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NEWTON'S LAWS OF MOTION

The study of Newton's laws of motion allows us to understand and accurately
describe the motion of objects and the forces that act on those objects.

EO 11 STATE Newton's first law of motion.

EOC 1.2 STATE Newton's second law of motion.

EO 1.3 STATE Newton's third law of motion.

EOC 14 STATE Newton's law of universal gravitation.

The basis for modern mechanics was developed in the seventeenth century by Sir Isaac Newt
From his studies of objects in motion, he formulated three fundamental laws.

Newton's first law of motiostates "an object remains at rest (if originally at rest) or moves
in a straight line with constant velocity if the net force on it is zero."

Newton's second law states "the acceleration of a body is proportional to the net (i.e., sum
resultant) force acting on it and in the direction of that net forchis law establishes the
relationship between force, mass, and acceleration and eaittee mathematically as shown

in Equation 3-1.

F = ma (3-1)
where:

F = force (Newton =1 Kg-m/séc , or Ibf)

m = mass (Kg or lbm)

a = acceleration (m/séc or ft/dec)

This law isused todefineforce units and is one of the most importamis in physics. Also,
Newton's first law is actually a consequence of this second law, since there is no acceleration
the force is zero, and the object is either at rest or moving with a constant velocity. Equatio
can be used to calculate an objects weight at the surface of the earth. In this special case,
force, or weight, caused by the gravitational acceleratittmeagarth acting on the mass, m, of the
object. Wherdealing with this type of problem, we designate the acceleration, g, which eq
9.8m/seé or 32.17 ft/sec (gdalled gravitational accelerati@onstant). Thus, equation 3-1
becomes F = mg for this case.

wher
3-1
is th
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Newton's third law of motion states "if a body exerts a force on a second body, the second body
exerts an equal and opposite force on the firfhis law has also beatated as;for every
action there is an equal and opposite reaction."”

The third law is basic to the understanding of force. It states that forces always occur in pairs
of equal and opposite forces. Thus, the downward force exerted on a depkruyl &
accompanied by an upward force of equal magnitude exerted on the pencil by the desk. This
principle holds for all forces, variable or constant, regardless of their source.

One additional law attributed to Newton concerns mutual attractive forces between two bodies.
It is known as the universal law of gravitation and is stated as follows.

"Each and every masstine universe exerts a mutual, attractive gravitational
force on evenpther mass in thaniverse. For any two masses, the force is
directly proportional tothe product of théwo masseand isinversely
proportional to the square of the distance between them."

Newton expressed the universal law of gravitation using Equation 3-2.

m.m

F=G—*12 (3-2)
r2
where:
F = force of attraction (Newton = 1Kg-m/gec or Ibf)
G = universal constant of gravitation (6.673 x*10° m/kd-sec or 3.4%4 x 10
lbm - ft?2
slug?

m, = mass of the first object (Kg or Ibm)
m, = mass of the second object (Kg or Ibm)
r = distance between the centers of the two objects (m or ft)

Using this universal law of gravitation, we can determine the value of g (gravitational acceleration
constant), at theurface of the earth. Wareadyknow thisvalue to bed.8 m/seé (or 32.17
ft/sec), but it can be calculated using Equation 3-2.

Calculation:

First, we willassumehat the earth i;wuch larger thathe object anthat the object
resides on the surface of the earth; therefore, the value of r will be equal to the radius of
the earth. Second, we must understand that the force of attraction (F) in Equation 3-2
for the object is equal to the object's weight (F) as described in EgBdtiosetting

these two equations equal to each other yields the following.
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mass of the earth (5.95 x0 kg)
mass of the object
radius of the earth (6.367 x°.0 m)

3
TRNTENT

The mass () of the object cancels, andvidiee of(g) can be determined as follows
since a=g by substituting (g) for (a) in the previous equation.

M
g =G
r2
g = 6.673 x 1011 m3 595)(164 kg
kg seé) | (6.367x16 m)?
g=98_"

sed

If the object is a significant distance from the earth, we can demonstrate that (g) is n
constant value but varies with the distance (altitude) from the earth. If the object is a
altitude of 30 km (18.63 mi), then the value of (g) is as follows:

30000 m+ 6.367x16 m = 6.397x16 m

g = 6.673x 1011 m3 595)(164 kg
kg seé) | (6.397x16 m)?

r

9.7 M
sed

«Q
Il

As you can see, a height of 30 km only changes (g) from 9.8°m/sec t0 9.7 m/sec. T
will be an even smallethange for objects closer to the earth. Therefore, (g) is normal

considered a constant value since most calculations involve objects close to the su
of the earth.

pta
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Summary

Newton's laws of motion are summarized below.

Newton's Laws of Motion Summary
Newton's First Law of Motion

An object remains at rest (if originally at rest) or moves in a straight line wigh
constant velocity if the net force on it is zero.

Newton's Second Law of Motion

A particle with aforce acting on it has an acceleration proportional to thg
magnitude of the force and in the direction of that force.

Newton's Third Law of Motion

The forces of action and reaction between interacting bodies are equal| in
magnitude and opposite in direction.

-or-
For every action there is an equal and opposite reaction.

Newton's Universal Law of Gravitation
Each and every masstime universe exerts a mutual, attractive gravitationa
force on evernpther mass in thaniverse. For anytwo masses, the force is

directly proportional to the product of thevo masseand isinversely
proportional to the square of the distance between them.




Basics of Engineering Mechanics - M03-020

MOMENTUM PRINCIPLES

Momentum is a measure of the motion of a moving body. An understanding of
momentum and the conservation of momentum provides essential tools in solving

physics problems.

EO 1.5 DEFINE momentum.
EO 1.6 EXPLAIN the conservation of momentum.
EO 1.7 Using the conservation of momentum, CALCULATE the

velocity for an object (or objects) following a collision of
two objects.

Momentum

Momentums a basic and widely applicable concept of physics. Itis, in a sense, the measu
the motion of a moving body. It is the result of the product of the body's mass and the velc
at which it is moving. Therefore, momentum can be defined using Equation 3-3.

P=mv (3'3)
where:

P = momentum of the object (Kg-m/sec or ft-lom/sec)

m = mass of the object (Kg or Ibm)

v = velocity of the object (m/sec or ft/sec)

Momentum is a vectoguantity since it results fromime velocity of the object. Hifferent
momentum quantities are to be added vectorially, the direction of each momentum must be t
into account.However, to simplify the understanding of momentum, only straight line motior

will be considered.

Example:

Calculate the momentum for a 16 Ibm bowling ball rolling down a lane at 22 ft/sec.

b of
ity

1ken
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Solution:
P=mv
P - (16 Ibm{ 22 i)
secC
p - g5oft oM
sec

Force and Momentum

There is a direct relationship between force and momentum.rald@twhich momentum
changes with time is equal to the net force applied to an object. This relationship comes directly
from Newton's second law of motidA= ma. This is a special case of Newton's second law for

a constant force which gives rise to a constant acceleration. The linking fact is that acceleration
is the rate at which velocity changes with time. Therefore, we can determine the following:

We know thatF = ma

vV -V
and sincea = u
(t-t)
V -V
then,F = ° (3-4)
t -t
i . mv - mv
which can also be writtef;, = t—to (3-5)
“ o
o P-P,
Substituting P for mv and,P for mF, = _—
“ o
orF = AP (3-6)

From Equation 3-6, wean determinehiat force (F) iqual to the change momentum per
time.
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Example:
The velocity of a rocket must be increased by 110 ft/sec to achieve proper orbit arou
the earth. If the rocket has a mass of 5 tons and it takes 9 sec. to reach orbit, calcu
the required thrust (force) to achieve this orbit.

Solution:

Even though the initial velocity (v ) and final velocity (v) are unknown, we do know the
change in velocity (v;v ), which is 110 ft/sec. féfere, using Equation 3-4 we can find

the solution.
F ) n-{ )
F = 10000 IbnE 110 ﬁ/se(j
9 sec
F=12x10 ft—lom

Conservation of Momentum

One of the most useful properties of momentum is that it is conserved. This means that if ng
external force acts upon an object, thementum ofthe objectemainsconstant. Using

Equation 3-6, we can see that if force (F) is equal to zeroARen0. It is most important for
collisions, explosions, etc., whahee external force is negligible, and states that the momentun
before the event (collision, explosion) equals the momentum following the event.

The conservation of momentum applies when a bullet is fired from a gun. Prior to firing the gt
both the gun and theullet are at rest (i.e., and Y arezero),and therefore theotal
momentum is zero. This can be written as follows:

MgVg + MgV = 0

When the gun is fired, themomentum ofthe recoiling gun is equal andpposite to the
momentum of the bullet. That is, the momentum of the bullet;(m v ) is equal to the momenty
of the gun (g ¥ ), but of opposite direction.

nd
ate

net
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The development of thew of conservation of momentutiwes not consider whether the
collision is elastic or inelastic. In an elastic collision, both momentum and kinetic energy (i.e.,
energy due to an objects velocity) are conserved. A common example of an elastic collision is
the head-on collision of two billiard balls of equal mass. In an inelastic collision, momentum is
conserved, but system kinetic energy is not conserved. An example of an inelastic collission is
the head-omollision oftwo automobiles wherpart of theinitial kinetic energy is lost as the

metal crumples durinthe impact. The concept kihetic energy will be discussed further in
Module 5 of this course.

The law of conservation of momentum cannteghematicallyexpressed in severdifferent

ways. In general, it can be stated that the sum of a system's initial momentum is equal to the sum
of a system's final momentum.

Z Pinitial = Z Pinal (3-7)

In the case where a collision of two objects occurs,ahsezrvation of momentum can be stated
as follows.

Pl initial + I:)Zinitial = 1 final + E)final (3'8)
or
(M V)inisar + (Moo )initiar = (MM e + (MY Jinay (3-9)

In the case where two bodies collide and have identical final velocities, equation 3-10 applies.

myv; + myv, = (m +m)y (3-10)

For example, consider two railroad cars rolling on a level, frictionless track (see Figure 1). The
cars collide, become coupled, and roll together at a final velogity (v). The momentum before
and after the collision is expressed with Equation 3-10.

Before After
V A V

m my
[ 10 I il I [T 10
OO OO [OIOMENOIO) [OIOMEOIOEEOIOMNOIO)

m, v, + m,v,= (m,+ m,)v,

Figure 1 Momentum
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If the initial velocities of the two objects,(v ang v ) are known, then the final velogcity (v) ca
be calculated by rearranging Equation 3-10 into Equation 3-11.

myVv, + myV.
v, = 2t " Mo (3-11)
m, +m
Example:
Consider that the railroad cars in Figure 1 have masses of m = 2300 Ibm and
m, = 2800 Iom. The first car (m) is moving atedocity of 29 ft/sec and the second car
(m,) is moving at a velocity of 1ft/sec. The first car overtakes the second car and
couples with it. Calculate the final velocity of the two cars.

Solution:

The final velocity (v) can be easily calculated using Equation 3-8.

_omyv; +myv,
v, = —————==
m +m,
v, - (2300 Ibm)(29 ft/sec)+ (2800 Ibm)(11 ft/sec)
f 2300lbm + 2800 Ibm
v, = 19.1 ft/sec
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Summary

The concepts of momentum and the conservation of momentum are summarized below.

Momentum Summary
Momentum is the measure of the motion of a moving body. Itis
the result of the product of the body's mass and the velocity at
which it is moving. Therefore, momentum can be defined as:

P =mv.

The conservation of momentum states that if no net external
force acts upon a system, the momentum of the system remains
constant. If force (F) is equal to zero, thdgn = 0.

The momentum before and after a collision can be calculated
using the following equation.

(MyVa)inigar + (Mo Vo i = (M it + (MY Yl

10




Basics of Engineering Mechanics - M03-020

PART 2: APPLICATION OF NEWTON'S LAWS - TABLE OF CONTENTS

REFERENCES. . . .. Ii.
FORCE AND WEIGHT . ... e 1
INtrOdUCHION . . . . 1
FOrCe . oo 2
Weight . ... 2
SUMMAIY . . oo e e e e e 4
FREE-BODY DIAGRAMS . . . . e e 5
Constructing a Free-Body Diagram. . . . ..., 6
SUMMAIY . . oo e e e e e 10
FORCE EQUILIBRIUM . . . .. e 11
Net FOrce. . ... 11
Equilibrium . . .. 12
SUMIMAIY . . oo e e e 16
TYPES OF FORCE . . ..o e e e 17
Tensile and Compressive FOICES. . . . ...ttt 17
FrCtiON . . o 17
Centripetal FOrce. . . ... e 19
Centrifugal FOrce. . . ... .. 20
SUMMAIY . . oo e e e 21




Basics of Engineering Mechanics - M03-020

REFERENCES

Beiser, Arthur,Applied Physics Schaums Outline SeridédcGraw-Hill Book
Company, 1976.

Murray, Raymond and Coblg;rover, Physics Concepts and Consequences,
Prentice-Hall, Inc., 1970.

Alexander, Joseph, et aRhysicsfor Engineering TechnologylohnWiley and
Sons, 1978.

Sears, Francis and Zemanskjark, University Physics3rd edition, Addison-
Wesley Publishing Co.

Scienceand Fundamental Engineeri(®AFE), Classical Physi¢s"Measure”
Windsor, CT: Combustion Engineering, Inc., 1988.

Academic Program for Nuclear Power Plant PersoMaime I, General Physics
Corporation, Library of Congress Card #A 397747, April 1982.

i




Basics of Engineering Mechanics - M03-020

FORCE AND WEIGHT

Force can be thought of simply as a push or pull, but is more clearly defined as
any action on a body that tends to change the velocity of the body. Weight is a
force exerted on an object due to the object's position in a gravitational field.

EO 11 DEFINE the following:
a. Force
b. Weight
Introduction

In the study of forces, the student must make valid assumptions called for in the formulatio
real problems. Thability to understand and make usetbé correcassumptions in the
formulation and solution of engineering problems is certainly one of the most important abili
of a successful operatoOne of the objectives dfiis manual is t@rovide an opportunity to

develop this ability through tretudy of the fundamentals and the analysis of practical problem|}.

An effective method of attack on all engineering problems is essential. The development of ¢
habits in formulating problems and in representing their solutionsraase to be a valuable asset.
Each solution should proceed with a logical sequences stom hypothesis to conclusion, and
its representation shoulmclude a clearstatement of thdollowing parts, each clearly

defined: a) given data, b) results desired, c¢) necessary diagrams, d) calculations, and e) ar
and conclusions. Many problems become clear and straightforward once they are begun V
logical and disciplined method of attack.

In addition, it is important to incorporate a series of checks on the calculations at intermec
points in the solution. Also, all work must be neat and orderly.

The subject of classical physics is based on surprisingly few fundamental concepts and inv
mainly the application of these basic relations to a variety of situations. Newton's laws of mo
are some of the fundamental concepts used in the study of force and weight.

of
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Force

Forceis defined as a vector quantity that tends to produce an acceleration of a body in the directio
of its application. Changing the body's velocity causes the body to accelerate. Therefore, force cé
be mathematically defined as given by Newton's second law of motion (Equation 4-1).

F = ma (4-1)
where:

F = force on object (Newton or Ibf)

m = mass of object (Kg or lbm)

a = acceleration of object (m/dec or ftisec)

Force is characterized by its point of application, its magnitude, and its direction. A force that is
actually distributed over a small area of the body upon which it acts may be considered a concentrat
force if the dimensions of the area involved are small compared with other pertinent dimensions.

Two or more forces may act upon an object without affecting its state of motion. For example, a
book resting upon a table has a downward force acting on it caused by gravity and an upward force
exerted on it fronthe table top. Thegwo forces cancel antthe net force of the book is zero.
This fact can be verified by observing that no change in the state of motion has occurred.

Weight

Weight is a special applicationtbie concept of force. It tefined aghe force exerted on an
object by the gravitational field of the earth, or more specifically the pull of the earth on the body.
mg

= = (4-2)
9
where:
W = weight (Ibf)
m = mass (Ibm) of the object
g = the local acceleration of gravity (32.17 ftfsec )
g. = a conversion constaemployed to facilitatéhe use of Newton's secolav of

motion with the English system of units and is equal to 32.17 ft-lom/Ibf-sec

Note that ghas the same numerical value as the acceleration of gravity at sea level.

{d
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The mass of a body is the same wherever the body is, whether on the moon or on the earjp. Tl
weight ofa body, however, depends upon the local acceleration of gravity. Thus, the weightipf an
object is less on the moon than on the earth because the local acceleration of gravity is les|fon t
moon than on the earth.

Example:

Calculate the weight of a person with a mass of 185 lbm.

w = M9
9

(185 Ibm) 32.17
seé

ft-lbm
Ibf -sec

32.17

185 Ibf

Example:

Calculate the weight of a person with a mass of 185 lIbm on the moon. Gravijy on
the moon is 5.36 ft/séc .

w - M9
9%

(185 Ibm{ 5.36 i)
sed

ft-lbm
Ibf -sed

32.17

28.19 Ibf
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With the idea of mass and weighinderstood,especiallytheir differencesthe concept of
gravitational force is more easily explained. Any object that is dropped will accelerate as it falls,
even though it is not iphysicalcontactwith any other body. Toexplainthis, theidea of
gravitational force was developed, resulting in the concept that one body, such as the earth, exerts
a force on another body, even though they are far apart. The gravitational attraction of two objects
depends upon the mass of each and the distance between tiiecon€ept is known as Newton's
law of gravitation, which was introduced in an earlier chapter.

Summary

The important concepts of force and weight are summarized below.

Force and Weight Summary

. Force is a vector quantity that tends to produce an acceleration of a|pody
in the direction of its application.

or
F=ma

. Weight is the force exerted on an object due to gravity. (On the earth|it is
the gravitational pull of the earth on the body.)

W = mg/g
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FREE-BODY DIAGRAMS

In studying the effect of forces on a body it is necessary to isolate the body and
determine all forces acting upon it. This method of using a free-body diagram is
essential in understanding basic and complex force problems.

EO 1.2 STATE the purpose of a free-body
diagram.
EO 1.3 Given all necessary information, CONSTRUCT a

free-body diagram.

In solving a problem involving forces it is essential that Newton's laws are carefully fixed in
mind andthat theserinciples are applied literally and exactly. In applying these principles

it is essential that the body be isolated from all other bodies so that a complete and accura
account ofall forceswhich act onthis bodymay beconsidered. The diagram of such an
isolated body with the representation of all external forces acting on it is cellee-Body
Diagram It has long been established that the free-body-diagram method is the key to thq
understanding of engineering problems. This is becauselti#ois of a body is the tool that
clearly separates cause and effect and focasesttention to thditeral application of a
principle.

Example:

Consider the book resting on the table in Figure 1. Althoughdbk is
stationary, two forces are acting on the book to keep it stationary. One is the
weight (W) of the book exerting a force down on the table. The other is the
force exerted up by the table to hold the book in place. This force is known
as the normal force (Ngnd is equal to the weight of theok. Anormal

force is defined as arperpendicular force wittvhich anytwo surfaces are
pressed against eadther. Thefree-body diagram for this situation,
illustrated onthe rightside in Figure 1, isolatedhe bookand presents the
forces acting on the object.
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Book Resting on a Table

Figure 1 Book on a Table

Constructing a Free-Body Diagram

In constructing a free-body diagram the following steps are usually followed.

Step 1.

Step 2.

Step 3.

Step 4.

Determineshich body or combination of bodies is to be isolated. The body
chosen will usually involve one or more of the desired unknown quantities.

Nextjsolate the body ocombination of bodies chosen with a diagram that
represents its complete external boundaries.

Represeatl forces that act on the isolated body as applied by the removed
contacting and attracting bodies in their proper positions in the diagram of the
isolated body. Do not show the forces that the object exerts on anything else,
since these forces do not affect the object itself.

Indicate thehoice of coordinate axelrectly onthe diagram. Pertinent
dimensions may also be represented for convenience. Note, however, that the
free-body diagram servéise purpose diocusing accurate attention on the
action of the external forces; therefore, diegram shoulaot becluttered
with excessive information. Force arrows should be clearly distinguished from
other arrows to avoid confusiortor this purpose colore@encils may be
used.
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When these steps are completed a correct free-body diagram will result, and the student cé
apply the appropriate equations to the diagram to find the proper solution.

Example:

The car in Figure 2 is being towed by a force of some magnitude. Construct
a free-body diagram showing all the forces acting on the car.

F app

<7 O
Direction Of ——
Acceleration

Figure 2 Car

Solution:

Following the steps to construct a free-body diagram (shown in Figure 3), the
object (the car) is chosen and isolatédl. the forces acting on the car are
represented with proper coordinate axes. Those forces are:

The force applied to tow the car

- The frictional force that opposes the applied force due to the
weight of the car and the nature of the surfaces (the car's tires
and the road)

w - The weight of the car

N - The normal force exerted by the road on the car

=

app
K
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o F app
=

Figure 3 Free-Body Diagram

The frictional force (k) is a force that opposes direction of motion. Thidorce is
explained in more detail in the chapter on types of forces.

To solve this practical problem, the student would assign values for each force as determined
by data given in the problem. After assigning a sign convention (e.g., + for forces upward and
to the right, - for forces downward and to the left), the student would sum all forces to find
the net force acting on the body. Using this net force information and appropriate equations,
the student could solve for the requested unknowns. A variation wouldhaeddhe

student find an unknown force acting on the body given sufficient information about the other
forces acting on the body. The student will learn to solve specific examples using free-body
diagrams in a later chapter.

Some advanced free-body diagrams for various types of systems are shown in Figure 4.
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SAMPLE FREE-BODY DIAGRAMS

Mechanical System Free—Body Diagram of Isclated Body

—_

. Plane truss

Weight of truss
assumed negligible \P \‘P
compared with P y
A B A)(d— Lx
ey e,

2. Cantilever beam
Fs F F Fs F F

N y N

Mass m l

3. Beam
Smooth surface

contact at A. 4
MGS y
5 A

/\

|

~

. Rigid system of interconnected
bodies analyzed as a single unit

Weight of mechanical

pe—an pe-——-o
\\ neglected
Y4 o W=mg
B

%A

Figure 4 Various Free-Body Diagrams
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Summary

The concept of the free-body diagram is summarized below.

Free-Body Diagram Summary

. A free-body diagram isolates a body and illustrates all the forces that act on the body
so that a complete and accurate account of all of those forces may be considered.

. Four steps must be performed to construct a free-body diagram:
- Determine the body or combination of bodies to be isolated.

- Isolate the body ocombination of bodies with a diagrahat represents the
complete external boundaries.

- Representll forces that act on thisolated body in theiproperpositiong
within the diagram.

- Indicate the choice of coordinate axes directly on the diagram.

10
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FORCE EQUILIBRIUM

Knowledge of the forces required to maintain an object in equilibrium is essential in
understanding the nature of bodies at rest and in motion.

EOC 14 STATE the conditions necessary for a body to
be in force equilibrium.

EO 1.5 DEFINE the following:
a. Net force

b. Equilibrant

Net Force

When forces act on an object, the resudly be ahange in the objectsate of motion. If
certain conditionsare satisfied, howeverthe forcesnay combine to maintain atate of
equilibrium or balance.

To determine if a body is in equilibrium, the overall effect of all the forces acting on it must b
assessed. All the forces that act on an object result in essentially one force that influences
object's motion. The force which results from all the forces acting on a body is defined as t
net force It is important to remembdat forces are vector quantities. hgv analyzing
various forces you must account for both the magnitude (displacement) of the force as well
the direction inwvhichthe force is applied. As described in the previous chdbigis best
done using a free-body diagram.

To understand this morelearly, considethe bookresting on the table in section A of
Figure 5.

11
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Fapp N
—= — -
C D ( )
Fapp
W
Equilibrium Not in Equilibrium W = N (No friction)
FNeT = O FneT = Fape # O oo FNET = Faep

(A) (8) ()

Figure 5 Net Force

The book remains stationary resting on the table because thexettea normal force upward

equal to the weight of thHeook. Therefore, the net force on the book is zero. If a force is
applied to the book (section B of Figure 5), and the effect of friction is neglected, the net force
will be equal to the applieidrce, and the book will move in the direction of the applied force.
The free-body diagram in section C of Figure 5 showsthigaiveight (W) of théook is
canceled by the normal force (N) of the table since they are equal in magnitude but opposite in
direction. The resultant (net) force is therefore equal to the applied fggge (F ).

Equilibrium

Since an object in equilibrium is considered to be in a state of balance, it can be surmised that
the net force on the object is equaksro. That is, if the vector sum of all the forces acting
on an object is equal to zero, then the object is in equilibrium.

Newton's first law of motion describes equilibrium and the effect of force on a body that is in
equilibrium. Thatlaw states'An objectremains atest(if originally atrest) ormoves in a
straight line with a constant velocity if the net force on it is zero." Newton's first law of motion
is also called the law of inertidnertia is the tendency of a body to resist a change in its state
of motion.

12
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The first condition oequilibrium, aconsequence of Newton's first lamvay bewritten in
vector form, "A body will be in translational equilibrium if and onlyhié vector sum of forces
exerted on a body by the environment equals zero."

For example, if three forces act on a body it is necessary for the following to be true for the
body to be in equilibrium.

F,+F +F =0 (4-3)

This equation may also be written as follows.

YF =0 (4-4)

This sum includesll forces exerted on the body by its environment. vidreshing of this
vectorsum is a necessary condition, callee first condition o&quilibrium, that must be
satisfied in order to ensure translational equilibrium. rgetidimensionsx(y,2, the component
equations of the first condition of equilibrium are:

>F, =0 XK, =0 XF, =0 (4-5)
This condition applies to objects in motion witbnstant velcity and to bodies at rest or in

static equilibrium (referred to as STATICS).

Applying the knowledge that an objectaguilibrium has anet force equal taero, the
following example can be solved:

Example:

The object in Figure 6 has a
weight of 125 Ibf. The object
is suspended by cables 4s
shown. Calculate the tension
(T, in the cable at 30°with
the horizontal. IE

Figure 6 Hanging Object

13
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The tension in a cable is the force transmitted by the cable. The tension at any point in the cable
can be measured by cutting a suitable length from it and inserting a spring scale.

125 Ibf

Figure 7 Free-Body Diagram

Solution:
Sincethe object and its supporting cables are motionless (igqguitibrium), weknow
that the net force acting on the intersection of the cabkesas The fact that the net
force is zerdells us hat thesum ofthe x-components of, T ,,T ,and T is zero, and the
sum of the y-components of T, T, angd T is zero.

ZFX=T1X+T2X+T3X=O
ZFy=T1y+T2y+T3y=O

The tension T is equal thhe weight of the object, 126f. The x andy components of the
tensions can be found using trigonometry (e.g., sine function). Substituting known values into the
second equation above yields the following.

YF, = (T, sin30°) + (T, sin180)) + (T, sin270) = 0
(T)(0.5) + (T,)(0) + (125 Ibf)(-1) = O

0.5T, - 125 Ibf = O
0.5T, = 125 Ibf
T, = 250 Ibf

A simpler method to solve this problenvolves assigning a sign conventionthe free-body
diagram and examining the direction of the forces.

14
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By choosing(+) as the upwardirection and(-) as the downward direction, the student ca
determine by examination thatthe upward component of T is 4 T sirf30 , 2) the tensjon T
is -125 Ibf,and 3) T has ng- component. Therefore, usitige same equation as before, we
obtain the following.

ZFy = (T, sin30°) -1251Ibf =0
0.5 T, = 125 Ibf
T, = 250 Ibf

1

If the sum ofall forces acting upon a body is equalz&ro, thatbody is said to be in force
equilibrium. If the sum of all the forces is mamjual to zero, any force or system of forces capab
of balancing the system is defined agquilibrant

1%

Example:

A 2000 Ibm car is acaglating (on a frictionless surface) at a rate of 2 ft-sec. What forjge
must be applied to the car to act as an equilibrant for this system?

Solution: a. Draw a free-body diagram.
N
A
F 4,% = ® W Fy=?
\_/ \
J
W

Figure 8 Free-Body Diagram

b. A Force, £, MUST be applied in the opposite direction,to F such that {pe
sum of all forces acting on the car is zero.

) Forces=F, +F, +N+W=0

15
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Since the caremains orthe surface, forces N and W are in equal and
opposite directionsForce 5 must bapplied in an equal and opposite

direction to F in order for the forces to be in equilibrium.

F,=F = ma (2000lbm x 2ftse®) + 32.17 ft-lom

9. Ibf -sec
= 124 Ibf

Summary

The concepts presented in this chapter are summarized below.

Force Equilibrium Summary

The force that is the resultant force of all forces acting on a body is defin
the net force.

If the vector sum of all the forces acting on an object is equal to zero, the
object is in equilibrium.

The first condition ofequilibrium isstated as folls: "A body will be in
translational equilibrium i&ndonly if the vectoisum of forcegxerted on a
body by the environment equals zero."

F+F+K =0
or
YF=0

Any force or system of forces capablebafancing a system gbat the net
force is zero is defined as an equilibrant.

od as

N the
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TYPES OF FORCE

When determinindpow anobject reacts to a force or forces, it is important to
understand the different types of forces that may act on the object.

EOC 1.6 DEFINE the following:
a. Tensile force
b. Compressive force
C. Frictional force
EO 1.7 EXPLAIN the difference between a static-frictionforce and a

kinetic-friction force.
EOC 1.8 STATE two factors that affect the magnitude of the friction force.

EOC 19 EXPLAIN the difference between centripetalorce and
centrifugal force.

The previous section discussed the equilibrium of forces as they act on bodies. Recalling
a force is defined as\aector quantitythat tends to produce acceleration of a body in the
direction of its application, it is apparehtat the student must be acquainted with the various
types of forces that exist mrder to construct a corretree-body diagram and apply the
appropriate equation. A force is applied either by direct mechanical contact or by remote act

Tensile and Compressive Forces

In discussing the types of forces, a simple rule is used to determine if the force is a tensile
compressive force. If an applied force on a member tends to pull the member apart, it is sa
be intension If a force tends to compress the member, it@®@mpression It should also be
mentioned that ropes, cables, etc., that are attached to bodies can only support tensile loads
therefore such objects are in tension when placed on the free-body diagram. In addition, w
a fluid is involved, it should benderstood thafluid forces are almosilways compressive
forces.

Friction

Another type of force often used in classical physics is the force resulting from two surfaceqji

contact, where one of the surfaces is attempting to move parallel to or over the other surf:
Such forces are referred tofastion forces There are two types of friction forces: those due
to dry friction, sometimes called Coulomb friction, and those resulting from fluid friction.
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Fluid friction develops between layers of fluid moving at different velocities. This type of frictional
force is used in considering problems involving the flow of fluids through pipes. Such problems are
covered in the Fundamentals Manual on fluid flow. In this section, problems involving rigid bodies
which are in contact along dry surfaces are considered.

The laws of dry friction are best understood by the following experiment. A block of weight W is
placed on a horizontal plane surface (see Figure 9). The forces acting on the block are its weigh
W and the normal force N of the surface. Since the weight Hasrizontal component, the normal
force of the surface also has no horizontal component; thereactherefore normal to the surface
and is represented by N in part (a) of the figure. Suppose now, that a horizontal force P is appliet
to the block (see part (b)). If P is small, the block will not move. Some other horizontal force must
therefore exist which balances P. This other force is the static-friction force F, which is actually the
resultant of a great number of forces acting over the entire surface of contact between the block an
the plane. The nature of these forcasoisknown exactlyput it isgenerally assumetiat these
forces are due to the irregularities of the surfaces in contact and also to molecular action.

W W
| | F Equilibrium: Motion
l l '
|
P o - Fm
'__
k
/ % / |
F |
|
|
N N |
P
(a) (b) (c)

Figure 9 Frictional Forces

If the force P is increased, tlfiiction force F also increases, continuingagpose Puntil its
magnitude reaches a certain maximum vajyésEe part (c) of Figure 9). If P is further increased,
the friction force cannot balance it any more, and the block starts sliding. As soon as the block ha
been set in motion, the magnitude of F drops frgm F to a lower value F . This is because there i
less interpenetration between the irregularities of the surfaces in contact when these surfaces mo
with respect to one another. From then on, the block keeps sliding with increasing velocity (i.e., it
acceleratesyvhile thefriction force,denoted by f andalledthe kinetic-friction force remains
approximately constant.

18
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Experimental evidencehows that themaximum value F, ofthe static-friction force is
proportional to thenormal component N dhe reaction of the surface, as shown in Equation
4-5.

Ry = M N (4-5)

The term Y is a constant called the coefficient of static friction. Similarly, the magnitude F
the kinetic-friction force may be expressed in the following form.

Fe = B N (4-6)

The term | is @onstant called the coefficient of kinetic friction. The coefficients of friction,
Ms and |k , do not depend upon the area of the surfaces in contact. Both coefficients, howe
depend strongly on the nature of the surfaces in contact. Since they also depend upon the
condition of the surfaces, their value is seldom known with an accuracy greater than 5 perc
It should be noted thdtictional forcesare alaysopposite in direction to the motion (or
impending motion) of the object.

Centripetal Force

An object moving at constant speed in a cirgle
is not in equilibrium. Although the magnitude
of the linear velocity is notchanging, the
direction of velocity is continually changing
Since a change in direction requirgs
acceleration, an objechoving in a circular
path has a constant acceleratiowards the
center of the circular path.

Recdling Newton's second law of motion, F 3
ma, a force is required to cause acceleratipn.
Therefore, to have constant acceleration towards
the center of the circular path, there must be a|net
force acting towards the center. This forcel|is
known as centripetal force. Without this force, an
object will move in a straight line. Figure 1
llustrates the centripetal force. Figure 10 Centripetal Force
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Centrifugal Force

Another force,which appears
to be opposite the direction of
motion, is the centrifugal force
acting on an object that followg
a curved path. This force

appears to be a force directed
away fromthe center of the

. .. Centripeta Apparent
circular path. This is actually & force cem{trifugo\
orce

fictitious force, but is an
apparent force that is used tp
describe the forces present due
to an object's rotation.

To better understand
centripetal and centrifugal
forces, consider that a string is Figure 11 Centrifugal Force

attached to thplane in Figure

10. As the plane rotates about the center, the string places a centripetal force on the plane. This
causes the plane's velocity to change in direction, thus causing it to travel in a circle.

The apparent outward force
centrifugal force, seems to pu ¢
the plane away from the cente —
shown in Figure 11. This is thg
sameapparent outward force
one feels when riding in a car
when the car travels in a circle.
It can be proven that
centrifugal force is not an
actual force by cutting the
string. In doingso, theplane
will fly off in a straight line that
is tangent to the circle at the
velocity it hadthe moment the
string was cut. If there were an
actual centrifugal force present,
the plane would not fly away in Figure 12 Loss of Centripetal Force
a linetangent to the circle, but

would fly directly away from

the circle (see Figure 12).

Centripetal force
goes to zero

20
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Summary

The concepts of this chapter are summarized below.

Types of Force Summary

. A tensile force is an applied force that tends to pull an object apart.
. A compressive force is an applied force that tends to compress an object
. Frictional force is the force resulting from two surfaces in contact, where orje of

the surfaces is attempting to move with respect to the other surface.
. Static-frictional forces are thoggctional forcespresent when an object i
stationary, whereas kinetic-frictional forca® thosédrictional forces present
between two objects that are moving.
. The magnitude of the frictional force is affected by the following:
- Weight of the object being moved
- Type of surface on the object being moved
- Type of surface on which the object is moving.
. Centripetal force is the force on an objewtving in a circulapath that is
directed towards the center of the path, whereasehg&ifugal force is the

fictitious force hat appears to be directadiay fromthe center of the circular
path.
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ENERGY AND WORK

Energy is the measure of the ability to do work or cause a change. Work is a
measure of the amount of energy required to move an object.

EO 11 DEFINE the following terms:
a. Energy
b. Potential energy
C. Kinetic energy
d. Work

EOC 1.2 STATE the mathematical expression for:
a. Potential energy
b. Kinetic energy
C. Work

EO 1.3 For a mechanical system, CALCULATE energy, work, and
power.

Energy

Energyis defined as the measure of the ability to do work. Energy determines the capacity
a system to perforrwork and may betored invarious forms. Some of the mdoasic
mechanical systems involve the concepts of potential and kinetic energy. Both of these ter
will be explainedmorefully later in this chapterMore advanced systenmsayincludeother
types of energy such as chemical, electromagnetic, thermal, acoustic, and nuclear. A piledri
hammer performwork byvirtue of itsfalling motion. Coal burned infassil-fueledpower

plant is undergoing energy release by engalreaction. Fuel elements in a nucleaower
reactor produce energy by a nuclesaction. For the purposes of this course, our discussions
will be limited to mechanicadnd thermal forms of energg.g., heat). It should be noted,
however, that the principles involved with energy calculations are similar for all types of energy.

Both thermal and mechanical energy can be separated into two categories, transient and stg
Transient energy is energy in motidhatis, energy beingransferred from one place to
another. Stored energy is the energgitained within a substanceabject. Both of these
categories of energy will be discussed in this module.

Potential Energy

Potential energys defined as the energy stored in an object because of its position. An examp
is the potential energy of an object abtwe surface of the earth in the earth's gravitational
field. Potential energy also applies to enatgg to separation of electrical charge and to
energy stored in a spring, in other words, energy due to position of any force field.
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As an example, considdre energy stored imydrogen and oxygen as potential energy to be
released on burning. Burning changes their relative separation distance from the elemental form
to the compound form as water releases the potential energy.

When discussing mechanigabtential energy, we look at the position of an object. The
measure of an object's position is its vertical distance above a reference point. The reference
point is normally the earth's surface, ban it be any point. The potential energy of the object
represents thevork required to elevate the objectttat position from theeference point.
Potential energy is mathematically represented by Equation 5-1.

PE = work to elevate = weight x heigifltm—gz (5-1)
C
where:
PE = potential energy in ft-Ibf
m = massinlbm
g = 3217 ft/set
g. = 32.17 (Ibm-ft)/(Ibf-set )
z = height above a reference in ft

It should be noted the.g is used only when using the English system of measurement.

Example: What ighe potential energy of a #m object suspended 10 feet above the
ground?
pEg - Mgz _ (50 lbm)| (32.17 ft| ( 10 ft lbf -seé
9. 1 se@ 1 32.17 lbm-ft
Answer: PE = 500 ft-Ibf

Kinetic Energy

Kinetic energy is defined as the energy stored in an object because of its motion. If you have
a baseball in your hand, it has no kinetic energy because it is not moving. But if you throw the
ball, your hand has provided energy to give the ball motion. When you release the ball, it leaves
your hand at some velocity. The energy you have given the ball will determine the velocity of

the ball. Because the kinetic energy is duta¢omotion of the object, and motion is measured

by velocity, kinetic energy can be calculated in terms of its velocity, as shown below.

KE = MV° (5-2)




Basics of Engineering Mechanics - M03-020

where:
KE = Kkinetic energy in ft-Ibf
m = massinlbm
v = velocity in ft/sec
g. = (32.17 lom-ft)/(Ibf-s€9
Example: What is the kinetic energy of a 10 Ibm object that has a velocity of 8 ft/sec?
kg - mv2 _ (10 Ibm) (8 ft) *| Ibf-sed
29, 2 sec 32.17 lbom-ft
2 _
KE = (5 Ibm) 64 ft Ibf -seé
se@ 32.17 lbm-ft
Answer: KE = 9.95 ft-Ibf

The kinetic energy of an object represents the amount of energy required to increase
velocity ofthe object from rest (v = 0) to its final velocity, or the work it can do as it pushes
against something in slowing down (waterwheel or turbine, for example.)

Thermal Energy

Thermal energys that energy related to temperature (the higher the temperature, the great
the molecular movement, and the greater the energy). If one object has more thermal ene
than an adjacent substance, the substance agjttee temperature will transfer thermal energy
(at a molecular level) tthe other substance. Note that the energy is moving from one plact
to another (it is in motion) and is referred to as transient energy or, more commonly in the ca
of thermal energy, heat.

The only stored energy in a solid material is internal energy. Internal enéngyasergy
stored in a substance because of the motion and positioa jpérticles of the substance. Heat
and internal energy will be caesl in the Fundamentals Manual on Heat Transfer, Fluid Flow,
and Thermodynamics.

Mechanical Energy

Mechanical energys energy related to motion or position. Transreathanical energy is
commonlyreferred to as workStoredmechanical energy existsame of two forms: kinetic
or potential. Kinetic and potential energy can be found in both fluids and solid objects.
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Work

Work is commonlythought of asny activity requiringexertion. However, thdefinition in

physics is much more specifit¢vorkis done by a force acting on a moving object if the object
has some component of motion in the direction of the force. Work can be done BY a person,
a machine, or an object by applying a force and causing something to move. More specifically,
work is done by a force acting on a moving object if the object has some component of motion
in the direction of the force. Work can be done ON an object by applying a force that causes
it to move. For example, if you push on a box (apply a force) and it moves three feet, work has
been performed BY you to the box, while work has been performed ON the box. If you push
on the box and it does notove, therwork, by our definition, hasot beeraccomplished.

Work can be defined mathematically by Equation 5-3.

W=Fxd (5-3)
where:

W = work done in ft-Ibf

F = force applied to the object in Ibf

d = distance the object is moved (in ft.) with the force applied
Example: You push a large box for threautes. During that time, you exert a constant

force of 200bf to the box, but it doesot move. How muchwork has been
accomplished?

W = Fxd
W = 200 Ibfx 0 ft
W = O ft-Ibf work done

Remember that if no movement is achieved, no work has been accomplished. Even if you feel
fatigued, no work has been done. Work can be thought of as what has been accomplished. If
nothing is accomplished, then no work has been done.

Example: You push the same box as mentioned above. You apply a horizontal force of
200 Ibf tothe box, and the box moves five feet horizontally. How much work
have you done?

W = Fxd
W = 200 Ibfx5ft
W = 1000 ft-Ibf

In this case, workan be described asrk done by the person pushitite box or work
performed on the box. In either case, the amount of work is the same.
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Summary

The main points covered in this chapter are summarized below.

Energy and Work Summary
. Energy is the ability to do work.

. The work done by a force on an object is the product of the force and thie
distance the object moves in the direction of the force.

. Kinetic energy is the energy an object has because of its motion.
mv? 1 2

. KE = —— or KE==mv
29, 2

. Potential energy is the energy of an object due to its position.

. pE - 92
9
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LAW OF CONSERVATION OF ENERGY

Energy does not simply appear and disappeaerdgnis transferred from one position
to another or transformed from one type of energy to another.

EOC 14 STATE the First Law of Thermodynamics, "Conservation
of Energy."

Conservation of Energy

The First Law of Thermodynamics is simply stated "energy cannot be created or destroyed, only
altered in form." In the previous chapter, we discussed potential energy, where a force is applied
to an object, raising it from some point of origin to some height. The energy expended in raising
the object is equivalent to the potential energy gained by the object because of its height. This
is an example of &#ansfer of energy asell as aralteration of the type of energy. Another
example ighrowing a baseballWhile the ball is in your hand, it contains kioetic energy.

You apply a force to the ball by throwing it. The ball leaves your hand with a velocity, giving

it kinetic energy equal to the work applied by your hand. Mathematically, this can be described
by the following simplified equation.

Energ%itial + EnergMded - EnergMnoved = Eneﬁgy (5'4)
where:

Energy,,, IS energy initiallgtored in an object/substanc&his energy can exist in
various combinations of kinetic energy and potential energy.

Energy.q IS energy added to the object/substance. Heat can be added. Energy can be
added in the form of stored energy in any mass added, such as water to a fluid system.
Work can be done on a system. Heat is energy gained or lost at a micresebpic

Work is the same at a macroscopic level.

Energy.moeq IS €nergy removed from an object/substance. Heat can be rejected. Work
can be done by the system. This energy can be in the form of energy stored in any mass
removed.

Energy,, is energy remaining within the object/substance after all energy transfers and
transformationsoccur. This energy can exist in various combinations of kinetic,
potential, flow, and internal energy.
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To further describe each of the components of the above equation, each component caj be
broken down as follows:

Energya = KE + PE

Energy,geq = Work done on and heat added to the system
Energy.moved = Work done by and heat removed from the system
Energy,.. = KE, + PE

The resulting energy balance is provided in Equation 5-5.
KEl + PEl + Edded - Eremoved = KEZ + Pg (5'5)

Neglecting anyheat removed or added to a system, we can replagge,E ane.E N
Equation 5-5 with their associated work terms to obtain Equation 5-6.

KE, +PE +W,, =KE +PE +W (5-6)

The final energy balance is called"simplified energybalance." Any energybalance is a
statement of the Law of Conservation of Energythisisimplified form, thebalance applies
only to mechanical problems, since we neglected heat. However, more specific energy bala|ces
that include heat will be discussedther Fundamental Manuals. For example, specific energy
balances forflow systems will be discussed ithe Heat Transfefluid Flow, and
Thermodynamics modules.

Summary

The law of conservation of energy is summarized below.

Conservation of Energy Summary
. Energy cannot be created or destroyed, only altered in form.

. Simplified energy balance:

KEl + PEl + Edded = KE2 + Pg + %moved
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POWER

Power is ameasure of the rate at which energy is used. Thermal power is the term
used to refer to the transfer of heat. Mechanical power is the term used to describe
when work is being done.

EO 11 DEFINE the following terms:
e. Power
EOC 1.2 STATE the mathematical expression for:
d. Power
EO 1.3 For a mechanical system, CALCULATE energy, work, and
power.
Power

Power is defined as the amount of energy used per unit time or rate of doing work. It has the
units of watt, Btu/hr, horsepower, or ft-Ibf/sec.

Thermal Power

Thermalpower is the measure dhermal energy used per unit time. It is the rate of heat transfer
or heatflow rate. Examples of thermglowerunits areBritish Thermal UnitgBtu) or kilowatts
(Kw). Thermal power is calculated basically by the mathematical expression of:

heat used

Thermal Power = —————
time required

Thermal energy and calculations of thermal power will be covered in ei@itid the Fundamentals
Manual for Heat Transfer, Fluid Flow, and Thermodynamics.
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Mechanical Power

Mechanical energy used per unit time is caftethanical power Mechanical power is the rate |t
whichwork is done. Mechanical poweragpressed in units of joules/sec (joules/s) or a watt{JW)

in the mks system, and fegbeunds force per secoft-Ibf/s) or horsepower (hp) in tienglish
system. Mechanical power can be calculated using the following mathematical expression

work done

Power = — -
time required

Because work can be defined as force times distance, we can also use the following equalf
p-Fd (5-6)
t
where:
P = Power (W or ft-Ibf/s)
F = Force (N or Ibf)
d = distance (m or ft)
t = time (sec)

One horsepower is equivalent360 ft-Ibf/s and 745.Watts. Because in the equatiaiboved
divided byt is the same as velocity, an alternate description of power is as follows.

Fv
P=— 5-7
550 (5-7)
where:
P = power (hp)
F = force (Ibf)
v = velocity (ft/s)

When usingequations 5-6 or 5-7, you must eitlasssume force and veloci#ye constant or thg
average values of the force and velocity are used.

on:
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Example 1:

Example 2:

A pump provides a flow rate ofa@) gpm.The pump does 1.5 x 10 ft-Ibf of work
every 100 minutes. What is the power of the pump in hp?

work done
time required

p_|15x 1@ ft-Iof 1 min 1 hp
100 min 60 se 550 ft-Ibf/sec

45.5 hp

Power =

a)
Il

A boy rolls a ball with a steady force of 1 Ibf, giving the ball a constant velocity of 5
ft/s. What is the power used by the boy in rolling the ball?

. FV

550

P - (1 Ibf) (5 ft/sec)
550

T
Il

9 x 103 hp

10
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Example 3: A ace cartraveling at constant velig can go onequartermile (1455 ft) in 5
seconds. If the motor generating a force of 18%f pushing the car, what is th
power of the motor in hp? Assume the car is already at full speed at t=0.

F):ﬂj

t

b _ | (1890 Ibf)(1455 ftﬂ [ 1 hp

5 sec 550 ft-Ibf/sec
P = 1000 hp
or
- B
550

P - (1890 Ibf)(291 ft/sec)
550

P = 1000 hp

Summary

The main points of this chapter are summarized below.

Power Summary
. Power is the amount of energy used per unit time.

work done

. Power= ———
time required

11
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end of text.
CONCLUDING MATERIAL
Review activities: Preparing activity:
DOE - ANL-W, BNL, EG&G Idaho, DOE - NE-73
EG&G Mound, EG&G Rocky Flats, Project Number 6910-0016

LLNL, LANL, MMES, ORAU, REECo,
WHC, WINCO, WEMCO, and WSRC.
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