Work

Readings: Chapter 11



Newton’s Second Law: Net Force iIs zero — acceleration iIs zero —
velocity iIs constant — Kinetic energy is constant

1
F.=0 = a=0 = v=const = K=§mv2=const

Newton’s Second Law: If Net Force is not zero then: What is the
relation between the change of Kinetic energy and the Net Force?
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F AS=EmAV2 = AK
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Where AS = VALt -displacement
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AS = Xz — X,
If |:net = const then
1 1,

F . (Xg —X,)=AK =§mv§ — 5 mv,

This equation gives the relation between the displacement and
velocity. It is the same equation as

Vé _Vi = Za(XB - XA)

for the motion with constant acceleration (constant net force)
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If F =%const then we have integral

net

If the net force depends also on the velocity then the relation becomes more
complicated

X
FnetAS or I Fnetdx Is the Work done by net force



A constant force acts on F
the particle as it moves.

5 Then Work is

" F W =F As = F cosfAs

This combination is called the
dot product (or scalar product)
] of two vectors

E 1s the component of F in the

direction of motion. It causes the

particle to speed up or slow down. F cos@As = F - AS
T T ]
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Dot Product

a Dot product is a scalar:
) a-b=abcosd

—

b

If we know the components of the vectors
then the dot product can be calculated as

<

d-b=apb +ahb,

If vectors are orthogonal then dot product is zero a

0 =90° = cos@d=0 5.b=0 90 p



Dot Product: properties 3.b =abcos@

(cd)-b=c(a-b)=cabcosé 5
= 2=\ h_2 .2 R 0
(a,+d,)-b=8&-b+a,-b -
b
Dot product is positiveif & < 90° coséd >0
Dot product is negative if @ > 90° cosd <0

The magnitude of § is 5, the magnitude of 6 Is 2, the
angle @ is 60°

What is the dot productof § and b

3-b=5-2c0s60° =5-2%=5



Work produced by a force, acting on an object, is the dot product
of the force and displacement

final

point Work has the same units as the energy:
W=F.A5 W= [ FAS - m g m?

initial 1 J=1N-m=1 m=1

point SZ S2

Example: What is the work produced by the tension force?

) ) T =10N
T T
Before: After: AsS=100m
45° 45°
L @ = 45°
W =T-AS =TAscos@ =
— g =10-100c0s45° =
Ar— 100 m j =707N-m=707%
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Work produced by a NET FORCE is equal to a change of KINETIC
ENERGY (it follows from the second Newton'’s law)

—F .AS=AK =K

net net final ~

K

initial

The NET FORCE is equal to (vector) sum of all forces acting on the
object

—

F.=F+F+..

net

then
W _ =(F+F,+.) AS=F -AS+F,-AS+..=W, +W, +...= AK

so the sum of the works produced by all forces acting on the object is
equal to the change of kinetic energy,

W, +W, +...=AK
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Example: What is the change of kinetic energy? Or what is the
final velocity of the block if the initial velocity is 5 m/s? The mass

of the block is 5 kg.

7 P
Before: After: orces.
n
450 . 450 normal force !
gravitational force W
tension T
.—,. = x T =10N g = 45°

AS=100m

Work produced by the net force is equal to the change of kinetic energy.

—

- . 1 1 . = L
=F  -AS=AK ==mv: —=mv’ Since F_=A+W+T then

W, =W +W_ +W, =7 -AS+W-AS+T-AS =TAscosd
W_=fi-AS =0 W, =W-AS =0 W, =T-AS =TAscosgd “



Example: What is the change of kinetic energy? Or what is the
final velocity of the block if the initial velocity is 5 m/s? The mass

of the block is 5 kg.

7 P
Before: After: orces.
s i . normal force n
N 45 Py 45 o .
gravitational force W
tension T
.—,. = x T =10N g = 45°
N AS ‘f
1, 1, 1
As =100m —mvi =—mv, +W_. =—mv’ +TAscosé
2 2 2
T cos@
Vi=V'42 A

m
This problem can be also solved by finding acceleration (this is the
motion with constant acceleration). Then

T cosé 12
Vi =V’ +2aAs =

m




Example: Free fall motion.

Forces:
Yi [ gravitational force W
W . Work produced by the net force (gravitational
AS force) is equal to the change of kinetic energy.
P I ® W_ =F_ -AS=AK =£mv§ —imvi2
2 2
— —_ 1 2 1 2
W, ., =W, =W-AS =mygAs=mgy(y, — yf)=§mvf —Emvi
then

1 o 1
My, +2 Mv; =mgy + - mv;

Conservation of mechanical energy

Work produced by gravitational force can be written
as the change of gravitational potential energy




Not for all forces the work can be written as the difference between
the potential energy between two points. Only if the force does not
depend on velocity then we can introduce potential energy as

W =F.A§=U U

initial ~ ~ final

Potential energy depends only on the position of the object

Potential energy U,
B It means also that the work done

by the force does not depend on
the trajectory (path) of the object:

W :WpachZUA_U

pathl B

Such forces are called conservative forces

Potential energy U,
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Potential energy U,

Conservative Forces B

Example 1. Gravitational Force

U =mgh
Example 2: Elastic Force
X ¢ X ¢ X Xt
W = I FdX - _“ (—kX)dX - _k7 = Pciential energy U,
)(i2 Xi 2
=k?_k7zuinitial_ufinal U=kX—
2

Nonconservative (dissipative) forces

Example: Friction

Direction of friction force is always opposite to the direction of velocity, so
the friction force depends on velocity.

The work done by friction force depends on path.
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If we know force we can find the corresponding potential energy
Potential energy U, W = |E . A§ = —AU = —(U final — U initial)

B

We assume that the potential (for example)
at point Ais 0, then the potential energy at
point B is

B B
Uy =Ug—[F-ds=-[F.ds
i A A
Potential energy U,
If we know potential we can find the forceas F = _&
i AS y
Example: Gravitational force: U =mgy Fy = —%Ay =—-—Mng
y
X KA(X?/2
Example: Elastic force: U=k— F =-— ( ) = —kX
2 " AX

The exact relation between 8U(X, Y, 2) oU(X,V,z) E - ou(x,VY,2)
the force and potential: Fo=- ox Fy=- By z T 67



Nonconservative (dissipative) forces

Example 1: Friction

Direction of friction force is always opposite to the direction of
velocity, so the friction force depends on velocity.

The work done by friction force depends on path.

Fk Wpathl =—f,s,— f,5, =—1, (s, +5,)

path ’) Wpath2 == kaB

S3 # (Sl + SZ)

A W pathl = W path2

Example 2: External Force 17



The work done by the net force Is equal to the change of kinetic
energy.

The net force Is the sum of conservative forces (gravitational force,
elastic force, ...) and nonconservative force (friction force ..). The
work done by conservative forces can be written as the change of
potential energy. Then

Wnet = Fnet -AS =
— |:conservative ) AS + |:nonc:onservative ) AS —
— Uinitial -U final + |:nonconservative -AS =K final — Kinitial
|:nonconservative ) AS - (U final + K final ) _ (U initial + Kinitial ) -
= Emech,final _ Emech,initial

Work done by nonconservative forces is equal to the change of
mechanical energy of the system (sum of Kinetic energy,
gravitational potential energy, elastic potential energy, and so on).



Example
=0

initial

Work done by friction force is equal to the change of mechanical
energy:

friction mech, final _ mech,initial

W pigion = [ T -05 = E E =-—mgh
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Nonconservative forces: friction (dissipative) forces and external
forces.

Friction force decreases the mechanical energy of the system but
Increases the TEMPERATURE of the system — increases thermal

energy of the system. Then

|:friction ) AS = Ethermal,initial _ Ethermal,final
|:nonconservative ) AS = I:external ) AS + Ethermal,initial — Ethermal,final =
= Emech,final — Emech,initial

—

|:external ) AS = (Emech, final + Ethermal , final ) _ (Emech,initial + Ethermal nitial )

Work done by external forces is equal to the change of the total
energy of the system (mechanical + thermal)



Work done by external forces is equal to the change of the total
energy of the system (mechanical + thermal)

Thermal energy is also a mechanical energy — this is the energy of
motion of atoms or molecules inside the objects.

—

|:external ) AS = (Emech, final + Ethermal , final ) _ (Emech,initial + Ethermal Jnitial )
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