distance)
Pulley B OB) (input distance)/(output distance)
OC) (output distance) x (input distance)
° OD) (input distance) + (output distance)
Rope A Item 48
Rope B . : :
[ A wheel.chalr access ramp is to be designed so that !OOQ N
can be lifted to a height of 1 meter through the application of
‘L 50 N of force. The length of the ramp must be at least:
OA) Sm.
m OB) 10m.
OC) 20m.
OA) Increasing the length of rope A OD) 100 m.

OB) Increasing the length of rope B
OC) Increasing the diameter of pulley A
OD) Increasing the diameter of pulley B
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1 EQUATION SUMMARY

, Equilibrium (no acceleration) Non-equilibrium (acceleration) Torque

|

i Fupvart = Foownara Fipwars = Faownwara = A 1=Fl

1 Frighl\\urd = E\-I'(\»:n'd anhl\uml — Flol'x\\urd i ma

| -

1 Telockwise — T counter—clockwise Add ma to the weaker side.

}

1 Energy Work Power

' K = +mv? AE
' ux - ”Igh W = Fd Cose (for all forces except friction) P - t

l LL = kA% W=AK+ AU+ AEipone P =Fovcos

TERMS YOU NEED TO KNOW

Dynamic equilibrium Law of Conservation of Mechanical Pulley
Elastic potential energy (U.) Energy Ramp
Energy Lever Sign conventions
Equilibrium Lever arm (/) Static equilibrium
First Law of Thermodynamics Machines Torque
Gravitational potential energy (Ug) Mechanical advantage Work (W)
Heat (q) Mechanical energy (AE,) Work-Kinetic Energy Theorem
Joule (J) Potential energy (U)
Kinetic energy (K) Power (P)
MCAT® THINK ANSWER

1. The work being done is transferring energy into the surroundings, while the heat is transferring energy into me.

2. The sun beating down on me is transferring heat into me, but that doesn’t make me feel more energized as this
example suggests.

3. The change in energy should be final energy minus initial energy, so in this case, my final energy is greater than my
initial energy; my energy has increased. It doesn’t make much sense if my energy increases after doing work on the
surroundings. So this example is wrong in at least three ways. We can fix all this by doing the following:

1. Recognize that since I am doing work on the surroundings, the work is negative.
2. I can sit on ice and heat the surroundings, so that heat is now negative.

3. I reverse the energy pictures so that my initial high energy state is subtracted from my final low energy state
where [ am in bed, and the net energy change is negative. Now it’s correct.

THE 3 KEYS

1. Equilibrium means no net force and no net torque, therefore no
acceleration.

2. Energy is conserved. Use accounting to build equations: energy
before equals energy after, energy in equals energy out...

3. Assume that work in Physics means total change in energy, or
force times displacement.
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31 | Introduction

This lecture begins with an overview of fluids and the properties used to describe
them. It then discusses fluids at rest and the forces experienced by an object in a
fluid at rest. Next, it introduces fluids in motion and the energy associated with
these fluids. The lecture closes with a discussion of non-ideal fluids and the forces
that they experience due to drag.

The lecture will emphasize that forces can be used to make predictions about
standing fluids and conservation of energy can be used to make predictions about
moving fluids. Standing (non-moving) fluids contain a pressure gradient that
results in an upward force called buoyant force, which acts counter to the down-
~ ward force of gravity. Problems involving standing fluids should be thought of as

problems about forces.

Recall that energy is never lost, but rather is converted from one form to anoth-
eror transferred as work or heat. The law of conservation of energy can be restated
~in terms of density and pressure, properties commonly used to describe fluids. In a
~moving fluid, the sum of the kinetic energy per unit volume and potential energy
- per unit volume remains constant. Problems involving moving fluids should be
thought of as problems about energy.

amkrackers.com

3.1 Introduction

3.2 Fluids

3.3 Density

3.4 Pressure

3.5 Fluids at Rest
3.6 Fluids in Motion

3.7 Surface Tension and Capillary
Action

THE 3 KEYS

1. Fluids are described
by density, p. When you
need the mass of a fluid,
use m = pV.

2. When an object is
floating, masses are
equal — the mass of

the object equals the
mass of fluid displaced.
When an object is fully
submerged, volumes are
equal — the volume of the
object equals the volume
of fluid displaced.

3. See standing fluids,
think forces in equilib-
rium. See moving fluids,
think energy.
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3.2 | Fluids

Most substances can be classified as either a solid or a fluid. Fluids can be under-

stood by examining the characteristics that make fluids different from solids. The
molecules of a solid are held in place by molecular bonds that can permanently
resist a force from any direction. A fluid is a liquid or gas. Molecular bonds in a
fluid, unlike those in a solid, are constantly breaking and reforming due to the
high kinetic energy of the molecules.

The molecules of a fluid are not arranged with any order or structure. Instead
they move about in random directions relative to each other. As a result, a fluid
has only temporal (non-permanent) resistance to forces that are not perpendicular
to its surface. However, since fluid molecules require room to move, collectively
they can create a permanent force directed outward. This outward force allows
a fluid to permanently withstand forces that are perpendicular to its surface. In
other words, the only permanent force that a resting fluid can exert is one normal
to its surface. A fluid is pushed and molded until its surface matches the shape of
its container exactly. When the fluid comes to rest, it experiences only the normal
force from the surface of its container and the force of gravity. A liquid takes on
a flat upper surface so that the gravitational force is also perpendicular. In a gas,
gravity has an insignificant effect on the path of an individual molecule due to
the high average velocity of the molecules, so a gas will fill an enclosed container.

A fluid changes to take on the shape of its container. The
ocean, a fluid, will withstand the weight of a motionless
battleship forever by conforming its surface to that of
the battleship so that all forces are normal to its surface.
However, the ship can move through the water propelled
by a much smaller force than its own weight.
This is because the net force from the
moving ship is not perpendicular to
the surface of the water, and
thus the water provides only
temporal resistance. (The
forces shown in this diagram
are the forces on the water
due to the ship. They are

not meant to represent

the forces on the ship.)
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33 | Density

We often do not know how much of a given fluid is present, so mass and energy
cannot be measured. In the two previous lectures, mass and energy were useful
properties because the exact amount of substance could be known. The entire
object could be viewed, and these properties could be measured. Properties that
are concerned with quantity, like mass and energy, are called extensive properties.
Extensive properties change with the quantity of a substance.

Because the exact amount of fluid usually cannot be determined, fluids are
generally described in terms of intensive properties rather than extensive proper-
ties. Intensive properties are concerned with the intrinsic nature of a substance and
thus do not change with the quantity of a substance. The two intensive properties
that are analogous to mass and energy are density and pressure. Density (p) is the
‘heaviness” of a fluid, defined as how much mass the fluid contains in a specified
volume (17). The formula for density is:

m

0

p=

The S.I. units of density are kg/m’. Changing the amount of a given substance
does not change the density of that substance. Compressing a fluid changes its
volume without changing its mass, changing the density of the fluid. Gases com-
press more easily than liquids, so the density of a gas is easily changed while that
of a liquid is not. Unless otherwise indicated, assume that all liquids and solids are
totally incompressible and thus have constant density. In reality, gases are far more
compressible than liquids, and liquids are far more compressible than solids. Gases
on the MCAT®™ change their volume (and thus their density) as described by the
ideal gas law: PI/ = nRT.

We have a strong intuition about the concept of mass because we use it every
day, but few of us have a strong sense of density. It is easy to imagine how it feels
to lift a 13 kg mass (about 29 pounds), but what would it be like to lift a bucket full
of mercury, which has a density of about 13,600 kg/m’? Most of us have no idea.
We just do not know density well enough.

Specific gravity was created in order to make density a more intuitive concept.
The specific gravity (S.G.) of a substance is the density of that substance (Pyupsance)
compared to the density of water (Py.cer)-

Specific Gravity

A specific gravity of less than one
indicates a substance lighter than water;
a specific gravity of one indicates a
substance equally as heavy as water; and a
specific gravity greater than one indicates
a substance heavier than water. Since we
all have an intuitive feel for the heaviness
of water, we can relate this to a substance
whose specific gravity is known. The
specific gravity of mercury is 13.6, so
lifting one bucket of mercury would be
equivalent to lifting 13.6 buckets of water.

For the MCAT®™, memorize the density
of water in the following two forms:

= 1000 kg/m’

0

water

Mercury has a specific gravity of 13.6.
1 bucket of mercury has the same mass as 13.6 buckets of water.

p,.. =1g/em3

water
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3.4 |Pressure

Fluid Pressure The millions of molecules in a fluid move rapidly in random directions. As a

result, some will collide with an object submerged in that fluid. In any given
time f, a submerged object will experience millions of collisions. If we divide
the magnitude of the impulse of each collision—that is, the force of the collision
multiplied by the duration of the collision (FAf)— by the time over which the col-
lisions occur, we arrive at the average magnitude of force created by the collisions.

_ Since the molecules are moving in random directions and at random speeds, no
Bluid moleculs y single direction or speed is more likely than any other. The force on one side of
the object will be exactly countered by the force on its other side. (We will ignore
gravity for the moment and assume that if the fluid is moving, the object is moving
at the same velocity as the fluid.)

If we then divide the average magnitude of the force by the area over which
the collisions are taking place (the surface area of the object), we arrive at the fluid
pressure. The fluid pressure is the pressure experienced by the object as a result
of the impulse of molecular collisions. It is the average of the magnitudes of the
change in momentum of these collisions divided by the time duration of the col-
lisions and the area over which these collisions occur. The pressure P is defined as
force F per unit area A.

.
P=4

The S.I. unit of pressure is the Pascal (Pa). Pressure is a scalar; it has no direc-
tion. Pressure exists in a fluid whether or not an object is immersed in that fluid.

Fluid pressure can be thought of as a type of ‘stored’ energy per unit volume.
The units of pressure are equivalent to energy per unit volume. According to this
definition, pressure is a measure of the energy due to the random velocities of
molecules within a fluid distributed over the volume of the fluid.

Biologists often talk about negative pressure created
in your chest when you suck in air. According to the
molecular collision model of pressure, it is impossible
for pressure to be literally negative. This would indicate
fewer than zero collisions, an absurdity. The negative
pressure that biologists refer to in the chest cavity

is gauge pressure. Gauge pressure is a measure

of the pressure compared to local atmospheric
pressure. In other words, local atmospheric pressure
is arbitrarily assigned a value of zero. When a biologist
says there is negative pressure inside your chest,
there is still pressure in your chest; it is just lower
than atmospheric pressure. The higher pressure of

the atmosphere pushes air into your lungs. The same
thing happens when you ‘suck’ fluid through a straw.
You create a partial vacuum inside the straw. But
avacuum doesn’t really ‘suck’ anything into it. The
atmospheric pressure pushes down on the fluid outside
the straw pushing up the fluid inside the straw. Without
atmospheric pressure, a straw would not work. Just
remember, in real life, physics never sucks.

Atmospheric
pressure

Less than
atmospheric
pressure
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35 |Fluids at Rest

A fluid at rest experiences only forces perpendicular to its surface. At any given
depth, the pressure is equal to the weight of the fluid above a disk with area A
divided by the area of the disk. As shown in the figure below, the pressure is the
same regardless of what area is chosen.

For a fluid at rest with uniform density in a sealed container, pressure P is given

by:
P =pgy

where p is the density of the fluid, ¢ is the gravitational constant, and y is the

depth of the fluid.

The Weight of a Fluid Creates the Fluid Pressure

Additional fluids on top of the first fluid increase the total pressure by adding
their weight. The total pressure can be found by summing the pressures due to
each fluid, as shown in Figure 3.3.

Air is a fluid. If we open the sealed container and expose it to the atmo-
sphere, we must add atmospheric pressure to any point in the fluid. In any fluid
open to the atmosphere, the pressure can be found from P = pgy + P,,,. When
using meters and kilograms, measure the atmospheric pressure in pascals (Pa).
Poospheric = 101,000 Pa.

Since fluid pressure is a function of depth, the shape of the container does not
affect it. The pressure everywhere at a given depth in the same resting fluid will
be constant.

Just as each block in a stack of blocks must bear the weight of all the blocks
above it, each point in an enclosed fluid must bear any increase in pressure.
Pascal’s principle states that pressure applied anywhere to an enclosed incom-
pressible fluid will be distributed undiminished throughout that fluid.

Water in a glass is a fluid at rest.
Blood travelling through the
circulatory systemis not.
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Think of the atmosphere as a sea of air. As
you move closer to the top of this sea, your

Air pressure up here
is low, making it

depth (y) decreases. Near the top, there are
fewer molecules above you, which means less
weight and lower pressure.

tough to breathe. G




Hydraulic Lift

The hydraulic lift is a simple machine that works via Pascal’s principle.
Pascal's Principle Two pistons z_md a contai.ner enclose a standing in'compr.essible ﬂui@.

A force on piston 1 applies a pressure on the fluid. This pressure is
transferred undiminished to piston 2. Since piston 2 has a greater
area than piston 1, and force and area are indirectly proportional
when pressure is constant, the force on piston 2 is proportionally
greater than the force on piston 1, even though the pressure is
the same. However, a machine does not change work. If piston 2
moved the same distance as piston 1 while also experiencing greater
force, the work done by piston 2 would be greater than the work
done by piston 1. Instead the force of piston 2 is applied through a
proportionally smaller distance, keeping work the same.

By the way, pressure measured relative to a
vacuum is called absolute pressure. To find abso-
lute pressure from gauge pressure, just add
atmospheric pressure.

Fst =:F,

gauge

+ Poem

You can remember that Pascal’s principle
requires a closed container because otherwise
the pressure could cause liquid to spill out!

&
»
&
&
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1:1111 = ljzliz

l;l/xlll = 1:2/4‘12

Piston 1
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The Forces Experienced by Objects in Fluids at Rest

Problems about fluids at rest can be thought of as problems about forces. A stand-
ing fluid exerts a force called the buoyant force on any object that is floating,
submerged, or sunk in the fluid. Within a standing fluid, pressure increases as a
function of depth, as shown by the equation P = pgy. Recall also that pressure is
a measure of force per unit area, P = F/A. For a given cross-sectional area A, an
increase in pressure must be associated with an increase in force. Within a fluid at
rest, both pressure and force increase with depth, causing an object in the fluid to
experience both greater pressure and greater force at points farther from the fluid’s
surface. As a result, the object experiences an upward force. This upward force is
called the buoyant force because it has the potential to buoy the object— to cause
it to float.

The difference in pressure (and therefore force) experienced by points closest to
and farthest from the surface creates the upward buoyant force. Assuming that A
is constant, AP = AF/A, where AP is the difference in pressure experienced by two
points at different depths on the object and AF is the difference in force experi-
enced by those two points. AF increases with increasing AP, and since AP = pgAy,
AP increases with increasing Ay. The difference in the depths of points closest to
and farthest from the fluid’s surface, Ay, and the difference in pressure, AP, both
reach their maximum values when the object is fully submerged. Therefore, the
buoyant force also reaches its maximum value when the object is fully submerged.

Buoyant force results from the pressure difference between the upper and lower surfaces
of asubmerged object. Since pressure increases with depth, the lower surface of an object
experiences greater pressure than the upper surface. This pressure difference multiplied

by the upper or lower surface area is equal to the buoyant force. A fully submerged object
displaces its volume in fluid; a floating object displaces its weight in fluid. Since the buoyant
force is due to the difference’ in pressure, the buoyant force does not change with depth
once an object is submerged.
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The Buoyant Force Results from a

Pressure Difference

Objects experience a buoyant force because of the difference in pressure
experienced by their upper and lower surfaces. As depth increases, pressure
P increases according to the equation P = p,,,gAy, where y is depth below
the surface. Because pressure equals force F per unit area A, the force
exerted on the surface of the object—represented by the purple arrows—
also increases as depth increases. Notice that the forces acting on the
sides of the object are equal in magnitude and opposite in direction. This

is not the case for the forces acting on the top and bottom of the object.
The force acting on the bottom is greater than the force acting on the top.
Therefore, the object experiences a net upward force called the buoyant
force, represented by the orange arrow, that opposes the downward force of
gravity, represented by the green arrow. In this example, the buoyant force
is equal in magnitude to the force of gravity and the object experiences no
net force.
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The magnitude of the buoyant force experienced by an
object, whether floating, submerged, or sunk, is directly
proportional to the volume of fluid it displaces.

Fy = pavia Vavia§

where pgiq is the density of the fluid, 4,4 is the volume
of fluid displaced, and g is acceleration due to gravity. The
equation above can be rewritten as

FB= (’”ﬂuid/ I/;‘iuid) (I/ﬂuld)(g) = Mayia £-

This equation shows that the upward buoyant force is
equal in magnitude to the weight of the displaced fluid.
This phenomenon is known as Archimedes Principle.

To better appreciate the relationships among Ay, AP,
Vauwias and Fy, imagine an object being slowly submerged
beneath the surface of a fluid, as shown in Figure 3.6.
At first the bottom of the object is relatively close to the
surface of the fluid. The difference between the depths of
the portions of the object closest to and farthest from the
fluid’s surface, y, and y,, is relatively small. The volume of
fluid displaced is also relatively small. Because Ay is rela-
tively small, so is AP; therefore, the buoyant force is also
small. In other words, a relatively small volume of dis-
placed fluid is associated with a relatively small buoyant
force. As the object sinks deeper and deeper, Ay increases,
reaching its maximum value when the object is fully sub-
merged. At this point, the buoyant force also reaches its
maximum.

Relationships among Ay, Volume of Displaced Fluid, and Buoyant Force

As an object sinks deeper beneath the surface of a fluid, both the volume of fluid displaced by the object, Viisceqsuic» and the buoyant force
experienced by the object, Fg, increase. Both Viisceqsiis and Fg reach their maximum values when the object is fully submerged. It is at this point
that Ay, the difference between the depths of the points closest to and farthest from the surface of the liquid, reaches its maximum value.

Ay=Ay1 A}/:A}/z Ay=Ay3=Aymax
Vdisplaced fluid — AA]/ 1 Vdisplaced fluid — AAy 2 Vdisplaced fluid — AA.V 8= Vobject
Fy = pauia8AY; 5= Pnuia8AY> Fy = Puia8AV3 = Fymax
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Why is the upward buoyant force equal in magnitude to the weight of
the displaced fluid? Before the object is submerged, the upward force
on the fluid that it will displace must equal the weight of that fluid
(Fouoyant = Mayiag)- Otherwise the downward force of gravity would cause
the fluid to accelerate downward. The net upward force remains when
the object is submerged, but the fluid is gone, replaced by the object.
The remaining upward force acts on the submerged object.

The Case of the Floating Object: A floating object displaces a volume of fluid
with mass equal to its own mass and experiences an upward buoyant force
equal in magnitude to the downward gravitational force.

Three special cases involving buoyant force are commonly cited: the case
of the floating object, the case of the submerged object, and the case of
the sunk object. An object floats when the upward buoyant force is equal
in magnitude to the downward force of gravity. Imagine an object slowly
lowering into a fluid. At first, as the object just penetrates the surface of the
fluid, the volume of fluid it displaces is relatively small and the buoyant force
it experiences is therefore also relatively small. As the object sinks deeper
and deeper, displacing greater and greater volumes of fluid, the buoyant
force it experiences becomes relatively larger, reaching its maximum when
the object is submerged. If the upward buoyant force becomes equal to the

downward force of gravity at any point before the object is fully submerged,
the object floats.

For a floating object:
Fh = pfluid ‘/ﬂmd g = Miwid g = F(} — mohjecl g

Notice that this equation simplifies to mg,q = M. Thus the equation
demonstrates that a floating object displaces a volume of fluid with a mass
equal to its own mass.

Because Mg = ’”()bjt‘(ﬁ

m object

pnbjcm = ‘/nh_;eul = Vf]l“d

D fluid 11 fluid V)hjcm
vluid

= fraction of object submerged

This equation shows that the ratio of the density of a floating object to

the density of the fluid in which it floats is equal to the fraction of the object
submerged. If the object is floating in water, this ratio equals the specific
gravity of the floating object. To remember that the density of the float-
ing object is in the numerator of the equation above, remember that the
object is floating on top of the fluid. Note that for a floating object this ratio
must always be equal to or less than one. Otherwise the fraction submerged
would be greater than one, which is impossible. Thus an object only floats
when its density is less than the density of the fluid on which it floats.

| FIGURE 3.7 | AFloating Object

Fg object '\ i

buoyant

-~

Fl*m-\n.n‘ = F

g object

y =
”Iﬂmxl}\ ”Iobicctg

m =m

fluid object

Fraction 0. Vi
object
submerged = v =P W
object

Note that in standing fluids, as in Figures 3.7, 3.8,
and 3.9, my refers only to the mass of the fluid
displaced by the object. Vi refers only to the
volume of the fluid displaced by the object. Density
of the fluid (pyig) is an intensive property and
refers to the density of any part of the fluid.

LECTURE 3: Fluids 65




A Fully Submerged Object The Case of the Submerged Object: A submerged object displaces a volume

. of fluid equal to its own volume and experiences an upward buoyant force
Thatls Also Floating equal in magnitude to the downward gravitational force. |
If the upward buoyant force equals the downward force of gravity
when Ay (and therefore, Vp,q) are at their maximum values, the object is
submerged. A submerged object is like a floating object in that it does not
sink, but unlike a floating object, the entirety of a submerged object is
within the fluid. Because Fp = Fg, a submerged object displaces a volume of
fluid with mass equal to its own mass, just like a floating object. Because the
object is submerged, the volume of displaced fluid is equal to the volume of
the object. For a submerged object:

Meia = mnhjcc( and ‘/ﬂllid — ‘/nijcl

In other words, an object remains submerged when its density is equal to
Fs = Pauia Vauia 8 the density of the fluid in which it is submerged. Recall that density equals
mass divided by volume. This makes sense when considering that the frac-

F, o= Porioct Vorion . . S
gobject — Pobject ¥ object & tion of the object submerged, which is equal to popject/Pruia, €quals one.

Mopiect = Maia A submerged object does not necessarily rest just below the surface. The
buoyant force depends on AP, which reaches its maximum value the moment
Vﬂuid = Vobiccl

the object is submerged. If the top and bottom of the object were moved
from depths y; and y, to depths y; and y,, the object would remain there
and would not experience an upward or downward net force. The upward
buoyant force would continue to equal the downward gravitational force.
The Case of the Sunk Object: A sunk object displaces a volume of fluid
equal to its own volume and experiences an upward buoyant force of lesser
magnitude than the downward gravitational force (Figure 3.9).
Recall that an object is submerged when it is completely under the surface
of the fluid and experiences an upward buoyant force equal to the downward
gravitational force. If the upward buoyant force never becomes as great as the
downward gravitational force, then the object sinks. It experiences a net downward
force that causes the object to accelerate downward until it contacts a surface able

TherefOI'E, Pfuid must equal pobject‘

to provide enough upward normal force to counter the downward force of gravity.
Because Fg < Fg, Mayig < Mopjecr- However, Vuia= Vopject; @ sunk object displaces a
volume of fluid with volume equal to its own. In other words, an object sinks
when its density is greater than the density of the surrounding fluid.

For a sunk object,

Fg+ Fy= Fg= Mgpject &

Together, the buoyant force Fy and normal force Fy supply the upward force
needed to counter the downward force of gravity. As a result, the apparent weight
of the object, equal to Fy, is less than the weight of the object, mg. The apparent
weight is equal to the difference between the downward force of gravity and the
upward buoyant force.

A quick trick for finding the apparent weight loss makes use of the fact that a
sunk object displaces a volume of fluid equal to its own volume.

Because Viis =

Miiuig
vV Ofid Vitia _ Mpauia _ Mhuidg
object il e -
puhjoa mr)h)ccl m. bject mnhjccl g
‘/llhj(‘cl
pfluld

B X 100% = apparent weight loss of the object.
object
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On the MCAT?, skip the derivation. Divide the density of the
fluid by the density of the object and multiply by 100% to find
the object’s percentage of weight apparently lost. An object with
density twice that of the fluid in which it is sunk will appear to lose
50% of its weight. To remember that the density of the fluid is on
top, remember that the fluid is on top of the sunk object.

TABLE 3.1 > Summary of the Three Special Cases

Submerged
- Floating object Sunk object

reater than
Has Pobject less than py,.q equal to py,q 9
[ Privid
with mass
, : equal to its :
Displaces with mass equal %, equal to its
j own mass and
Viuig to its own mass h own volume
equal to its

own volume

Experiences

e equal to Fg

equal to Fg less than Fg

Center of Buoyancy

§ The buoyant force acts at an object’s center of buoyancy. The center
{ of buoyancy is the point where the center of mass would be if the
object had a uniform density. If the object is not uniformly dense,
the center of mass and the center of buoyancy are not at the same
place. This can result in a torque on the object that causes it to spin,
§as shown in Figure 3.10. Center of buoyancy explains why a fishing
bobber always floats upright.

m Center of Buoyancy

A Sunk Object is Fully Submerged

Sphere Fluid
Vv

F

g object

Net zero
force

buovant

F g object

Fg object Fnormal + Flwuw\mt

Obje tw & ght= Appa a twe ghtW & ghtl ost

V(wbiect= Vﬂuid
: . Phuid Mgy
Fra tiono fw & ghtl ost= uid _ - fluid
Pobject zobject

. @ Center of buoyancy }
L @® Center of mass J
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Questions 49-56 are NOT related to a passage. Item 52

A helium balloon will rise into the atmosphere until:

Item 49 OA) The temperature of the helium inside the balloon
Mercury has specific gravity of 13.6. The column of mercury tp el b the fempesative. of (he siv cutside the
. ) . _ o balloon.
in the barometer below has a height # =76 cm. If a similar o et '
’ . OB) The mass of the helium inside the balloon is equal
barometer were made with water, what would be the : :
. . . g to the mass of the air outside the balloon.
approximate height / of the column of water?

OC) The volume of the helium is equal to the volume of
the air it displaces.

OD) The density of the helium in the balloon is equal to
the density of the air surrounding the balloon.

Item 53

A child’s bathtub toy has a density of 0.45 g/cm’. What
fraction of the toy floats above the water?

OA) 5%

OA) 5.6cm OB) 45%

OB) 76cm OC) 55%

OC) 154 cm OD) 95%

OD) 1034 cm

Item 54
Item 50 The diagram below shows a hydraulic lift. A force is applied
Two identical discs sit at the bottom of a 3 m pool of water at side 1 and an output force is generated at side 2. Which of
whose surface is exposed to atmospheric pressure. The first the following is true?
disc acts as a plug to seal the drain as shown. The second F
disc covers a container containing nearly a perfect vacuum. '
If each disc has an area of 1 m’, what is the approximate . l I};
difference in the force necessary to open the containers? d g ) 2)
(Note: 1 atm = 101,300 Pa) ‘ 4,
atmos.

OA) The force at side 1 is greater than the force at side

2.
IV AR o B Y e S ) OB) The force at side 1 is less than the force at side 2.
’ : p OC) The pressure at side 1 is greater than the force at
atmos. "'_./Vacuunq side 2.
OD) The pressure at side 1 is less than the pressure at
OA) There is no difference. side 2.
OB) 3000N

oC) 101,300N
OD) 104,300 N

Item 51

A brick with a density of 1.4 x 10° kg/m’ is placed on top of a
piece of Styrofoam floating on water. If one half the volume
of the Styrofoam sinks below the water, what is the ratio of
the volume of the Styrofoam compared to the volume of the
brick? Assume that the Styrofoam is massless.

OA) 0.7
OB) 14
oC) 2.8
OD) 5.6

Questions 49-54 of 120
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Item 55 Item 56

The pressure at the bottom of a cylindrical tube filled with Three containers are filled with water to a depth of 1 meter.
water was measured to be 5000 Pa. If the water in the tube At the bottom of which container is the pressure the greatest?
were replaced with ethyl alcohol, what would be the new
pressure at the bottom of the tube? (The density of ethyl
alcohol is 0.8 g/cm’.)

OA) 4000 Pa [ T o amiv]
OB) 4800 Pa & n @y vy
0OC) 5000 Pa rE—— ' o
OD) 6250 Pa A B ¢

OA) Container A

OB) Container B

OC) Container C

OD) The pressure is the same at the bottom of all the
containers.

sTor |
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The motion of molecules is the basis
of chemical reactions in the body.
Our bodies consist mostly of water
because it acts as an excellent
buffer and provides an environment
in which chemical reactions can
occur via random and uniform
translational motion. Water works
so well as a solvent for the chemical
reactions of living systems that
efforts to look for life on other
planets usually begin with the
search for liquid H,0.
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3.6 | Fluids in Motion

Fluids in motion play a significant role in biological systems, particularly the
circulatory and respiratory systems. The study of moving fluids is necessary in
order to understand the circulation of blood, the inspiration and expiration of
air, and the diffusion of gases into and out of the blood. Questions about fluids
in motion are very likely to appear in the Chemical and Physical Foundations of
Biological Systems Section. Try to integrate the information presented in this
lecture with topics presented in Biology 2: Systems.

The molecules of a moving fluid have two types of motion:

1. the random translational motion that contributes to fluid pressure as in
a fluid at rest; and

a uniform translational motion shared equally by all the molecules at a
given location in a fluid.

!\J

The uniform translational motion is the motion of the fluid as a whole. This
motion does not contribute to fluid pressure. According to the molecular model
of fluid pressure, an object moving along with the fluid will not experience
additional collisions due to this uniform translational motion. Thus, it will not
experience any additional pressure. The energy from the two types of motion
can be converted back and forth. Some of the random translational motion can
be converted to uniform translational motion and vice versa. If we remove a
portion of the wall of a container holding a fluid at rest, the fluid will move
through the opening. This occurs because the molecules moving in the direction
of the opening do not collide with anything and can continue moving in the same
direction. In this example, some of the random motion has changed to uniform
motion. Since there are fewer collisions in the fluid moving through the opening,
there is less pressure.

Molecular Motion Inside a Fluid

Molecules with some
random motion and
some uniform motion

Molecules with some
random motion and some
uniform motion




Ideal Fluids

The characteristics of moving fluids are complex, so it is useful to create a hypo-
thetical fluid that lacks certain characteristics of real fluids. This hypothetical fluid
is called an ideal fluid. Ideal fluids differ from real fluids in the following ways:

1. Ideal fluids have no viscosity. Viscosity is a measure of a fluid’s temporal
resistance to forces that are not perpendicular to its surface. Think of a
fluid’s viscosity as its tendency to resist flow. Syrup has greater viscosity than
water. A closely related concept to viscosity is drag. Drag is a force, similar to
friction, created by viscosity and pressure due to motion. Drag always opposes
the motion of an object through a fluid.

2. Ideal fluids are incompressible, with uniform density. This can be assumed
for any liquid on the MCAT™ unless otherwise indicated, but not for gases.

3. Ideal fluids lack turbulence; they experience steady (or laminar) flow. Steady
flow means that all fluid flowing through any fixed point has the same
velocity. Recall that velocity specifies magnitude and direction. Turbulence
means that the velocity at any fixed point in the fluid may vary with time.

4. Ideal fluids experience irrotational flow. Any object moving with an ideal fluid
will not rotate about its axis as it flows, but will continue to point in one
direction regardless of the direction of low. The MCAT™ is not likely to
require knowledge of irrotational flow.

No ideal fluid actually exists, but ideal fluids can be used to make rough
predictions about real fluids. This is done by imagining how an ideal fluid would
behave in a given situation and then considering how the characteristics of a real
fluid would alter this behavior. On the MCAT®, assume that all fluids are ideal
unless otherwise indicated.

Ideal Fluid Flow

3 MCAT® THINK

Blood flow throughout the circulatory system is usually laminar. When blood
encounters irregular surfaces or experiences high flow rates or sudden chang-
es in vessel diameter, its flow may become turbulent. Since turbulent flow
generates sound waves, this phenomenon can be used to determine systolic
and diastolic blood pressures. A blood pressure cuff is inflated to a pressure
higher than the systolic pressure, preventing blood flow. As the pressure on
the cuff decreases below the systolic pressure, blood flow resumes but is tur-
bulent rather than laminar. The pressure at which the sounds associated with
turbulence are first heard is recorded as the systolic pressure. As pressure on
the cuff decreases below the diastolic pressure, laminar flow resumes. The
pressure at which the sounds of turbulence cease is recorded as the diastolic
pressure.

—
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The continuity equation can be
used to make predictions about
the velocity of blood as it travels
through the blood vessels.
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The Continuity Equation

Since ideal fluids are incompressible, their volume remains constant. The volume
of a fluid moving through a section of pipe is given by the cross-sectional area A
of the pipe multiplied by the distance d of the pipe section. If this same volume of
fluid moves completely through the pipe section in a given time f, the rate Q at
which volume passes through the pipe is Ad/t. Since the fluid moves a distance d
in time f, its velocity is v = d/t. These two equations can be combined to give the
continuity equation:
Q=Av

where Q is called the volume flow rate. Flow can also be expressed in terms of

mass. To calculate the mass flow rate I, multiply the volume flow rate by density:

I'=pQ = pAv

In an ideal fluid, flow rate is constant. These equations show that area is inverse-
ly proportional to velocity; the narrower the pipe, the greater the velocity.

Visualizing an Ideal Fluid

The concept of streamlines was created to allow visualization of an ideal fluid. A
streamline is a path followed by a hypothetical fluid particle. This particle follows
only the uniform translational motion of the moving fluid. The magnitude and
direction can change from one point to the next, but its velocity at any fixed point
will remain the same. The velocity of the particle at any point along a streamline
is tangent to the curve made by the streamline. The magnitude of the velocity is
inversely related to the distance between streamlines; the closer the streamlines,
the greater the velocity. Streamlines can never intersect, since this would indicate
two possible velocities for the same fixed point. A group of streamlines makes up
a three-dimensional fube of flow.

Streamlines

Low velocity

High velocity




The Energy of Fluids in Motion

Conservation of energy can be applied to ideal fluids to predict how a change in
the pressure, velocity, or height of an ideal fluid will affect its behavior. Just as
energy can be converted from one form to another but not destroyed, properties
that describe fluid flow sum to a constant.

Bernoulli’s equation restates conservation of energy in terms of densities and
pressures, the intensive properties used to describe fluids. It states that the sum of
the pressure, kinetic energy per unit volume, and potential energy per unit vol-
ume of a fluid remain constant throughout that fluid:

P, + po,*+ pghy = P+ 1pv,” + pghs,

where Pis the pressure of the fluid, v is its velocity, and / is its height. Warning:
his not the same as y in P = pgy. h is the distance above some arbitrary point. y is
the distance beneath the surface.

Multiplying any of the terms in Bernoulli’s equation by volume gives units of
energy. The second term gives the gravitational potential energy per unit volume,
mgh/V. The third term gives the kinetic energy from the uniform translational
motion of the molecules per unit volume, (¥2mv°)/V. The first