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Out lines of studies:

* Review of physical iIn measurement and
terminology

* \ectors

* Motion In two and three dimension

* Force and work

* Energy and motion

* Center of mass and linear momentum

» Rotation

* Rolling torgue and angular momentum
* Oscillation



Physics &Measurement
»\What Is physics?

» Measurements in physics

» S| Standards

» Accuracy and Precision



What Is physics?

A way of describing the physical world.

[ Physics comes from the Greek “physis”
meaning “nature” and the Latin “physica”
meaning natural things.

dPhysics Is understanding the behavior and
structure of matter.



Physical in measurement

« Science and engineering are based on measurements and
comparisons.

* We discover physics by learning how to measure the
guantities involved Iin physics.

« we have two types of physical quantities.

» Fundamental quantities
» Derived quantities



Fundamental Derived

* These are independent « These are dependent on
Fundamental

* Eg: Mass, Length, Time * Eg: area, volume, density,
yeeee force,....

« They have fundamental « They have derived units
units like kg = mass like
m - Length m? - area
S > Time m3 > Volume

kg/m3 = Density



The International System of Units ( Sl )

In this course we shall use the SI (system international)
system of units as follows:

« Many Sl derived units are defined in terms of these
base units. Table 1-1 shows the units for the three base
guantities - length, mass, and time .

Parameter unit Symbol
Length meter m
Mass kilogram Kg

Time second S



SI Unit Prefixes - Part |

Name Symbol Factor
deci- d 10-
centi- C 10-2
milli- m 10-3
micro- u 106
nano- n 10-°
pico- o 10-12
femto- f 10-1°




SI Unit Prefixes - Part |1

Name Symbol Factor
tera- T 1012
giga- G 109
mega- M 106
Kilo- k 103
hecto- h 102
deka- da 10




Fundamental SI units

Quantity Unit Symbol
Length meter m
Mass kilogram kg
Temperature kelvin K
Time second S
Amount of mole mol
Substance

Luminous Intensity |candela cd
Electric Current ampere A




Derived S| Units (examples)

Volume cubic meter m?>

Density kilograms per kg/m?>
cubic meter

Speed meter per second |m/s

Newton kg m/ s? N

Energy Joule (kg m?/s?) |J

Pressure Pascal (kg/(ms?) |Pa




The Length

* The definition of the meter (abbreviated m) is the
distance that light travels in vacuum in 1/ 299,792,458
second.

Measuring the meter

0:00 s 0:01 s
Light >
source Light travels exactly

299,792,458 min 1 s.



Range of length
s IR 105 108 1010 101 102%

Diameter ~ Diameter Radius of Distance of Radius of
of proton of atom the earth Earthto sun  Observed universe

Some typical lengths in the universe. (f) is a scanning tunneling microscope image of atoms on a crystal surface; (g) is an artist’s

impression.

()10% m

Limit of the (b)10" m
observable Distance to (©)10"m
universe the sun Diameter of (d)I m

the earth Human _
dimensions Diameter of a (f)10- 10
red blood cell Radius of an (g)10" 4
atom Radius of an

atomic nucleus



The time

-1t i1s based on an atomic clock, which uses the energy
difference between the two lowest energy states of the
cesium atom.
- (g O ABURY 5 Al andiad A g ALl Asludl e ading ¢l
p 5 Sl 84 (il (y glica
- The SI unit of time Is Second (abbreviated s) is defined as
the time.

-One second is the time taken by 9 192 631 770 oscillations
of the light (of a specified wavelength) emitted by a
cesium-133 atom.



Range of Time

1024 102 1020 1Q-18 10-8 100 1018 1018 1018 1020 S

L | | | [

Heart beat  Age ofthe earth Age ofthe universe

Passageof  Passage of Passage of
Light across~ Light across Light across
Anucleus An atom Aroom

lday=24hours

1hour=60minutes

1 minute = 60 seconds

Thus: 1day 24x 60 x60 = 86400 s



The mass

 The SI unit of mass Is the

Kilogram, which 1s defined as the mass of a
specific platinum- iridium alloy cylinder.

Range of masses

10-% 108 102 107 1040 104 102 Kq
electron  Grain of sand/ Mass of Mass of Mass of the

Observed

Milky way gala
Blood corpuscle the earth ky way galaxy Universe



Some Units of Length, Mass, and Time

Length Mass Time
| panomeler = 1om =107 | micropram =1 pg = 10'6g - 10" ke Inanosecond = lns = 107
(a few times the size of the largest aom) (mass of a very small dust particle) (time for ight o travel 0.3 m)
| micrometer = | um = " | milligram = 1mg = 10'3g SN ke I'microsecond = [ ps = 107
(stze of some bacterta and living cell) (mass of a grain of salt) (time for space station to move & mm)
| milineter = [mm=10"m lan =1y =107k | milliecond = s = 107
(diameter of the potnt of a ballpoint pen) (mass of a paper clip) (ttme for sound to travel 0.33 m)

| centimeler = 1em =107
(diameter of your little finger)

 kilomeler = 1km = 10°m
(a 10-minute walk)



Some Approximate Lengths

Measurement Length in Meters
Distance to the first galaxies formed 2 X 10%
Distance to the Andromeda galaxy 2 X 107
Distance to the nearby star Proxima Centauri 4 x 10
Distance to Pluto 6 X 10"
Radius of Earth 6 X 10°
Height of Mt. Everest 9 X 103
Thickness of this page 1 x10™*
Length of a typical virus 1 x107®
Radius of a hydrogen atom 5x 1071
Radius of a proton 1 X107P




« Example: Convert 5km to m:

* Multiply the original measurement by a
conversion factor.



Conversion between units

Kg.m.s2= 1000%100=10> g cm .52

Kg.m2.s2=1000*10000=10" g.cm2.s?

1 kwh = 3.6x10° J

1eV =1.602x10"%°J



Uncertainty in Measurement
Accuracy & Precision

There is no such thing as a perfectly accurate
measurement. Each and every measurement has
an uncertainty due to:

The observer <@ _all
he instrument 3_¢aY!
ne procedure used Axgiall Cis) aY)

Accuracy tells how close the measured value is to
the true value of the quantity.

Precision tells us to what resolution or limit the
guantity is measured.




E.g. suppose the true value of a certain length is
4.859 cm. In one exp, using instrument of precision
0.1 cm, the measured value found to be 4.7 cm, while
In another exp using instrument of precision 0.01
cm, the length found to be 4.56 cm.

o Here first measurement has more accurate
but less precision.

o Second measurement has more precision
but less accurate.



Bull’s eye game

0 @

Precise. not accurate )
Accurate, not precise

Meither precise nor accurate I

Both accurate and precise



Uncertainty or error
IN measurement

The difference in the true value and measured value is called error.
Types of error

 Random error

« Systematic error
Random error
usually random errors are caused by the person doing the experiment.
Causes —

— changes in the experimental conditions like temp, pressure or humidity
etc..

— A different person reading the instrument
Systematic error
This error is due to the system or apparatus being used.
Causes —

— An observer consistently making the same mistake
— An instrument with zero error



Measuring tools
Metre scale

Beam balance
Spring balance

Stop watch



Mathematical representation
of uncertainties

« Absolute error (Absolute uncertainty)

It is the magnitude of difference between true value of quantity and the measurement
value.

If p Is the measured quantity then absolute error expressed as +Ap

« Relative error (Fractional uncertainty)

The ratio of absolute error to the true value of the physical quantity is
called relative error.

Here =Ap_is the relative error.
P

« Percentage error (Percentage Uncertainty)

relative error X 100% = %g X 100%



Example:
mass of a body is (20 +£ 0.2) Kg. Here

absolute uncertainty = + 0.2 kg
relative uncertainty = 0.2 =+0.01

20
Percentage uncertainty =0.01 X 100% = 1%

So mass of a body = 20Kg + 0.01 or 20 kg+1%



Questions:

1- How do you find the units of acceleration?

h =gté/2 Solve this equation for g

2- Two bodies have masses (20 £ 0.2) Kg and (30 £ 0.4)
Kg. what is the total mass of these bodies?

3- Area of a rectangle field iIsA=1XDb,1=(200+5) m
and b = (50 £ 2) m. find the percentage error in A?



Lecture ¢2)

Vector and Scalar

Dr. Hind I. Al-Shaikh



Vector & Scalar

* Physics deals with a great many quantities
that have both size and direction, and it
needs a special mathematical to describe
those quantities.

Al d ilpas Cppand ) Lgaseadil (Say Ay Jall) cilsast
50 awal) ALS Jia Jadd Ly jlaBay Layans OSa 9
- ps
) ABLAYL Lealadl st ) zliad dgadial) 4l Wl
L2 10km/h gl 4 s Jia W ik



Scalars
Physical Quantities <
\Vectors

» A scalar is completely described by a number. Some physical
guantities, such as time, temperature, mass, and density, can be
described completely by a single number with a unit.E.g. mass (m),

temperature (T), etc
» A vector quantity Is a quantity that has both a magnitude and a

direction and thus can be represented with a vector.
A vector is completely described by : End paint

* Its magnitude 4
e |ts direction e e

Example: The displacement vector 4alj¥l 4aie
magnitude = 30 paces direction = northeast

A displacement vector is the simplest vector quantity which represent the change of
position. (Similarly, we have velocity vectors and acceleration vectors).



Vector notation

* A vector Is denoted either by an arrow on top or by bold
print. Example: The vector of acceleration a is

—_

written eitheras: @ oras. a Both methods are used

% The magnitude of a vector is denoted either by the symbol: |
| or by the symbol of the vector written with regular type.
Example: the magnitude of the acceleration vector can be
written either as: | 5 | or as: a

“ A vector Is represented by an arrow whose length Is
proportional to the vector’s magnitude. The arrow has the same

direction as the vector



Table 1. explained the scalar and vectors quantities

Vector Quantity | Scalar Quantity
Displacement Length
Velocity Mass
Force Speed
Acceleration Power
Field Energy
Momentum Work




Properties of VVectors
1- Adding Vector (geometric method)

» Suppose that, as in the vector diagram of Fig. a, a particle
moves from A to B and then later from B to C. We can
represent its overall displacement (no matter what its actual
path) with two successive displacement vectors, AB and BC.

» The net displacement of these two displacements is a single
displacement from A to C.

» We call AC the vector sum (or resultant) of the vectors AB and
BC. This sum is not the usual algebraic sum.

Fig.(a) AC is the vector Toaddzand
sum of the vectors AB| 2 5/ NI hosdto o
and BC. P“/’\Jh\/z_\ N

(b) The same vectors 4 N Nex dispiacemen: ™\ Tisisthe
relabeled. e vector s fomiaiors




> To add vector 4 to vector B
« Asshown in Fig. c the resultant

 The sum vector extends from the tail of the first vector
to the head of

the last vector
vector Is:

— — J J
R — A -I- B (a) (b)
Fig. c shows the resultant
Vector R.

» Notice that the vector addition obeys the
commutative law i.e. (il 4uald)
_}




» Notice that the vector addition obeys the
associative law. i.e. ¢l il g & A&N) Lpald)

2B LR (T L BNLE  eeeeceeees 2
A+(B +C)=(A4 +B)+C
—— — ge— —2% | eeeeecececoe 3
R=A4+(B +C)
2 '
S 1S e |
i ]
2001
L ! ! B L
S | - = |
T Izl —F1o [ a] & A \45" i
(& T3l =200 3 ) a4 | SsD |
a)
> |
=3 S pe i
20 |— i
10 s -
Mo 13
e - g 0 I : | , O6i jo
(& | 10 20 30 20 S50




2- \Vector subtraction

The vector subtraction4 — B'is evaluated as the vector subtraction
=3 =2 3 —
A-B=A4+(-B)

Where the vector —B is the B B
negative vector of g B + (—B) =0

To construct the vector difference 4 — E, you can either place the tail of — B at the head of A or place the two vectors A and B
head to head.

o

Subtracting B from A ... .. 1s equivalent to adding ~BoA A+(-B)= A-B
M A M
' I ' ) ' N
.:f § — ‘:{ _ﬁ — = B —_— = 5 3

With A and =B head to tail, ‘v‘vnh 1 and B head to head,

1 - If 15 the vector from H]e 1 - B |sthe vector fr om the
tail of A to the headof =B.  tail of . Ho the tail of B



Negative of a vector

We are given vector B and are asked to determine —-B
1. Vector —B has the same magnitude as B

2. Vector —B has the opposite direction

(1-23)



3- Vector Subtraction (geometric method)

We are given vectors A and B are asked to determine T=A-B
1. Determine -B from B
2. Add vector (-B) to vector A




4- Multiplication of a vector

Multiplication of a vector B by a scalar b; determine bB
* The magnitude |bB| = |b||B|

* The direction of bB depends on the algebraic sign of b
If b >0 then bB has the same direction as B

If b <0 then bB has the opposite direction of B




Multiplying a vector (a) by a positive scalar and (b) by a negative

scalar.

(a) Multiplying a vector by a positive scalar
changes the magnitude (length) ot the vector,
but not its duen.,tlcm,

—

A
—-

24
—-ﬂ

"’A 1s twice as long ;1%;4

(b) Multiplying a vector by a negative scalar
changes 1ts magnitude and reverses its direction.

A
T
—3A
—— "*- I._.‘

—3A 1s three times as long as A and points*®
in the opposite direction.



The unite vector

Unit vector is defined as any vector whose magnitude is equal to unity.
We are given a vector U and are asked to determine a unit
vector U which is parallel to U

Recipe: U= U/|U|
Vectors U and ( are parallel axie Cpn A 4siall e aliia (a4 4asial) Jidl Jas Je
1 (- R RPN

—

A=adA



**The coordinates system

a) Lisbw oy\s ;\yé\ﬂ\@’uﬁgygmuﬂmg;@ s
<i_ay Ly Coordinates (e L acal) 138 28 ga 31l g 1S At
Ll aayl

Lad g 5 _palaall 038 A Lgeddiead (g (Al ClblaaY) (e Gle o il
dRectangular coordinates 3ialaliall clslaay)
dPolar coordinates dwdail) ciliilaay)



JThe rectangular coordinates

The rectangular coordinate system in two dimensions
IS shown In Figure. This coordinate system Is consist of
a fixed reference point ¢0,0)which called the origin

point.

>

(0,0)




dThe polar coordinates

« Some times It Is more convenient to use the polar
coordinate system(r, @), where 7 is the distance
from the origin to the point of rectangular
coordinate(x,y), and @ is the angle between  and
the x axis. v




. The relation between coordinate

The relation between the rectangular coordinates (X, ¥)and the

polar coordinates (r, @) Is shown in Figure where.
x=rcosf .......(1.1)
And
y=rsinf .......(1.2)
Squaring and adding equations ¢1.1 jand ¢1.2 jwe get
r=Jx2+y? . .....(13)

Dividing equatioQ,{l.l Jand ¢1.2 jwe get

tan=—.......(1.4)
y



»Example

* The polar coordinate of a point are r=5.5m
and 0=240°. What are the cartesian coordinate
of this point?

> Solution

Xx=71rcosf =5.5¢c05s240 = —2.75m
y=1rsin@ =5.5s5in240 = —4.76 m



“*Component of a vector

Any vectorA in the xy-plane can be written as a sum of two
other vectors, one along the x-axis and the other along the y-
axis. These are called the components of 4

Ay = Acos@....... (1.5)

A, =Asin@ ....... (1.6) A

Ay



) 4ada JS Jadad ) zliad L8 cilgada Bas aa Jaladll 2ic
o) Jgons Laa(x, ) L) glaa ) Apadlly ASLS
Adaaad) dlag¥ dlal) 48y ol aladind (ha Yay dlasall

The magnitude of the vector a

A= Jsz +A4,% e (L7)

The direction of the vector to the x-axis
A

0 = tan_lA—Z e (1.8)

A vector4 lying in the xy plane having
rectangular components4x. and 4, can be
expressed In a unit vector notation.

A=Ai+Ay.....(19)



ASE 54 (gaia g b clgaiall st A8 kol adiul (e
;A Je

—

R=A+B=(A,+B)i+(A,+B))j




aalaiall ALY glaal (6),k) 3aa g culgatia Juiad (Sa SIS o
(A Js&l) Al rectangular coordinate system e
I= a unit vector along the x-axis

J= a unit vector along the y-axis
k= a unit vector along the z-axis




Example

Find the sum of two vectorA and B giving by:

Solution

Note that Ax=3,4,=2, B,=2, and B,=-5

The magnitude of vector R is
R=A+B=(3+2)i+(4-5)j=5i—]j

The direction of B with respect to x-axis is

R:JRxZ+Ry2 =V25+1=+26=5.1




Questions

» The polar coordinates of a point are r=5.5m
and 0=240°. What are the rectangular
coordinates of this point?

> Vectord is 3 unit in length and points along the
positive x-axis. Vectorg is 4 unit in length and
points along the negative y-axis. Use graphical
methods to find the magnitude and direction of
the vector(a) 4 + B

(b) A—B



Multiplying a Vector by a Vector

There are two ways to multiply a vector by a
vector:

»one way produces a scalar (called the scalar
product),

» and the other produces a new vector (called the
vector product).



The Scalar Product

« The scalar product of the vectors a and b is written
as and defined to be:

Sl
ll
=
)
]
Q
v
S
~
pd
bk
-
—’

a

where a is the magnitude of @
b is the magnitude of b

@ 1s the angle between and (or, more properly, between
the directions of @ and b).

There are actually two such angles: @ and 360°- @ .



scalar product 8l g gamll Gl by
Guall Al GeSi g dot product Bl Gl
O B geanall Ay gl H) CullS 1Y) dua ga dadll) add (¢SS g

(0 and 907) (mgaiall

§=+vewhen0>®>90

O dugana daglll) il 1)) Addle dagaill ety
(90 and 180°) (y a85 (pgaiall

A.B = —ve when90° < ¢ < 180°
90" 4, g 311 il 1) | jhia (5 gludi g

A.B = zero when =0

= |



—
Component of &
along direction of

ais bcos ¢

Multiplying these gives
the dot product.

—_—
Component of a
along direction of
fris a cos @

Or multiplying these

gives the dot product. (&)

o

Fig. (a) Two vectors aand b, with an angle @ between them.
(b) Each vector has a component along the direction of the other
vector.



daiall e gy Jualag A, B Cpgaial gamadl gyl ciay o
5 granall 49030 alal s B B (AU Aadiall ik L34 JY)

— |4||B| c0S0 oo . ... (1.11) 0 Lagin
Gl e aladialy Cpgadial gaml) o pial) dad dlaf (Say o
A=Ai+Aj+Ak......(112) tok LasS Andia JS

B =B,i+Byj+ Bk ...........(1.13)

The scalar product is:

AB = (Ad+Ayj+Ak).(B.i+Byj+Bk)..(1.14)
‘_,.\u\ A EM\&.\USJALA dadiall QLS ja @ pan
AB=(A,iB,i+A,iB,j+A,iB,k+AjB,i

+Ayj.Byj+Ayj.B,k+ Ak B,i+AkB,
+ A,k.B k)



Therefore

»A.B=A,B,+A,B,+A,B, ..(1.15)
The angle between the two vectors Is:

AB AB.+AB, +A,B,

cos @ = - ... (1.16)
|A|| B |A||B]

Also note that:
AA=|A||A] = 4% ..........(1.17)

Another note:

Fa)

j.j=k.

~
Il

i.1 1

ij=k=Fkj

.
I



The vector product

cross product 2 vector product (Al pall «a ay
MH&MJ ‘L@AMMM@‘AAY\uM\ Al eSd g
(=AxB
Aoy gt o) By B g Agaiall (e JS o 53508 dalyilg
A JSa b LS B Asdal) )7 Axdall
AXEB =ABsing......(118)
AXB=(Agi+A,j+Ak)X (Byi+B,j+Bk).....(1.19)

To evaluate this product we use the fact that the angle
between the unit vectors i.j.k is 90



(a) The vector product determined by
the right-hand rule.

(a) Using the right-hand rule to find the
direction of A X B
(1) Place A and B tail to tail. AXB

@ Point |1nwux of right hand
along A, with palm facing B.

@ Curl fingers toward B,

@ Thumb pmnh in
direction of A X B. B

A




— — — )
(b) B X A = —A X B (the vector product is
anticommutative)

Same magnitude but
opposite direction




Calculating the magnitude 4B sin @ Of the vector product of two
vectors 4 « B

Ca)d

(MdMagnitude of Z{ o E} egquals .a'l‘!l.l:jB S1iT -:f:-}-

(MM agnitude {:}f;—i ) times (Component of E
perpendicular to A )

C(b)

(MMagmitude of A B::I also eguals B(A sin -:f:-}
_ L
(MMagnitude of E]- times (Component of A
prerpendicular to F 7))

A sim o>




Calculating the Vector Product Using
Components

If we know the components of 4 and B we can calculate the
components of the vector product using a procedure similar to
that for the scalar product. First we work out the multiplication
table for the unit vectors i, j, and kall three of which are
perpendicular to each other as shown in Figure. The vector
product of any vector with itself is zero, so

IXi=]X]=kxk=0

(a) A right-handed coordinate system

Il
I
Sy
Sy D
Il
P et

X xX X

ol
|

y

| i xj=k

ik ixk=i
kxi=j

0

» po ‘"“"-n.hx

:,-_// .{ I

0 & Sy
I
|

~y A

Ty ey -
X X X



_} _} N [ [
Next we express A and B 1n terms of their components and the corresponding
anit vectors, and we expand the expression for the vector product:

AXB=(Ad+Aj+Ak) X (Bi + B + Bk)
= Ad X B,i + Ad X Bj + A X B.k
+ AJ X B + A X B,j +Ajj X Bk
+ A X B + Ak X Bj + Ak X Bk
A X B=(AB. - AB)i + (AB, - AB.)j + (AB, — AB,)k
Thus the components of C = A X B are given by

C,=AB, —AB, C,=AB,—AB, C,=AB,— AB,

(components of C = A4 X §}



The vector product can also be expressed 1n determinant form as

i ]k
AXB=|A, A, A,
x By B;
Note that:
— — — —3
AXB+BXA
But

Also

Cx(A+B)=CxA+CxB
= i(A,B,—A,B,)+j(A,B, — AB,)
+ k(A,B, —A,B,)



» Questions

1- If ¢=4xBwhere 4=3i-4 and B=-2i+3k
what isc?

2- Find the scalar product4.B of the two
vectors in Figure. The magnitudes of the
vectors A=4 and B=5.




Lecture ¢3)

Motion in Two Dimensions and
Three Dimensions

Dr. Hind I. Al-Shaikh



Out lines of study

» Position Vector and Displacement Vector

» Average Velocity and Instantaneous Velocity

» Average Acceleration and Instantaneous Acceleration
» One dimensional motion with constant acceleration
» Relative Motion in Two Dimensions

» Motion in two dimensions with constant acceleration
» Projectile Motion

» Trajectory of Projectile Motion

» Horizontal range and maximum height of a projectile
» Projectile Motion Analyzed

» Uniform Circular Motion



“*Position Vector and Displacement Vector

8 Aalal) sleadl Kinematics WSsilaisl) 48 all Cia g ale A 3 bl (a3
Acceleration Ja=illg Velocity 4s dls Displacement 4 ¥ ¢ JS Al )2
Cra g Adlida dda )l die ¢ jatiall sl puda ga paail sl glaa dlais ) ) Ua zliadg
(o] La gl :\Aw}gﬁ)&\ Al ) glaa dlaie ) awliadl

(X,y,z } Rectangular coordinate

»One general way of locating a particles with a position
vector , which is a vector that extends from a reference point (usually the origin) to the

particle.

W Kinematic variables in one dimension o X
Position: X(t) m
Velocity: V(t) m/s
Acceleration: a(t) m/s*

L Kinematic variables in three dimensions

Position: F(t)=Xi +yj+ 2K m

Velocity: V(1) =v,i +v, ] +v,K m/s

Acceleration: at)=ai+a,j+rak a(t) m/s?

» All are vectors: have direction and magnitudes



Position and Displacement

a In one dimension Positive ‘Lec;lon
AX = X, (tz) — Xl(tl) | [ Neglatlve Idlrecltlon | . ]
X, (t)=-30m, x,(t,)=+1.0m 3 2 -l /0 1l 2 5
AX=+1.0m+3.0m=+4.0m Origin—/__
a In two dimensions
= Position: the position of an object is y
described by its position vector T (t)
always points to particle from origin.
AF =T, — T - (L)
= Displacem Path of
Ar = (X2f+ Y, j)_(X1f+ ylj) an object
:(Xz_xl)f+(y2_Y1)j 0 )
= A+ AY]

il a8 g0 30T 2 adn gal) Aqiia g AS jad) Aty die anad) auda ga daag A sl 7T dqia i gy JSAN)
Aslaally ant acalldai i i iny AT = Ty — 1 5,8 0 s il



dPosition and Displacement in Three dimention
Position vector:

-.'L..?_; —:I- .- .- -
ro=x1+ v+ zk,
Displacement :

A7 =7 q3=T711.

A7 =(xz—xi+ a=y1)i+ (zz—z1)k,
A7 =Axi+ Ayt Azk

Question 1: Write the position vector for a particale in the rectangular coordinate (x,y,z }
for points (5, -6, 0), (5, -4 ), and (-1, 3, 6).



Question 1: Write the position vector for a particale in the rectangular
coordinate (x,y,z ¥for points (5, -6, 03, (5, -4 }, and (-1, 3, 6).

« For the point ¢5,-6,0 Jthe position vector r = 5i—6j
» For the point ¢5,-4 jthe position vector — ;_ 5; _ 4
 For the point ¢-1, 3,6) the position vector 7= —;+3; + 6k



Question 2 : Displacement

In Fig., the position vector for

1. a particle is initially at
Farlier ) " ”
PN Acalat == 30m -+ (4.0
> -, \olthe particle ]
o \ and then later is

B .

ra=(90m)1 +(—3.5m)].

Later
posilic

—_— —

What is the particle’s displacement from I} 1 I, ?



*Average & Instantaneous Velocity
da) ) dad Juala uutzu.ps pasa (M a3l L o) puda ga (e asndl Jutl wie >
&by audl) sl Ol S VRJOCTEY @M‘A uuu/_\t(tz — 1) O @A e
de JAMJ\@M\MML’AMMM$@M\ O Adlids Cile o A3l
ball) de pudly A3l (o) die Ao ) iy 23 (San g LAverage velocity
.Instantaneous Velocity

The Average velocity of a particle is defined as the ratio of the displacement to the
time interval. The unit of the velocity is

(m/s) ?
: displacerment
average velocity = — = interaal
_:|.
— A vr
Vo oavg = Az

The Instantaneous Velocity of a particle is defined
as the limit of the average velocity as the time interval y

approaches zero.
Ar dr
V=Ilimv,, =lim =
t—0 t—>0 At dt

_dr dx. dy - s
V = I+—j—VI+V ]
dt dt dt




‘*Average & Instantaneous Acceleration
Ailaily) A s Lo Aulgdll i ga (A1 a3 2 Aol auda ga (o anaad) JUELI Al
iy Ly (a3l Apeadlly A el S Jara (8 Dpde ) LS Aglgdl) aie
GsS9 Average Acceleration Jaaill b gia o) Acceleration Jyail
il e Adaall de yull & [nstantaneous Acceleration Ball) Sl

The average acceleration of particle is defined as the ratio of the
change in the instantaneous velocity to the time interval.

The unit of the acceleration is (m/s?)

AV
a'avg =A_t

a j=a, l+a, ]
avg At At avg,Xx avg,y



« The Instantaneous acceleration Is defined as the limiting
value of the ratio of the average velocity to the time interval
as the time approaches zero.

A odv . OV dve OV o
a=Ilima,, =lim =2+

t50 M 150 At dt dt dt dtJ X yJ

SD

a The magnitude of the velocity (the speed) can change

A The direction of the velocity can change, even though
the magnitude is constant

a Both the magnitude and the direction can change



Example

A rabbit runs across a parking lot on which a
set of coordinate axes has, strangely enough,
been drawn. The coordinates of the rabbit’s
position as functions of time ¢ (second) are
given by

x= — 0312 7.2¢ 4 28
y=022:4%—-9 1z + 30,
A- At t = 15 s, what is the rabbit’s position
vector in unit vector notation and in
magnitude-angle notation?
B- What is the rabbit’s velocity vector in
unit-vector notation and in magnitude-angle
notation?
C- At t=15 s, what Is the rabbit’s
acceleration vector In unit-vector notation
and Iin magnitude-angle notation?

0 80

Itk s

x{m})



Calculations: We can write x= — 031 T2 28
7(0) = x(t§ + (1) y=022:%4 -9 1¢ 4 30,

(We write 7(f) rather than r because the components are
functions of ¢, and thus 7 is also.)

At = 15 s, the scalar components are )
= (_[}31}{15]2 T {TE}{IE} +28=66m To|ﬂfat?1he
and y = (022)(15) — (9.1)(15) + 30 = —57m, r_ﬂﬁ?fi’;i‘ﬁl‘iftf“
NS 20 4 | 60 8 *(m)

50 7 = (66m)i — (57 m)j, |
To get the magnitude and angle i

of r.weuse : T q
r=Va+y = V(66m) + (57 m) @ L

This is the y component.
= 87 m,

—57
and A = tan ! 2 _ tan‘l( m) = —41°.
X Hbm



We can find v by taking derivatives of the components of

the rabbit’s position vector. = — 31; .. T .. i
Calculations: Applying the v, part o
we find the x component of v to be ¥ = [:IEEE Bl 915 -+ 3[]:
dx od
= — — 2 ¥ (m)
Vi i y (—0.31¢ + 7.2¢ + 28) yim
— —0.62t + 7.2. N

At ¢t = 15 s, this gives v, = —2.1 m/s. Similarly, applying the 20
v, part

dy e .
= — 022 — 9.1¢ + 30
Yy dt dt ( )

= 044 — 9.1.

At t=[15s, this gives v, = —2.5m/fs. Equation 4-11 then
yields

¥V = (—21m/s) + (—2.5 m/s)]

- - - - These are the xand y
= Vv + v, = -"'r"rl{—zl m/s)- + (—2.5m/s)" components of the vector
— 33 m/s at this instant.

The rabbit’s velocity v at 1 = 15 s
Yy 4, f —25mis
and f = tan = tan

v, —2.1m/s

= tan~'1.19 = —13(".



Summary in two dimension

Q Position F(t):Xf+yj
_ . A AxA Ay ; :
d Average VGIOClty Vavg = At At AtJ Vavg d T Vavg,yJ
0 Instantaneous velocity _dx ., _dy
dt Y t
o AP dEdxe d
V(t)=lim—=— —I+—yj VI+V]
B0 At dt dt o dt
2
O Acceleration a _dv _dX _dvy _d’y
dt  dt’ Yooodt dt?
AV AV dvee dvy e
a® =1 At dt dt g )T

D F(t), V(t),and a(t) are not necessarily same direction.



One Dimensional Motion with Constant
Acceleration

Qﬁuﬁhﬁé&l\ghb.ﬁu’gﬁkﬂ\ CN) gl o
Aad) sda B9 acceleration constant Uil Juaadl
Instantaneous acceleration (2alll Jaedl) ¢ o<

Average acceleration Japasll baw gia g glew

EN ey (Bl gl Al 5 ) Lal AS ) 8 Sl A g
il e bl dld e ey AS all IS 4 gluda
: Al

Instantaneous acceleration=Average acceleration



V—71o
a= .. (2)
t
or
v=v.+at........(3)
Vo .

Ayl de ) e 1) T o) sie UV de ) sla) ¢ (3) Dsladl 00 O
Mﬁaﬁ‘ia&ﬂ\Qlé\JM@3MM\QIS\3U,M\Q&H@B\Q Culdl) Jaaadl) g
3935 (e da JS o BaY Ay A ) (5 gbed Ailglll Ao pud) o) (Fra 13a g Cpa 3l e
(m/sz)&:ﬂmua&w\ dlalaall



Eq.3)is true only for constant acceleration and with v = v
at the initial time ¢ = o . Also, sincev = dx/dt, we can
Integrate to get our second equation:

1
X — Xo = Vot + Eatz e (B)

Assuming t- =0, | often write this as:

1
x(t) = x- + vot + Eatz RN ()



What if we don’t know 77?

We can eliminate it by solving the first equation for # and putting it into the
second equation:

vV — Vo
_ 2
X— Xo = Vs (v avu) +%a(v avu) )
2a(x —x.) =2v.(v—v) + (W—v:)? ... .....(9)

Changing the order of the terms gives us:

v(t)? = v 4+ 2a(x — x0) ... ... ... (10)
To use these equation, we first identify the known and unknown quantities

G de ghibal) dblusal) (g g (X — X0) Ao ghaial) dblusal) ¢ Adaaal) 038 (ha a3 dliis ()
i b ek 138 g A5 Alyall Aats Ablusall Y ABLENL Vol aad) g 5 Auilaiy) de )
(m) Gale day Al Alslaall 3 gan pa da S ()9 1/2at? Uidlaall (pa LAY

X — Xo = Vot s gbui Ao ghallal) Adlucall (685 | jhua (5 gluad Ailaiy) de pad) cuilS 1)
1 ;2
X—Xe=—0A
2



Example: Ali applies the brake in a car, starting at 100 km/hr
and slowing to 80 km/hr in 88 m at a constant acceleration.
A- What isa?

B- How long did this take?

Solution: First, identify knows and unknowns and convert ti Si
units.

knowns unknowns

vo =100 km/hr = 27.8 m/s tp =777

v=80km/hr =22.2 m/s a = constant =???

tc — 0

X — X- = 88m 2 _ 2

A- v =v?+2ax—x)—-a= = —1.6m/s*
v—v 2(x — x.)

B-v=v.tat -t= =3.5s




Question: A body moving with uniform
acceleration has a velocity of 12 cm/s when its x
coordinate Is 3 cm. If Its xcoordinate 2 s later Is
-5 cm, what iIs the magnitude of its
acceleration?



s*Motion In two dimensions

Motion iIn two dimensions like the motion of projectiles
and satellites and the motion of charged particles In
electric fields. Here we shall treat the motion in plane with
constant acceleration and uniform circular motion.

& afien b A acall & Al Ladie (o) aalg my A A4S ad) Wila L)

ASa (N Quudin Y p9aa 8 1oa Ua g el bl o)) o) C 9

Aa) U ()98 un cild g38al) AS o Jia (X, ) 00 JS (B s) Cmine (B pan)
LY osaally x saall olad) A (S pa de el g



*Motion In two dimensions with constant acceleration

» Assume that the magnitude and direction of the
acceleration remain unchanged the motion.

» The position vector for a particle in two dimensions
(x,y plane) can be written as:

F(t) =xi +V)
Where X, y and r change with tune as the particle
moves the velocity of particle is given by:
dr dx_ dy

V=de  dct T ae



Since the acceleration Is constant then we can substitute

Vi=Vo, ta,t v, =V, +at

This give
V= (Ve +ayt)i+ (v, + a,t)j
= (el + Vyej) + (api + ayj)t
Then
v=v.+at........(11)

aaad) oty € dana e die acal) Aoy o it (11) Lalaal) e
.M\ M\[y\z\éﬁm\ 2\.9‘).«.443\3 393\4:9\1\ ;\Qﬂﬂ L;Mes\ﬂ



Since our particle moves in two dimension x and y with
constant acceleration then
1 1

X = Xo + Vol -I-Eaxtz and y=1y-+v,t+— > a,t*
But
r=xi+yj
1
Solve r=r.+v.t+ Eatz . (12)

raall 8 B e ga T — T da) Y dada of ibiedd (12)A0aal) pa
dal Ny wot Auilaiy) @J.«.d\ e gaul) da) V) Aadal Ay

> atz dalaiial) dlaald) e Aaslil)
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<*Projectile Motion <l g3iall 4S
kﬂ‘ﬂ&dmdbﬁgeﬂd\w\gcgwékﬂ‘&MAY‘C\AQGJM\Z\SJAM
ALY Gl JMA e ddaal) g ds ) g Al ) g AEY) daf Y1 uaadl ¢uld gidall

: : BEF—
2-D problem and define a coordinate system: ®
e &

X- horizontal, y- vertical (up +)
Try to pick x,=0, y,=0at t =0 '
Horizontal motion + Vertical motion
Horizontal: a, = 0, constant velocity motion
Vertical:  a,=-g=-9.86mls? v,, =0

Equations:
Horizontal Vertical
Vi =Vox T axt Vy = Voy T ayt

X— X, =V, t+1a,t” L

V.. =V, +2a, (X—X,)

X



Projectile Motion

2-D problem and define a coordinate system. e

y

Horizontal: a, = 0and vertical: a,= -g. 7 Q..;\
Try to pick x,=0, y,=0at t = 0. - ) s
Velocity initial conditions: o e
v,can have x, ycomponents. _()Qgi
v, is constant usuallyYox = Vo €05% "
Vv, changes continuously/o« = Vo SN
Equations:
Horizontal Vertical >
Vy = Vox Vy - VOy o gt

X:XO+VOxt y:yO+VOy _lgt

February 5-8, 2013



“*Trajectory of Projectile Motion

a Initial conditions (£ = 0): x, =
= V,C0s88,and Vv, = 1,sing,

Q Horizontal motion:

X
X=0+v,t t=—o
VOx

a Vertical motion:

—

y=0+V, t——gt

2
X g X
=V _ |- —
g Oy£V0xj 2 [VOX]

y=xtan g, — X

0Y,=

¥

0v,,
v Uy =0
¥ @-}v Uy = Ve
M H Yo = Uy
Y o = ?gﬂ o




**Horizontal range and maximum height of a projectile

The horizontal range R of the projectile is the horizontal distance the
projectile has travelled when it returns to its initial height (the height at which
it is launched). To find range h, letus put x — x. = Rineg.l,andy —y. = o
ineq. 2
x — x5 = (vgCOS )t ........... 1 | 7 A—ﬁ\\
0= (vosin fp)f = 387 oo 2 S -
By substituting the time t in the above equation , [/ |

| :
R = (v.si e)vasinﬂa 1 [vasinﬂnr o
= (v- sin - —— R
Zg g

v? sinZ 0.

R = U |
2g

v?

R=—sin26..... .. 4

Andlad) Aae o il g38al) 4S oS cptny B & jadal) sl 4l Juay gL ) aad) a3 Adalaal) (e
90 or 45°



»Projectile Motion at Various Initial Angles

2 .
» Complementary values n_ Vo SINZY
of the initial angle g
result in the same .
range |
— The heights will be 150

different

e The maximum range
occurs at a projection =
angle of 45°

100

x(m)

|
50 100 150 200 250



Example: A long jumper leaves the ground at an angle of
20° to the horizontal and a speed of 11 /ms. A- How far does
he jump? B- The maximum reached?

A- x = (v.cosB-)t = (11 X cos20)t

X can be found if t is known from the equation

v, = v.-sin@ — gt

y

0=11s1n20 — gt,
t1-0.384s where t; isthe time required to reach the top then
t =2t
T=0.768 s
Therefore x=7.94 m

B- The maximum height regched is found using the value of t1=0.384s
Ymax = (v sin @ )tl 2 gtz
Ymax = 0.722 m



Uniform Circular Motion
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Uniform Circular Motion

a Centripetal acceleration

AV Ar VAr
—=— S0, AVv=—-
\Y; r r
Av_Arv _v*
At Atr r

AV V°
ar:—:—

At 1




s Uniform Circular Motion

* Velocity:
— Magnitude: constant v c
— The direction of the velocity is
tangent to the circle /
» Acceleration: V2 .

— Magnitude: a. = v
— directed toward the center of the

circle of motion
* Period:

— time interval required for one
complete revolution of the
particle

_2m
Vv

T

<l



summary

Position  F(t)=xi1 +Yy)

AT A Ay .

Average velocity |Vas = = 2t T T Vaad FVag )
_ _dx _dy

Instantaneous velocity =il YT gt

V(t)zlimArzdr—de dy - v i
>0 At dt  dt  dt

|
+

|

Il
<
+
<<

dv, d°x dv, d?y
dt  dt? Y7 odt dt?

— - A\_i d\_i dVX o dvy o o o
a)=lim—=—-= I + J=al+a,]
>0 At dt  dt dt

F(t), V(t),and a(t) are not necessarily in the same direction.

Acceleration |& =




Summary

If a particle moves with constant acceleration 4, motion equations
are

—

r, =F +Vt+iat’

=X 04y, J=(+vt+iat®)i+(y +v,t+ia,t?)]

V=V +at

Vo (t) =Vyd +V, ] = (v, +ab)i + (v, +a,t)]

Projectile motion is one type of 2-D motion under constant
acceleration, where a,= 0, a,= -g.



Questionl

* Figure shows a pirate ship 560 m from a fort defending a
harbour entrance. A defense cannon, located at sea level, fires
balls at initial speed vO 82 m/s.

(a) At what angle u0 from the horizontal must a ball be fired to
hit the ship?

(b) What is the maximum range of the cannonballs?

¥

R=560 m
A pirate ship under fire.




Question?2

» A particle moves In a circular path 0.4m in
radius with speed. If the particle makes five
revolution in each second of its motion. Find

 a- the speed of the particle?
* D- its acceleration.



Lecture (4)

Newton's Law Of Motion
Dr. Hind 1. Al-Shaikh



Q-Find the sum of two vectoraand B giving
by:

Solution

Note that Ax=3, 4,=2B, =2, and B, =-5

1-The magnitude of vectorR .

>

2-The direction of Rwith respect to x-axis. \ X
R



Four Forces Known In the Universe

Electromagnetic- caused from electric and magnetic
Interactions

Strong Nuclear- Responsible for holding nucleus together
In the atom; strongest force; acts over the shortest distance

Gravitation- weakest force; acts over the longest distance

Weak Nuclear- Responsible for radioactivity in atoms



Q . 4 o4 4
*The concept of force 5l a s¢ia
eu,;‘y\bjs;;ﬁg\@u\wﬁ\&\j;\.wgﬂw@mg;g&w .
sy ol 4 e a8y et d Jie Lgie ju e 28 4S aill
S Al e LS e S Lgaial AL alua) e 38l jigio) 5 e
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.Field force

- Types of Forces
—Contact
—Field

1 ~ 7 e

\ s/ 2
% T
- -~

Contact _
Force Field Force




dThe concept of force

It is not always force needed to move object from one place to
another but force are also exist when object do not move. For
example , when you read a book you exert force holding the

book against the force of gravitation.
aale b figall o g8l dluasa (oS0 Ladie ¢f 35 Al A Al GSld) anad) g
.The body in equilibrium _Aa s gl
It Is very important to know that when a body is at rest or when
moving at constant speed we say that the net force on the body
IS zero, the body in equilibrium.



» Two Types of Forces

d Example of Contact d Examples of Field

Forces Forces
* Friction * Gravitational
e Tension » Electric
* Magnetic
* Applied

* Spring



“*Adding Forces

« Forces are vectors (They have both magnitude and
direction) and so add as follows:

* In one dimension, note direction using a + or —sign
then add like scalar quantities (regular numbers
with no direction associated with them)

« Examples:

43N T 43N +6 N

+3 N -3 N



»*Force and mass

 Mass — measurement of how difficult it 1s to
change the objects velocity

» Inertia 4l — resistance to change in
velocity

* So mass is a measurement of an object’s
Inertia




Newton’s Laws

Sir Isaac Newiton (1643-1727)

an English screntist and
mathematician famous for

his discovery of the law of
gravity also discovered the
three laws of motion.

Today these laws are known as
Newton’s Laws of Motion and
describe the motion of all objects
on the scale we experience in our

everyaay lives.




Newton’s Laws of Motion

1. An object in motion tends to stay in  motion
and an object at rest tends to stay at rest
unless acted upon by an unbalanced force.

2. Force -equals mass times acceleration
(F = ma).

3. For every action there i1s an equal and
opposite reaction.



Newton’s First Law

An object at rest tends to stay at rest and an object in
motion tends to stay in motion unless acted upon by an
unbalanced force.

45'}5 ‘Z“'J—m ‘!-'-f“' HH A ,‘L““y/ Ula gl LY Gl sy
Al gia i dﬂ“-@wﬁpﬂ-ﬂ Gl de o L oade Ay



What does this mean?

Basically, an object will “keep doing what it was
doing” unless acted on by an unbalanced force.

If the object was sitting still, it will remain
stationary. If it was moving at a constant velocity,
it will keep moving.

It takes forceto change the motion of an object.

o




What Is meant by unbalanced force?

The forces on the baok are balanced.

» If the forces on an object are equal and opposite, they are
sald to be balanced, and the object experiences no change in
motion.

» If they are not equal and opposite, then the forces are
unbalanced and the motion of the object changes.



What is this unbalanced force that acts on an object in motion?

Fricion!

* There are four main types of friction:
— Sliding friction: ice skating
— Rolling friction: bowling

— Fluid friction (air or liquid): air or water
resistance

— Static friction: initial friction when moving an
object




Some Examples from Real Life

A soccer ball is sitting at rest. It takes an

unbalanced force of a kick to change its
motion.

Two teams are playing tug of war. They are both exerting
equal force on the rope in opposite directions. This
balanced force results in no change of motion.



Question

What is the relationship between mass and
Inertia?

Mass Is a measure of how much inertia something has.
Is inertia a force?

No, Inertia is a property of matter. Something has
Inertia. Inertia does not act on something.

A force of gravity between the sun and its planets holds
the planets in orbit around the sun. If that force of
gravity suddenly disappeared, in what kind of path
would the planets move?

Each planet would move in a straight line at constant
speed.



Newton’s Second Law

3

e

The law of acceleration , state that the acceleration of an object is directly
proportional to the net force acting on it and inversely proportional to its
mass.
B0 O o Alaay g a0 ) o A A B 68 Lgale u—m bl paldy (AU (g 0 gl
. A8 jadia abuaY) Cils 1Y) e (e
Force equals mass times acceleration.
F=ma
The net force of an object is equal to the product of its mass and
acceleration, or F=ma. .
> F

> F = ma3a, a
m

Acceleration: a measurement of how quickly an object is
changing speed.




Balanced Versus Unbalanced

-~ A
& = e

—— - <— () ) - <dEm = .
Net Force = 0 Net Force = i

Balanced forces cause
no acceleration.

Unbalanced forces
cause acceleration.



»\What does ~ = mamean?

Force is airectly proportionalto mass and acceleration. Imagine a
ball of a certain mass moving at a certain acceleration. This ball
has a certain force.

Now imagine we make the ball twice as big (double the mass) but
keep the acceleration constant. F = ma says that this new ball
has twice the force of the old ball.

« When mass is in kilograms and acceleration is in m/s?, the
unit of force is in newtons (N).



In other words.....using the same amount of
force....

F —
Small acceleration
—

Large Mass d

Large acceleration

a

Small Mass



More about F = ma

F = ma basically means that the force of an object comes from
Its mass and its acceleration.

Force Is measured in
Newtons (N) = mass (kg) x acceleration (m/s?)

Im
1 Newton =1kg* —
o
If you double the mass, you double the force. If you double the
acceleration, you doubl/e the force.

What if you double the mass and the acceleration?
(2m)(2a) = 4F



Using Newton’s 2" Law to Solve
Problems

Identify all forces acting on the object

-Pushes or Pulls  -Frictional forces -Tension in a string
-Gravitational Force (or weight = mg where g is 9.8 m/s?)
- “Normal forces” (one object touching another).

. Draw a “Freebody Diagram”

-draw the object, show all forces acting on that object as vectors
pointing in the correct direction. Show the direction of the
acceleration.

Chose a coordinate system.

. Translate the freebody diagram into an algebraic expression
based on Newton’s second law.



2"d Law (F=m x a)

How much force 1s needed to accelerate a
1400 kilogram car 2 meters per second/per
second?

Write the formula

F=mxa

Fill in given numbers and units

F = 1400 kg x 2 meters per second/second
Solve for the unknown

2800 kg-meters/second/second or 2800 N



Newton’s Third Law

For every action there Is an equal and opposite
reaction.
J3) 4 Coa aleay/ G aliial) 5 4dlf Lo UJM&JM/Uﬁw/UMJ
@Mbumluudmw}uuﬂj Lara.mu.b 8 ol & 4
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Identifying Action and Reaction Pairs
Fi = —F3 rdll g Jadl) 5581 QUL (4 g L8 2 ggba JISDY (o prialy

=

ACTION: TIRE PUSHES ROAD  REACTION: ROAD PUSHES TIRE

F12 _F21

1 ACTION : EARTH PULLS BALL

REACTION: BALL PULLS EARTH

ACTION : ROCKET PUSHES GAS REACTION: GAS PUSHES ROCKET



Example

A ball is hold in a persons hand. {a }ldentify all the external forces
acting on the ball and the reaction to each of these forces. {(b }If the
ball is dropped , what force is exerted on it while it is flight? Identify
the reaction force in this case.

¢a yThe external forces acting on the ball are:

1- FH the force which the hand exerts on the ball.

2- W the force of gravity exerted on the ball by the earth.

The reaction forces are:

1- FH : The force which the ball exerts on the hand.

2- W: The gravitational force which the ball exerts on the earth.

¢b )When the ball is in free fall the only force exerted on it it is its
weight W/which is exerted by the earth. The reaction force is the
gravitational force which the ball exerts on the earth.



EXAMPLE: Parts A, B, and C of Fig. 1 show three situations in which one or two forces act
on a puck that moves over frictionless ice along an x axis, /in one-dimensional motion. The
puck’smass is m=0.20 kg. Forces and are directed along the axis and have magnitudes FZ
4.0N and F2 2.0 N. Forceis directed at angle 8 = 30° and has magnitude ~3=1.0N. In each

situation, what is the acceleration of the puck?

In each situation we can relate the acceleration a to the net
force F., acting on the puck with Newton’s second law,
F,.. = ma.However, because the motion is along only the x

axis, we can simplify each situation by writing the second
law for x components only:

Foo = ma,.

Situation A: For Fig.
acts, Eq. 5-4 gives us

1-b where only one horizontal force

F, = ma,_
which, with given data, yields
F; 40N

ﬂ'x: pu—

” 0.20 kg

= 20 m/s>.

The positive answer indicates that the acceleration is in the
positive direction of the x axis.

Situation B: In Fig. 1-d two horizontal forces act on the
puck, F, in the positive direction of x and F; in the negative
direction. Now Eq. 5-4 gives us

F|_Fﬂ=mﬂx‘

&£

which, with given data, yields

. _F—-F _ 40N 20N

— 2
— 0.20 kg 10 m/s=.

(Answer)
Thus, the net force accelerates the puck in the positive direc-
tion of the x axis.

A
i
rs— ,
(a)

Puck .T]
P

(B)

The horizontal force
causes a honzontal
acceleration.

This is a free-body
diagram.

These forces compete.
Their net force causes
a horizontal acceleration.

This is a free-body
diagram.



Situation C: In Fig. f, force E is not directed along the
direction of the puck’s acceleration; only x component F; ,
is. (Force F, is two-dimensional but the motion is only one-
dimensional.)

Fl-‘-' - Fl — Mg,

From the figure, we see that F;, = F; cos f. Solving for the
acceleration and substituting for F; , yield

Fll’ - Fz F3 COs E - F:
T T m

(LON)(cos 30°) — 20N }
- - STmi
020k e

(Answer)

Thus, the net force accelerates the puck in the negative di-
rection of the x axis.

3 Only the honzontal

J:q@.x comparent of
; competes with Fr

h . Thisis  fee ody
- diagram.
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EX. An electron of mass9.1 x 10~31K g has an initial speed of 3.0 x 10°> m/s
It travels in a straight line and its speed increases to 7.0 x 10> m/s ina
distance of 5.0 cm. A assuming its acceleration is constant. A- determine the force
on the electron . B- compare this force with the weight of the electron.

* Solution o,

e A-F=ma and v = v? + 2ax or a:(v z—xm)
23y 9.1x107%((7.0%x 105)" = (3.0 x 10°)°

u=(ﬁ ﬁ’)= ([ ) - )J=3.5:=:1n13n.r

2x 2X107% x5.0
* B- The weight of electron is:

W=mg=(9.0410""kg)x (9.8m/s*)=8.9x 107N

 The acceleration force is approximately10** times the
weight of the electron.



In Fie. 1 | acrate of mass m = 100 kg is pushed at con-
stant speed up a frictionless ram
(g = 30.0°) by a horizontal force [F .
What are the magnitudes of (a) F
and (b) the force on the crate from
the ramp?

m

We resolve this horizontal force into appropriate components.

(a) Newton's second law applied to the x-axis
produces

F cos@ — mg sind = ma.

For a= 0, this yields /= 566 N.

(h) Applying Newton's second law to the yaxis (where there is no acceleration), we have
F,, — F'sin 8— mgcos 6= 0

which yields the normal force Fy=1.13 x 10° N.



In Fig. 1 a block of mass s — 5S50H) ke 1=
pulled along a horizontal frictionless Aoor by a cord

that exerts a force of magnitude & = 120 IN at an an-
gle & = 2507 (a) What is the magnitude of the
block™ accsleration™ (b)) The force magnitude M 1s
slowly increasced. What is its wvalue just before the
block is lifted {completely ) off the Aoor? (o) What is
the magnitude of the block™s acceleration just before
it i= lifted {completely ) off the Qoor™

The free-body diagram (not to scale) for the block is shown below. F,, is the normal
force exerted by the floor and mg is the force of gravity.

(a) The x component of Newton's second law is F' cos@= ma, where m is the mass of the

block and a is the x component of its acceleration. We obtain '];J
|
Fcos@ (120N)cos25.0° |
a= | ’”U)Uk =218 m/s". |
m 500kg =1
AR,
This is its acceleration provided it remains in contact with the floor. Assuming it does, we . _9 ___________

find the value of Fy (and if Fyis positive, then the assumption is true but if Fy is negative
then the block leaves the floor). The y component of Newton's second law becomes

Fy+ Fsind-mg=0,
S0
Fy=mg- Fsind= (5.00 kg)(9.80 mfsz) ~(12.0N)sin25.0°= 43.9 N.

K

Hence the block remains on the floor and its acceleration is a = 2.18 m/s’.

(c) The acceleration is still in the x direction and is still given by the equation developed
in part (a):
Q0 Fcos&@ (116 N) cos 25.0°
m 5.00 kg

= 21.0m/s%.
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40 N

Example

A 50 N applied force drags an 8.16 kg log to
the right across a horizontal surface. What Is
the acceleration of the log If the force of
friction is 40.0 N?

L ypr = ma

N F,—F,=ma
50 -40 =8.16a
10 =8.16a

d = 1.23 misls

mg




Example

* An elevator with a mass of 2000 kg rises
with an acceleration of 1.0 m/s/s. What is

the tension in the supporting cable?
‘ T Equation of Motion

b =ma Vs
[T—mg = ma]

I'=ma+mg

- T =(2000)(1) + (2000)(9.8)

[ = 21,600N




Kinetic energy and Work
Dr. Hind I. Al-Shaikh



Q1 - A body moving with uniform acceleration has a velocity of
12 cm/s when its x coordinate is 3 cm. If its x coordinate 2 s
later Is -5 cm, what is the magnitude of its acceleration?

Q2- Write the projectile motion equation in horizontal and
vertical motion with horizontal range and maximum height
of a projectile?



Objectives

« Define kinetic energy and potential energy,
along with the appropriate units in each
system.

* Describe the relationship between work and
kinetic energy, and apply the WORK-
ENERGY THEOREM.

« Define and apply the concept of POWER,
along with the appropriate units.



Work and Energy
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Energy

Energy is anything that can be converted
into work: i.e., anything that can exert a
force through a distance. Energy is the
capability for doing work.

Types of Energy

=Kinetic Energy

=Potential Energy



Forms of Energy




Radiant Energy

Radiant energy is also called electromagnetic energy. Radiant energy
IS the movement of photons. All life on earth is dependent on radiant
energy from the sun. Examples of radiant energy include radio waves
(AM, FM, TV), microwaves, X-rays, and plant growth. Active solar
energy uses photovoltaic panels and light to turn radiant energy into
chemical energy.

102 10-F 104 [10° 106 107 108

==

700 frm 400 nirm



Chemical Energy

Chemical energy is the energy
stored in the bonds of atoms and
molecules. This a form of potential
energy until the bonds are broken.

Elecftrical Energy

Electrical Energy traveling as the
flow of charged particles
(i.e. electrons) Lightning and .
static electricity are examples of
electrical energy that occur
naturally.




Nuclear Energy

Nuclear energy Energy produced
from the splitting of atoms.
Submarines, power plants, and
smoke detectors all use nuclear
energy. Nuclear power plants use
uranium, a radioactive element,
to create electricity.

Thermal Energy

Thermal energy is the internal energy in
substances-the vibration and movement of
atoms and molecules within substance.
Thermal energy is created in the movement of
atoms. Boiling water, burning wood, and
rubbing your hands together really fast are all
examples of heat energy.




mechanical Energy

Mechanical energy is the movement of machine parts. Mechanical
energy Is also the total amount of kinetic and potential energy in a
system.

Example of energy chanExample of energy
changes in a swing or pendulum.

ME = high PE
- IQw KE

ME = high PE

Potential energy + Kinetic energy = Mechanical energy



Mechanical Energy

« Mechanical Energy: Energy of
movement and position

* There are two major types of
mechanical energy:

» Potential Enerqy: Energy of
position

» Kinetic Energy: Energy of
motion



Potential Energy

Potential energy exists whenever an object which has mass
has a position within a force field. The most everyday
example of this is the position of objects in the earth's
gravitational field. The potential energy of an object in this
case Is given by the relation:

PE = mgh (
PE = Energy (in Joules)
m = mass (in Kilograms) '

g = gravitational acceleration of the earth (9.8 m/secZ)

h = height above earth's surface (in meters)



Example Problem: What is the potential energy
of a 50-kg person in a skyscraper if he is 480 m
above the street below?

Gravitational Potential Energy

What is the P.E. of a 50-kg person at a height of 480 m?

PE= mgh = (50 kg)(9.8 m/s?)(480 m)

|  PE=235K3 |




Kinefic Energy

Kinetic energy exists whenever an object which has mass is Iin
motion with some velocity. (Mass with velocity)

Everything you see moving about has kinetic energy. The
Kinetic energy of an object in this case Is given by the relation:

KE = (1/2)mv
/m=mass of the object

A speeding car

=velocity of the object

The greater the mass or velocity of a moving object, the more
Kinetic energy It has.

The faster the object moves, the greater is its kinetic energy.
When the object Is stationary, its kKinetic energy Is zero.



Kinefic Energy

Greatest kinetic energy

e ,f__.,-;.wma’w
| 100 km/hr
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Smallest kmettc
energy

100 km/hr




Examples of Kinetic Energy

What is the kinetic energy of a 5-g bullet traveling at 200 m/s?

K =1mv* =1(0.005 kg)(200 m/s)*

K=100J

58
—

200 m/s

What is the kinetic energy of a 1000-kg car traveling at 14.1
m/s?

K =1mv” =2(1000 kg)(14.1 m/s)*

ﬁ K =994




Questions

1- Jill has a velocity of 5m/s. If she has a mass of

60kg, what Is her kinetic energy?
2-1f Bob, at 70kg, Is standing on top of a 13m high
hill. What is his potential energy?



Law of Conservation of Energy

Law of Conservation of Energy- Energy can neither be created
nor destroyed. Energy is always changing from one kind to
another. The total energy of an object never changes.

Potential energy + Kinetic energy = Total energy and Total energy
— Kinetic energy = Potential energy and Total energy - Potential

energy = Kinetic energy

Potential and kinetic energy are constantly transforming back and
forth. Most of the time during this transformation, some energy Is
turned to heat and transferred out of the system.




Work

Work Wis energy transferred to or from an object by means of a
force acting on the object. Energy transferred to the object is

positive work, and energy transferred from the object is negative
work. Work is force times distance

»Work done by a constant force

Qul

il

«Scalar quantity
*Independent of time

Sl unit = Joule
1J=1N-m=1Kg-m?/s?




Work: Positive, Negative, or Zero

A force does positive work when it has a vector component in the same direction
as the displacement, and it does negative work when it has a vector component in the
opposite direction. It does zero work when it has no such vector component.

Direction of Force (or Force Component) Situation Force Diagram
s ot r
(a) Force F has a component in direction of displacement: T ﬁ/F, i F L
W= Fys = (Feos)s o o ¢
Work is positive. . e m =)
A force does positive work when it has a vector component in the same direction F" = Feos (b

as the displacement, and it does negative work when it has a vector component in the
opposite direction. It does zero work when it has no such vector component.

(b) Force F has a component opposite to direction of displacement: F T \§)¢ FF
W= Fs = (Feosg)s o o
Work is negative (because F cos ¢ is negative for 90° << ¢ < 180°). —-—p
5 F, = Feos¢

(c) Force F (or force component F) ) is perpendicular to direction T
of displacement: The force (or force component) does no work L ¢ =90°

onthe object. > -——>
s




Work can be positive or negative

Man does positive work
lifting box

Man does negative work
lowering box

Gravity does positive
work when box lowers

Gravity does negative
work when box iIs raised




Work done by several forces

* How do we calculate work when several forces
act on a body? One way iIsto use Eg. 1 or 2to
compute the work done by each separate force.
Then, because work Is a scalar quantity, the total
work done on the body by all the forces is the
algebraic sum of the quantities of work done by
the individual forces.

W = FAxcosé......(2)



EXP. A farmer hitches her tractor to a sled loaded with firewood and
pulls it a distance of 20 m along level ground (Fig. 1 a). The total
weilght of sled and load is 14,700 N. The tractor exerts a constant
S000-N force at an angle of 36.9° above the horizontal. A 3500-IN
friction force opposes the sled’s motion. Find the work done by
each force acting on the sled and the total work done by all the
forces.

1-The work done by the weight is zero
because its direction is perpendicular @ (b) Free-body diagram for sled
to the displacement. For the same ' |
reason, the work done by the normal
force is also zero.

SoW, =W, =0 13@";;54:': 369°
That leaves the work Wt done by the force Fr exerted by the £23500N
tractor and the work Wy done by the friction force f. FromEq. 5

Wy = Frscosd = (5000 N)(20 m)(0.800) = 80,000 N -m
= 80 kJ

The friction force F is opposite to the displacement, so for this
force ¢ = 180° and cos ¢ = —1. Again from Eq. (6.2),

W = fscos180° = (3500 N)(20 m)(—1) = —70,000 N - m
= —70 kJ

w=14700N
\J



(2) In the second approach, we first find the vector sum of all
the forces (the net force) and then use it to compute the total

work. The vector sum is best found by using components. From
Fig. 1 b,

S F, = Frcosd + (—f) = (5000 N) cos36.9° — 3500 N
— 500 N

EF}. = Frsingg + n + (—w)
= (5000 N) sin36.9° + n — 14,700 N

We don’t need the second equation: we know that the y-component
of force is perpendicular to the displacement, so it does no work.
Besides, there is no y-component of acceleration, so X2 F, must be

zero anyway. The total work 1s therefore the work done bf.r the total
xX-component:

Wt = (D F)+5 = (S Fy)s = (500 N)(20 m) = 10,000 J
= 10 kJ



Work and Kinetic Energy

A resultant force changes the velocity of an object and
does work on that object.

Work = Fx = (ma)X; a— 2t Vo

Work =1mv; —imv;



Example 1: A 20-g projectile strikes a mud bank,
penetrating a distance of 6 cm before stopping.
Find the stopping force £~ if the entrance velocity is

; 80 m/s.

Work =/V,n\{f2 - % mv,2

Fx=-%mv,2

g0m/s ©0°m

F (0.06 m) cos 180° =- % (0.02 kg)(80 m/s)?

F (0.06 m)(-1) = -64 J | F=1067N

Work to stop bullet = change in K.E. for bullet



Work done by two constant
forces

Figure 2 a shows two industrial spies sliding an initially
stationary 225 kg floor safe a displacement d of magnitude
8.50 m, straight toward their truck. The push F, of spy 001 is
12.0 N, directed at an angle of 30.0° downward from the hor-
izontal; the pull F of spy 002 is 10.0 N, directed at 40.0°
above the horizontal. The magnitudes and directions of
these forces do not change as the safe moves, and the floor
and safe make frictionless contact.

(a) What is the net work done on the safe by forces F, and

F5 during the displacement d?
Spy 002

(b) During the displacement, what is the work W, done on
the safe by the gravitational force F;, and what is the work
W, done on the safe by the normal force ﬁﬁ from the
floor?




(1) The net work W done on the safe by the two forces is the
sum of the works they do individually. (2) Because we can

Only force components

treat the safe as a particle and the forces are constant in :
both magnitude and direction, we can use either Eq. 1 parallel to the dlsplacement
(W = Fd cos ¢) or Eq. 2 (W = F-d) to calculate those do work

works. Since we know the magnitudes and directions of the
forces, we choose Eq. 7-7.

Calculations: From Eq. 1 and the free-body diagram for

the safe in Fig. 2 b.the work done by F| is Safe
W, = Fid cos ¢p; = (12.0 N)(8.50 m)(cos 30.0°)
= 88.33 ],

and the work done by F,is

W, = F,d cos ¢, = (10.0 N)(8.50 m)(cos 40.0°)
— 65.11 1.

Thus. the net work Wis

W=W,+W,=28833J+65.111]
— 15343 =153 1.

During the 8.50 m displacement, therefore, the spies trans-
fer 153 J of energy to the kinetic energy of the safe.



(b) During the displacement, what i is the work W, done on
the safe by the gravitational force F and what is the work
Wy done on the safe by the nmmal force FN from the
floor?

Because these forces are constant in both magnitude and di-
rection, we can find the work they do with Eq. 1.

Calculations: Thus, with mg as the magnitude of the gravi-
tational force, we write

W, = mgd cos 90° = mgd(0) = 0
and Wy = Fyd cos 90° = Fud(0) = 0.

We should have known this result. Because these forces are
perpendicular to the displacement of the safe, they do zero
work on the safe and do not transfer anv enerov to or from it.

(c) The safe is initially stationary. What is its speed vy at the

end of the 8.50 m displacement?

Only force components
parallel to the displacement
do work.

Safe

The speed of the safe changes because its kinetic energy is
changed when energy is transferred to it by F; and 5.

Calculations: We relate the speed to the work done bwv:

_ _ __ 1 2 _ 1 2
W = K, K, = smvyg S v,

The initial speed v; is zero. and we now know that the work
done 1s 153.4 J. Solving for vy, and then substituting known

data., we find that
2w 2(153.47)

e 225 kg
= 1.17 m/s.

Vi



Work done by a constant force in unit-vector
notation

During a storm, a crate of crepe is sliding across a slick,
oily parking lot through a displacement d = (— 3{]m)1
Whlle a steady wind pushes against the crate with a force

= (20N)1 + (—6.0 N)] The situation and coordinate
axes are shown in Fig. 3 .

(a) How much work does this force do on the crate during
the displacement?

Because we can treat the crate as a particle and because the
wind force is constant (“steady”) in both magnitude and direc-
tion during the displacement, we can use either Eq. 1 (W =
Fdcos¢)orEq. 2 (W= F- d) to calculate the work. Since
we know F and d in unit-vector notation, we choose Eq. 2 .

Calculations: We write
W =F-d = [(20N)i + (=6.0N)j]-[(=3.0 m)i].

Of the possible unit-vector dot products, only i, ]j, and

-~

k -k are =1 . Here we obtain

-

W = (20N)(—3.0m)i-i + (—6.0 N)(—3.0 m)j-i
= (—6.01)(1) + 0= —6.01.

Thus, the force does a negative 6.0 J of work on the crate, trans-
ferring 6.0 J of energy from the kinetic energy of the crate.

The parallel force component does
negative work, slowing the crate.

ﬂ

X

N~

N

(b) If the crate has a kinetic energy of 10 J at the beginning
of displacement d, what is its kinetic energy at the end of d?

Because the force does negative work on the crate, it re-
duces the crate’s kinetic energy.

Calculation: Using the work—kinetic energy theorem in
the form of Eq.7-11, we have

K=K +W=10]+(-60J)=40J.  (Answer)

Less kinetic energy means that the crate has been slowed.



Work Done by the Gravitational Force

We next examine the work done on an object by the gravitational force acting on
it. Figure 4 shows a particle-like tomato of mass m that is thrown upward with
initial speed v, and thus with initial kinetic energy K; = 2mvc, As the tomato
rises, it is slowed b}f a gravitational force I_f that is, the tomato’s kinetic energy
decreases because F does work on the tnmato as it rises. Because we can treat
the tomato as a partlcle we can use Eq. 1 (W = Fd cos ¢) to express the work
done during a displacement d. For the force magnitude F, we use mg as the mag-
nitude of F,.Thus,the work W, done by the gravitational force F is

W, = mgd cos ¢

(work done by gravitational force).

For a rising object, force ng is directed opposite the displacement d, as indi-
cated in Fig. 4 Thus, ¢ = 180° and

W, = mgd cos 180° = mgd(—1) = —mgd.

The minus sign tells us that during the object’s rise, the gravitational force acting
on the object transfers energy in the amount mgd from the kinetic energy of the
object. This is consistent with the slowing of the object as it rises.

After the object has reached its maximum height and is falling back down,
the angle ¢ between force F and displacement d is zero. Thus,

W, = mgdcos0° = mgd(+1) = +mgd.

=)

;:T
g - The force does negative

work, decreasing speed
and kinetic energy.



An elevator cab of mass s = 500 kg is descending with speed
EX v; = 4.0 m/s when its supporting cable begins to slip, allowing
p' it to fall with constant acceleration @ = g/5 (Fig. s5a ).

(a) During the fall through a distance 4 = 12 m, what is the
work W, done on the cab by the gravitational force F ?

We can treat the cab as a particle and thus use Eq.
(W, = mgd cos ¢) to find the work W,.

Elevat
Calculation: From Fig. sb ,we see that the angle between ca::l: or
the directions of F and the cab’s displacement d is 0°. y
Then we find
Fal
W, = mgd cos 0° = (500 kg)(9.8 m/s*)(12 m)(1) L Does

negative
Cab \ work

~|

= 5.88 X 104]J = 59 kl.

(b) During the 12 m fall, what is the work W; done on the
cab by the upward pull T of the elevator cable?

_. Does
S| | positive
d
work




(1) We can calculate work W with Eq. 1 (W = Fd cos ¢) if
we first find an expression for the magnitude 7 of the cable’s
pull. (2) We can find that expression by writing Newton’s

second law for components along the y axis in Fig. 5b
(Foeey = ma,).

ety

Calculations: We get
T — F, = ma. C 2)
Solving for 7, substituting mg for F,. and then substituting
the result in Eq. 7-7, we obtain
W, = Tdcos ¢ = m(a + g)dcos ¢. ( 3 )

Next, substituting —g/5 for the (downward) acceleration a
and then 180° for the angle ¢ between the directions of
forces T and mg, we find

4
W, = m(—% + g)dcos hH = ?mgdcos b

4
= < (500 kg)(9.8 m/s?)(12 m) cos 180°

= —4.70 X 104J = —47 KkJ. (Answer)

Caution: Note that W4 is not simply the negative of W,.
The reason is that, because the cab accelerates during the

fall, its speed changes during the fall, and thus its kinetic
energy also changes. Therefore, Eq. 7-16 (which assumes
that the initial and final kinetic energies are equal) does
not apply here.

(c) What is the net work W done on the cab during the fall?
Calculation: The net work is the sum of the works done by
the forces acting on the cab:
W=W,+ W;=588x10*J — 470 X 104]
= 1.18 X 10*J = 12 kJ.

Elevator
cable

=l

(&)

Does
negative
work

Does
positive
work



Work Done by a Spring Force

* Figure 6-a shows a spring in its relaxed state.
One end Is fixed, and a particle-like object—

a block, say—Is attached to the other, free end. <o B
« If we stretch the spring by pulling the kwﬂi'wf} ‘o spring

block to the right as in Fig. 6-b, the I
spring pulls on the block toward the left. @

—=

« If we compress the spring by pushing f'lo-;%m;rt}
the block to the left as in Fig. 6-c, the —_—
spring now pushes on the block toward G
the right. TSI s

The force from a spring is proportional o W

to the displacement of the free end from its T

()

position when the spring is in the relaxed .  _
, .. F.=—kd  (Hooke'slaw),
state.The spring force is given by



Which is known as Hooke’s law indicates that the direction of the spring force is
always opposite the direction of the displacement of the spring’s free end. The

constant kis called the spring constant (or force constant) and is a measure of the
stiffness of the spring.

F.= —kx  (Hooke’slaw),

If X Is positive (the spring is stretched toward the right on the x
axis) then Fxis negative (it is a pull toward the left).

If X is negative (the spring is compressed toward the left), then Fx is
positive (it is a push toward the right).



The Work Done by a Spring Force

Work W;is positive if the block ends up closer to the relaxed position (x = 0) than
it was initially. It is negative if the block ends up farther away from x = 0. It 1s zero if
the block ends up at the same distance from x = 0.

WI — Z_th‘ﬁx

W, = %kx? — %kx% (work by a spring force).

If x; = 0 and if we call the final position x, then Eq becomes

W, = —% kx*  (work by aspring force).



In Fig.7 , a cumin canister of mass m = 0.40 kg slides
across a horizontal frictionless counter with speed v = 0.50
m/s. It then runs into and compresses a spring of spring con-
stant k& = 750 N/m. When the canister is momentarily
stopped by the spring, by what distance 4 is the spring

compressed?
The spring force does
negative work, decreasing
W. = lkx? _ lkxl kb ine f speed and kinetic energy. v
s — KX, 7 KX (work by a spring force ). : e
W, = —Lkx? L
| | — ¢ —
Putting the first two of these ideas together, Stop First touch

we write the work —kinetic energy theorem
for the canister as
K,— K, = —3kd>.

Substituting according to the third key idea gives us this
expression
0—smv?= —1kd>

Simplifying, solving for d, and substituting known data then

give us
_ 0.40 kg
=T ‘(DSOm’)\/?suwm

=12x102m = 1.2cm.




Power

Power is defined as the rate at which work is done: (P =dWwW/dt)
One watt (W) is work done at the rate of one joule per second.

Work  Fr
Power = — = —
time t
1 1 10 kg 5_Mgr _ (10kg)(9.8m/s*)(20m)

h Emg t 43

‘P =490J/s or 490 watts (W)‘

Power of 1 W is work done at rate of 1 J/s

1W=1J/s and 1kW =1000W




Conservation of Energy
Dr. Hind I. Al-Shaikh



Q1 - A body moving with uniform acceleration has a velocity of
12 cm/s when its x coordinate is 3 cm. If its x coordinate 2 s
later Is -5 cm, what is the magnitude of its acceleration?

Q2- Write the projectile motion equation in horizontal and
vertical motion with horizontal range and maximum height
of a projectile?



Key contents

- Gravitational Potential Energy
Elastic Potential Energy
Work-Energy Theorem
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Conservation of Energy



Potential energy and conservation of energy
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s*» Conservative and Nonconservative Forces

Conservative force: the forces that do path independent work.

Example of a conservative force: gravity

Non-conservative forces: the forces that do path dependent
work

Example of a nonconservative force: friction

Also: the work done by a conservative force moving an object
around a closed path is zero; this is not true for a
nonconservative force



< Conservative Forces

The net work done by a conservative force on a

particle moving around any closed path Is zero.
1 b

The force is conservative. write this result as
Any choice of path between Wi =Wy
i . .
2 the pGIHTS gwes the same Without worrying about where positive work is done and
where negative work is done, let us just represent the work done from a to b along
amou rlt 'Df WO rk. path 1 as W, and the work done from b back to @ along path 2 as W,,». If the force
|[ EI} is conservative, then the net work done during the round trip must be zero:
Wapy + Wiy =0,
1 abh and thus
wah.l = _Wba,l-
And a roun d t“ p .g ives In words, the work done along the outward path must be the negative of the work
done along the path back.
as 2 atotal work of zero.
Let us now consider the work W, done on the particle by the force when
( E’} the particle moves from a to b along path 2, as indicated in Fig. 1a . If the force is
p gp g

conservative, that work is the negative of Wy, »:

Fig. 1(a) As a conservative force W= Wy
acts on it, a particle can move from point a to point
b along erther path 1 or path 2.

(b)The particle moves in a
round trip, from point a fo point b along path 1 and
then back to point gaalong path 2



Work and potential energy

The change AU In
potential energy
(gravitational, elastic, etc)
Is defined as being equal to
the negative of the work
done on the object by the
corresponaing
conservative force.

AU = —-W.

# e.g. work done by gravitational force, by
a spring etc.

(&)

Fig shows A block, attached to a spring
and mitially at rest at x = (), 1s set in motion
toward the right. (a) As the block moves
rightward (as indicated by the arrow), the
spring force does negative work on it. (b)
Then, as the block moves back toward x =
0, the spring force does positive work on 1t.



Exp. Figure 2a shows a 2.0 kg block of slippery cheese that slides along a frictionless track
from point a to point b. The cheese travels through a total distance of 2.0 m along the
track, and a net vertical distance of 0.80 m. How much work is done on the cheese by the

gravitational force during the slide?

The gravitational force is conservative.
Any choice of path between the points
gives the| same amount of work.

\ N

A

()

Fig. 2 (a)A block of cheese slides along a frictionless track from
point a to point b. (b) Finding the work done on the cheese by the
gravitational force is easier along the dashed path than along the ac-
tual path taken by the cheese; the result is the same for both paths.

Calculations: Let us choose the dashed path in
Fig. 2b; it consists of two straight segments.
Along the horizontal segment, the angle fis a
constant 90°. Even though we do not know the
displacement along that horizontal segment,
the work W/, done there is

W, = mgd cos 90° = 0.

Along the vertical segment, the displacement d
/s 0.80 mand, with and both downward, the

angle is a constant = 0°. Thus, for the work W,
done along the vertical part of the dashed path,

W, = mgdcos()
= (2.0 kg)(9.8 m/s?)(0.80 m)(1) = 15.7 1.

The total work done on the cheese by £, as the
cheese moves from point a fo point b along the
dashed path is then
W=W,+W,=0+157]=16J. (Answer)
This is also the work done as the cheese slides
along the track from a to b.



“*Determining Potential Energy values

For the most general case, in which the conservative
force may vary with position, we may write the work W

W = J F(x) dx.

The change of the potential energy is defined to be the
negative value of the work done by that conservative
force.

AU = —J ’F(.r) dx.



Gravitational Potential Energy

A particle with mass /77 moving vertically along a y axis (the positive direction is
upward). As the particle moves from point )4 to point )4, the gravitational force
does work on it. The corresponding change in the gravitational potential energy
of the particle-Earth system is:

AU = —ff (—mg)dy = mg fjd}-' = H'i§|:}-’:| .
Yi Fi ¥i

l

AU = mg(yr— y;) = mg Ay.

l

The gravitational potential energy associated with a particle-Earth system
depends only on the vertical positiony (or height) of the particle relative to the
reference position y =0, not on the horizontal position.
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Elastic Potential Energy

In a block—spring system, the block is moving on the end of a spring of spring
constant k. As the block moves from point x; to point x; , the spring force £, = - kx
does work on the block. The corresponding change in the elastic potential energy

of the block—spring system is
i xf wi . b 1 I
AU = —f (—kx) dx = kf x dx = %k[f} ‘ Push — 1R
. - - | |
X; Xx; X; ) X,
AU = 3kx} — skx?. (1)
If the reference configuration is when the spring is Fext (30
at its relaxed length, and the block is at x; = 0. R Wy
Pull :
J 1
1 Ky i)
U—0=2k* -0, o)
1 . Path b )
| - -—s .____Z
e Path a %y

U(x) = LJv2  Elastic potential energy o



Sample problem: gravitational potential energy

A 2.0 kg sloth hangs 5.0 m above the ground (Fig. 3 ).
(a) What is the gravitational potential energy U of the

sloth—Earth system if we take the reference point y = 0 to be E 6 3 1 0
(1) at the ground, (2) at a balcony floor that is 3.0 m above ]
the ground, (3) at the limb, and (4) 1.0 m above the limb? |-
Take the gravitational potential energy to be zero at y = (. I- 3 - 0
[ |
Calculations: For choice (1) the sloth isat y = 5.0 m, and |-
|
U= mgy = (2.0kg)(9.8 m/s?)(5.0 m) L
= 08 J. (Answer) I-
] 3 0 -2 -3
For the other choices, the values of U are :-
(2) U= mgy = mg(2.0m) =397, .
(3) U=mgy=mg(0) =01, T
(4) U= mgy = mg(—1.0m) l-
=—196J~=-201. (Answer) :.
. [ |
(b) The sloth drops to the ground. For each choice of refer- i n - R
ence point, what is the change AU in the potential energy of
the sloth—Earth system due to the fall? n @ 6 °

Fig. 3 Fourchoices of reference point y = (0. Each y axis is
marked in units of meters. The choice affects the value of the po-
tential energy U of the sloth—Earth system. However, it does not

Sl =gy = BULRIEE m/s?)(—5.0 m) affect the change AU in potential energy of the system if the sloth
= —98 1. (Answer) moves by, say, falling.

Calculation: For all four situations, we have the same Ay =



+» Conservation of Mechanical Energy

Principle of conservation of energy:

In an isolated system where only conservative forces cause energy changes, the
kinetic energy and potential energy can change, but their sum, the mechanical
energy E.. of the system, cannot change.

The mechanical energy £, of a system is the sum of its potential energy ¢/ and
the kinetic energy K of the objects within it:

Eopoo = K+ U (mechanical energy).

With AK = W and AU = —W.
Wehaver AK = —AU. = AE...=AK + AU = 0.

(the sum of K and U for\ ( the sum of K and U for
~any state of a system /  \any other state of the system

5

Ei =Er



Fig. 4 A pendulum, with its mass con-
centrated in a bob at the lower end, swings
back and forth. One full cycle of the motion
is shown. During the cycle the values of the
potential and kinetic energies of the pendu-
lum - Earth system vary as the bob rises
and falls, but the mechanical energy Ep.; of
the system remains constant. The energy

E ... can be described as continuously shift-
ing between the kinetic and potential
forms. In stages (a) and (¢}, all the energy is
kinetic energy. The bob then has its greatest
speed and is at its lowest point. In stages (¢)
and (g), all the energy is potential energy.
The bob then has zero speed and is at its
highest point. In stages (b), (d),(f),and
(f1), half the energy is kinetic energy and
half is potential energy. If the swinging in-
volved a frictional force at the point where
the pendulum is attached to the ceiling, or a
drag force due to the air, then E_,_ would
not be conserved, and eventually the pen-
dulum would stop.

V= +Vpax

! All kinetic energy

v
U K J
(R)

/
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All potential I
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U K U K
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U K ~
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v
U K
(d)

I All kinetic energy

U K
(e)

_// «
[



Reading a Potential Energy Curve
AU(x) = —W = —F(x) Ax.

— F(x) = — dU(x)

= (one-dimensional motion),

dx

Force is equal to the negative of

This is a plot of the potential the slope of the U(x) plot.

U(x) energy U versus position x.
F (N) Strong force, +x direction

] - \4

| Mild force, —x direction

X1 %2 X3 X X5

— (] ] [ [
I

A plot of U(x), the potential energy function A plot of the force F(x)acting on the
of a system containing a particle confined to particle, derived from the potential

move along an xaxis. There is no friction, so  energy plot by taking its slope at various
mechanical energy is conserved. points.



Reading a Potential Enerqgy Curve

Li" (J); Em(_\( (J)

ot

i B © - B =N

The flat line shows a given value of
the total mechanical energy E ...

U)), Epec (1)

L & . L =

— At this position, Kis zero (a turning point).
The particle cannot go farther to the left.

- At this position, K'is greatest and
the particle is moving the fastest.

Epec=5.0 1

) A

/K=5.0Jatx=2 Li
K=1.0Jat x> x;

X1 X X3 X4 X5

U (1), Epec (3)

NOW e
I

The difference between the total energy
and the potential energy is the
U(x) kinetic energy K.

Fpee=5.0 1

A

%

U ), Epec (J)

| Xa X3 Xy X5

For either of these three choices for £,
the particle is trapped (cannot escape
left or right).

CThe U(x) plot with three possible values of
£, .. shown.



Potential Energy Curve, Equilibrium Points

UQ)
This is a plot of the potential
U(x) energy U versus position x.

e I L
I

: , x
*1 X2 X3 X X5

* Consider a particle at rest at x, or
X,. If we push it slightly left or right,
a restoring force appears that
moves it back to x, or x,. A particle
at such a position is said to be iIn
stable equilibrium.

* A particle at rest at any point to the
right of x; is said to be in neutral
equilibrium.

- If a particle is located exactly at x;, the
force on it is zero, and the particle
remains stationary. However, if it Is
displaced even slightly in either
direction, a nonzero force pushes it
farther in the same direction, and the
particle continues to move. A particle at
such a position is said to be in unstable
equilibrium.



InFig. 5 achild of mass m is released from rest at the top
of a water slide, at height & = 8.5 m above the bottom of the
slide. Assuming that the slide is frictionless because of the
water on it, find the child’s speed at the bottom of the slide.

(1) We cannot find her speed at the bottom by using her ac-
celeration along the slide as we might have in earlier chap-
ters because we do not know the slope (angle) of the slide.
However, because that speed is related to her kinetic en-
ergy, perhaps we can use the principle of conservation of
mechanical energy to get the speed. Then we would not
need to know the slope. (2) Mechanical energy is conserved
in a system if the system is isolated and if only conservative
forces cause energy transfers within it. Let’s check.

Forces: Two forces act on the child. The gravitational
force, a conservative force, does work on her. The normal
force on her from the slide does no work because its direc-
tion at any point during the descent is always perpendicular
to the direction in which the child moves.

b

The total mechanical
energy at the top
is equal to the total

at the bottom. —&

EXXC SshaaN

Fig. 5 A child slides down a waterslide as she descendsa height h.

Thus, we have only a conservative force doing work in
an isolated system, so we can use the principle of conserva-
tion of mechanical energy.

Calculations: Let the mechanical energy be E .., When
the child is at the top of the slide and E_.., when she is at
the bottom. Then the conservation principle tells us

Epecr = Enecs
To show both kinds of mechanical energy, we have
ﬁ+ﬂ=ﬁ+m¢
or —mub + mgy, = mv, + mgy,.
Dividing by m and rearranging yield
vi =i+ 2805 — )
Putting v, =0and y, — y, = hleads to

ve = V2gh = V(2)(9.8 m/s%)(85 m)
= 13 mfs. (Answer)

This is the same speed that the child would reach if she fell
8.5 m vertically. On an actual slide, some frictional forces
would act and the child would not be moving quite so fast.
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Sample problem: reading a
potential energy graph

A 2.00 kg particle moves along an x axis in one-dimensional
motion while a conservative force along that axis acts on it.
The potential energy U(x) associated with the force is plot-
ted in Fig. 8-10a. That is, if the particle were placed at any
position between x = 0 and x = 7.00 m, it would have the
plotted value of U. At x = 6.5 m, the particle has velocity
vo = (—4.00 m/s)i.

(a) From Fig. 8-10a, determine the particle’s speed at
X1 = 4.5 m.
Calculations: At x = 6.5 m, the particle has kinetic energy

K, = 3mv} = 3(2.00 kg)(4.00 m/s)?
= 16.0J.

Because the potential energy there is U = 0, the mechanical
energy is

Epee =Ko+ Uy=16.01 + 0 =16.01J.
This value for E.. is plotted as a horizontal line in Fig.
8-10a. From that figure we see that at x = 4.5 m, the poten-

tial energy is U; = 7.0 J. The kinetic energy K, is the differ-
ence between E_..and Uy:

K,=E..— U =160J —70] =901
Because K, = 2mvi, we find

v = 3.0 m/s. (Answer)

(b) Where is the particle’s turning point located?

U

20 20
- N\, E ec=161] \ Turning point
— T 16 —
71 Ko
7h — x(m
| | | | 1 H ’ ( )
0 1 4 5 6 7 d—
x (m)

(a) b
Calculations: Because K is the differier}:lce between
Eec and U, we want the point in Fig. 8-10a where the plot of
U rises to meet the horizontal line of Ep.. as shown in Fig.
8-10b. Because the plot of U is a straight line in Fig. 8-10b,
we can draw nested right triangles as shown and then write

16—70 20-70
d 40-1.0"

which gives us d = 2.08 m. Thus, the turning point is at
x=40m—-d=19m.

(c) Evaluate the force acting on the particle when it is in the
region 1.9m < x < 4.0m.

Calculations: For the graph of Fig. 8-10b, we see that for
the range 1.0 m < x < 4.0 m the force is

20 — 7.01]
— = 4.3 N.
1.0Om—4.0m +3N

(Answer)

F =

(Answer)

Thus, the force has magnitude 4.3 N and is in the positive di-
rection of the x axis. This result is consistent with the fact
that the initially leftward-moving particle is stopped by the
force and then sent rightward.



Work done on a System by an External Force

Work is energy transferred e System

’ *,

to or from a system by means == | ]

Positive W ',

of an external force acting on
that system.

<— i

Negative W |

[ &)

Filg. & (@) Positive work W done on
an arbitrary system means a transfer of
energy to the system. (b) Negative work
W means a transfer of energy from the
system.



Work done on a System by an External Force

FRICTION NOT INVOLVED

W=AK + AU,

1

W=AE_.

Your lifting force
transfers energy to
kinetic energy and
potential energy.

/— Ball-Earth
-———- 5\ 'stem

Fig. 8-12 Positive work Wis done on a
system of a bowling ball and Earth, causing
a change AE .. in the mechanical energy of
the system, a change AK in the ball’s kinetic
energy, and a change AU in the system’s
gravitational potential energy.

FRICTION INVOLVED

F— f, = ma.
i

Fd = AK + f.d

¥

Fd = AE .. + fid

The applied force supplies energy. So, the work done by the applied

The frictional force transfers some force goes into kinetic energy
of it to thermal energy. and also thermal energy.
/—Block floor
I."U 7 =TT Rt system
—_— . — 7 N
ﬁ ——DF :> J’/ AEmec "‘
< X W !l ~ |
/
!

:::,. N N_Mth _,//

d e -

(a) (b)

Fig. 8-13 (a) A block is pulled across a floor by force F while a kinetic frictional

force )_‘; opposes the motion. The block has velocity ¥, at the start of a displacement d and
velocity V at the encl of the displacement. (b) Positive work W is done on the block—floor
system by force F, resulting in a change AE,,_. in the block’s mechanical energy and a
change AE,; in the thermal energy of the block and floor.



Conservation of Energy

Law of Conservation of Energy

The total energy £ of a system can change only by amounts of energy that are
transferred to or from the system.

W = AE = AE... + AE, + AE,,,

where E_ .. IS any change in the mechanical energy of the system, E,,, is any
change in the thermal energy of the system, and E;, is any change in any
other type of internal energy of the system.

The total energy E of an isolated system cannot change.

AE ..+ AE, + AE, =0 (isolated system)

An external force can change the kinetic energy or potential energy of an
object without doing work on the object—that is, without transferring

energy to the object. Instead, the force is responsible for transfers of energy
from one type to another inside the object.



Sample problem: change In
thermal energy

A food shipper pushes a wood crate of cabbage heads (total
mass m = 14 kg) across a concrete floor with a constant
horizontal force F of magnitude 40 N. In a straight-line dis-
placement of magnitude d = 0.50 m, the speed of the crate
decreases from vy = 0.60 m/stov = 0.20 m/s.

(a) How much work is done by force F,and on what system
does it do the work?

KEY IDEA

Because the applied force F is constant, we can calculate
the work it does by using Eq.7-7 (W = Fd cos ¢).

Calculation: Substituting given data, including the fact that
force F and displacement d are in the same direction, we
find

W = Fdcos ¢ =
=201

(40 N)(0.50 m) cos 0°

(Answer)

Reasoning: We can determine the system on which the
work is done to see which energies change. Because the
crate’s speed changes, there is certainly a change AK in
the crate’s kinetic energy. Is there friction between the floor
and the crate, and thus a change in thermal energy? Note
that F and the crate’s velocity have the same direction.

Thus, if there i1s no friction, then F should be accelerating
the crate to a greater speed. However, the crate is slowing, so
there must be friction and a change AEy, in thermal energy
of the crate and the floor. Therefore, the system on which
the work is done is the crate —floor system, because both en-
ergy changes occur in that system.

(b) What is the increase AEy, in the thermal energy of the
crate and floor?

W = AE,.. + AE,,.

Calculations: We know the value of W from (a). The
change AE .. in the crate’s mechanical energy is just the
change in its kinetic energy because no potential energy
changes occur, so we have

_ 1 2
AE,..=AK = va — 3mvy.

Substituting this into Eq. 8-34 and solving for AEy;,, we find

AEy =W — (3mv? — 3mvd) = W — sm(v2 — v3)
=207 — }(14 kg)[(0.20 m/s — (0.60 m/s)’]
=22]=221. (Answer)



Sample problem: energy, friction, spring, and tamales

In Fig. 8-17, a 2.0 kg package of tamales slides along a floor
with speed v; = 4.0 m/s. It then runs into and compresses a
spring, until the package momentarily stops. Its path to the
initially relaxed spring is frictionless, but as it compresses
the spring, a kinetic frictional force from the floor, of mag-
nitude 15 N, acts on the package. It k = 10 000 N/m, by what
distance d is the spring compressed when the package stops?

v,
<+ Package
/ g

Tamales

T
f"‘h

| Frictionless ——

Stop d  First touch

During the rubbing, kinetic energy
Is transferred to potential energy
and thermal energy.

KEY IDEAS

Forces: The normal force on the package from the
floor does no work on the package. For the same
reason, the gravitational force on the package does
no work. As the spring is compressed, a spring force
does work on the package. The spring force also
pushes against a rigid wall. There is friction between
the package and the floor, and the sliding of the
package across the floor increases their thermal

System: The package—spring—floor—wall system
includes all these forces and energy transfers in
one isolated system. From conservation of

energy,
Emeaz = Emec.l o AEth' {8'42)

Calculations: In Eq. 8-42, let subscript 1 correspond to
the initial state of the sliding package and subscript 2 corre-
spond to the state in which the package is momentarily
stopped and the spring is compressed by distance d. For
both states the mechanical energy of the system is the sum
of the package’s kinetic energy (K = 5mv?) and the spring’s
potential energy (U = 7kx?). For state 1, U = 0 (because the
spring is not compressed), and the package’s speed is vy.
Thus, we have

Emec1 = Ky + Uy = 3mvi + 0.
For state 2, K = 0 (because the package is stopped). and the
compression distance is d. Therefore, we have

Emec.z = Kz A U2 = 0 ar %kdz.

Finally. by Eq. 8-31, we can substitute f;d for the change
AE,, in the thermal energy of the package and the floor. We
can now rewrite Eq. 8-42 as

skd? = Imvi — fid.
Rearranging and substituting known data give us
500042 + 15d — 16 = 0.
Solving this quadratic equation yields
d=0.055m=35.5cm. (Answer)



Summary

« Conservative forces conserve mechanical energy

» Nonconservative forces convert mechanical energy into other forms
» Conservative force does zero work on any closed path

« Work done by a conservative force is independent of path

« Conservative forces: gravity, spring
« Work done by nonconservative force on closed path is not zero, and
depends on the path

* Nonconservative forces: friction, air resistance, tension

* Energy in the form of potential energy can be converted to kinetic or
other forms

« Work done by a conservative force is the negative of the change in the
potential energy

» Gravity: U= mgy
« Spring: U="% kx°



« Mechanical energy is the sum of the kinetic and
potential energies; it is conserved only in systems with
purely conservative forces

* Nonconservative forces change a system’s mechanical
energy

» Work done by nonconservative forces equals change
in a system’s mechanical energy

 Potential energy curve: Uvs. position



Lecture ¢7)

Center of mass and linear
momentum

Dr. Hind I. Al-Shaikh



+* The Center of Mass

We define the center of mass (com) of a system of particles (such as a person)
In order to predict the possible motion of the system.

. Al A< al) cVlaiay il ga cilagwal) sUall ANCY 3 pachjpy o
The center of mass of a system of particles is the point that moves as though:
1- all of the system’s mass were concentrated there
2- all external forces were applied there

The center of mass (black dot) of ’,,-*’ “‘\\

a baseball bat flipped into the air z N
follows a parabolic path, but all & Y
other points of the bat follow ] P

more complicated curved paths.
QL'&J&,{)MM/JTSJAM//&QJL%
JLwa 5—,@ ﬁ/‘;{-// é,j Ct,-t-ﬁ-"/ ﬁ/J}w .é&.t:.r
Sl AL LU L oKy ol
e 3] dainio



“*The Center of Mass: A system of particles

Consider a situation in which 7 particles are strung out
along the Xaxis. Let the mass of the particles are m,,

m,, ....m_, and let them be located at x;, X,, ...X,
respectively. Then if the total massisM=m;+ m, +.. .+

m,,, then the location of the center of mass, X, IS
mMyxy + iy xo, + igxy + - - - + m,x,
X =
com M
1 n
— Fre; x;.
;M !.;1 ! !
! — This is the center of mass !
MNP / of the two-particle system. .
M M my M
- com ”|" - | com | Shifting the axis
d | " | d does not change
. the relative position
. of the com.

() ()



In 3-D, the locations of the center of mass are given by:

1 & 1 & 1 &
Xeom — ﬁ E X, Yeom — ﬁ E m; Vi, {com H E i
i=1 = =1

The position of the center of mass can be expressed as:

—

'FE'DITI - 'r-l.'.:ll.'_'lﬂ'll + .HZ:DTHJ + E"Eﬂﬂlk'

1 H
E m;r;,
M i=1



» The Center of Mass: Solid Body

In the case of a solid body, the “particles” become
differential mass elements arm, the sums become integrals,
and the coordinates of the center of mass are defined as

1 1 1
Xcom = N f x dm. Yeom = W f v dm, Zeom = ﬂf zdm

where M s the total mass of the
object, and the density Is mass per , =

unit volume p.
where dV is the volume occupied by a mass element dm, and V is the total
volume of the object. Substituting dm= (M/V) dV gives

dm B M
dv v

] ] I
=—xdV, Y= |y, Igg= | 2dV



Sample problem, COM of 3 particles

Three particles of masses m; = 1.2 kg, m, = 2.5 kg, and
ms = 3.4 kg form an equilateral triangle of edge length

a = 140 cm. Where is the center of mass of this system?

y

The total mass M of the system is 7.1 kg.

The coordinates of the center of mass are
therefore:

This is the position . = L é s — mix; + myx, + myx;

150 vector .o for the Tem M AT M
8‘1’ com ('_t points from _ (L2Kkg)(0) + (2.5kg)(140 cm) + (3.4kg)(70 cm)

the origin to the com). = 71K

100 1 Kg
= (Answer)
________ (- My, + myy, + msy
;’0 i and Veom = ﬂzﬁmm —— ;4 2 2
i I my _ (1.2kg)(0) + (2.5kg)(0) + (3.4 kg)(120 cm)

0

0~m o Yom 100 150

We are given the following data:

Particle Mass (kg) x (cm)
1 1.2 0
2 2.5 140
3 34 70

7.1 kg
(Answer)

Note that thez_, = 0.



<+ Newton’s 2" _aw for a System of Particles

—

Fot = Magy,  (systemof particles).

The vector equation that governs the motion of the center of mass
of such a system of particles is:

— f e~ I o f ey~ ‘\'{”mm.}.' f g Jll”mm.:,

The internal forces of the
explosion cannot change
the path of the com.

Note that:

1. F. Is the net force of all external
forces that act on the system.
Forces on one part of the system
from another part of the system
(internal forces) are not included

2. M is the total mass of the system.

M remains constant, and the

system is said to be closed. Fig. Shows a fireworks rocket explodes in
flight. In the absence of air drag, the center
of mass of the fragments would continue to
follow the original parabolic path, until
fragments began to hit the ground.

3. &,y IS the acceleration of the
center of mass of the system.



Newton’s 2" Law for a System of Particles: Proof

»For asystem of nparticles, M r.,p, = m ry + mor, + mars + - - - + m,r,,

where M is the total mass, and r; are the position vectors of the masses m;.

. . MV, = mv + myvs + mayy -+ m, v
> Differentiating, com 171 2%2 3¥3 n'n

where the vvectors are velocity vectors.

»This leads to Ma o = mya; + moa; + myay + - - - + mya,

—_—

»>Finally, MFCUIHZF1+FE+F3+"'+Fi

n

What remains on the right hand side is the vector sum of all the external forces
that act on the system, while the internal forces cancel out by Newton’s 3" Law.



Sample problem: motion of the com of 3 particles

The three particles in Fig. 9-7a are initially at rest. Each Ca/fculations: Applying Newton’s second law
experiences an external force due to bodies outside the tg the center of mass,

three-particle system. The directions are indicated, and the F..=Ma
ne com

magnitudes are F; = 6.0N, F, = 12 N, and F; = 14 N. What

is the acceleration of the center of mass of the system, and in Fr+ B+ B = Md o

what direction does it move? - = =
L . aCO[I] - M *
—l g 3 £
40K 3 F,+ F, + F;,
o , 45° Aeom,x =
2 Q . M
come 8.0 kg —60N + (I12N)cos45° + 14N ,
= — = 1.03 m/s".
0 16 kg
X
B 2 1 2 3 4 5 _
1 Along the y axis, we have
4.0 kg
2Q — ammv:F1y+Fzy+F3y
The com of the system 5 F . M
i | - 0+ (I2N)sin45° + 0
will move as if all the (a) _ ( _ ) — 0.530 m/s2.
mass were there and y 16 kg
the net force acted there. E — . . :
\ 2 F. ~ From these components, we find that @ ., has the magnitude
2 M=16kg Aeom = \/(acom.x)z + (ﬂcom.y)z
J3 9 cpm = 1.16 m/s? = 1.2 m/s? (Answer)
T om oA b and the angle (from the positive direction of the x axis)
0 = com, y
-3 -2 -l L2 3 45 6 = tan! — = 27", (Answer)

(&) Acom, x



< Linear momentum

DEFINITION: The linear momentum of a particle is a vector quantity P that is
defined as

p = mv (linear momentum of a particle)

in which mis the mass of the particle and vis its velocity.

(This is a conserved quantity for an isolated system.)

The time rate of change of the momentum of a particle is equal to the net force
acting on the particle and is in the direction of that force.

. dp
Foy=—2
net (f.f

This is actually Newton’s 2" [aw:

— —~ — —(mV) = m = md.
dt dt dt

net



« Linear Momentum of a System of Particles

The total linear momentum of a system of particles p which is
defined to be the vector sum of the individual particles’ linear
momentum and it is equal to the product of the total mass M of
the system and the velocity of the center of mass. Thus,

—

n o — — —
P=pi+pp+pst---+p,
=mV, + myv, + myv; + - +m,v,

—

P= MT;mm (Linear momentum, system of particles), ~— --+----- 1
If we take the time derivative of Eq. 1 we find
dP _ dvmm
Ty 1"1’;{
dt df

Comparing Egs. 1 and 2 allows us to write Newton’s second law for a system of particles
in the equivalent form

Fo_dp
net df

— A errereninn
— J’l{{"ﬂu:r:mn

(system of particles), — ererereenn. 3



Collision and Impulse  glai¥ly aslaill

Collision: Isolated event in which two or more bodies exert relatively strong
forces on each other for a relatively short time.

Impulse: Measures the strength and duration of the collision force and it is vector
magnitude.

a’ 5 In this case, the collision is brief, and the ball
' \\ experiences a force that is great enough to slow, stop,
Before | or even reverse its motion.

B Al B sAl Aa) g3 B K1 g B jua g 5 Al alakaall g ALl o:&@
\ BN AIS A (use Ja gl cciBgi g cpllayy AUESY A8 Loy B S

0 —
— Systemy

&
| / The figure depicts the collision at one instant. The
i / ball experiences a force ~(t)that varies during the
/ collision and changes the linear momentum of the

-y
00 / ball.
| Bo&1 ki 5!l Lia g Baa) g ddaad LB adlial ) gaay JSEN)

Third law force pair
FrR=-FL = Jr=-JL



- Single collision
The change in linear momentum is related to the force by Newton’s 2nd law
written in the form:

—

F = dpldt
dp = F(H) dt.  cceeeene. 4

We can find the net change in the ball's momentum due to the collision if we inte-
grate both sides of Eq. 4 from a time ¢ just before the collision to a time #; just

after the collision:
Iy Iy
J"d,ﬁ’zJ' F(t)de. ... 5
[ f;

I
J = jf F(t) dt (impulse defined)

L}:f?ﬁ(fﬁf:f’f_f’f:ﬂﬁ
The right side of the equation is a measure of both the

magnitude and the duration of the collision force and is called
the impulse of the collision, J.




Collision and Impulse theorem

The change in the linear momentum of a
body in a collision is equal to the impulse
that acts on that body.

Units: kg m/s

A}_j:}_jf_}_jf:j

The impulse in the collision
Is equal to the area under
the curve.

o)

At I
(a)

The average force gives

Fig. 9-9 (a)The curve shows the magni-
tude of the time-varying force F(¢) that acts
on the ball in the collision of Fig. 9-8. The
area under the curve is equal to the magni-
tude of the impulse J on the ball in the colli-
sion. (b) The height of the rectangle repre-
sents the average force [, acting on the ball
over the time interval Az. The area within the
rectangle 1s equal to the area under the curve
in (a) and thus is also equal to the magnitude
of the impulse J in the collision.

o Instead of the ball, one can focus on
the bat. At any instant, Newton’s third
law says that the force on the bat has
the same magnitude but the opposite
direction as the force on the ball.

e That means that the impulse on the
bat has the same magnitude but the

L opposite direction as the impulse on
curve. the ball.
favg 7 Favg such that:
| L Area under F(t)-At curve = Area under Favg- At
? At Tf J — F ﬂ.f

avg



Collision and Impulse: Series of Collisions

 Let 17 be the number of projectiles that —
PRI : - 9000000 Target —x
collide in a jumg mtervgl At Projectiles 8
e Each projectile has initial momentum J 1
myv and undergoes a change Ap in linear
momentum because of the collision. Impulse on the target:
e The total change in linear momentum J o =_] _ A
facti i i i target — ¥ projectiles — —n-4p
for n projectiles during interval Az is g pro
nAp. The resulting impulse on the target J —n —n
: : i Fo,=—=—Ap=—mAv
during Azis along the x axis and has the AT A At
same magnitude of nAp but is in the
opposite direction. e In time interval A¢, an amount of mass Am = nm
collides with the target.
: A
o _ Am=nmin At > F,, =———Av
a) Projectiles stop upon impact: Af

Av =vr-Vi= 0-v = -
b) Projectiles bounce:
AV = VeVi =-V-V =-2V



Example: 2-D impulse
Race car—wall collision. Figure 9-11a is an overhead view of

the path taken by a race car driver as his car collides with the
racetrack wall. Just before the collision, he is traveling at

speed v; = 70 m/s along a straight line at 30 from the wall.
Just after the collision, he is traveling at speed vy,= 50 m/s
along a straight line at 10” from the wall. His mass 2 is 80 kg.
The collision The impulse on the car
y changes the 7 Y is equal to the change
‘ Wall momentum. ‘ 30:’ 7. in the momentum.
o T — X — X |""— T —X
30 W ‘\;,}rb i /108
|
|

(a) (&) (e)
(a) What is the impulse J on the driver due to the collision?
Calculations: Figure 9-11b shows the driver’s momentum p;
before the collision (at angle 30° from the positive x direc-

tion) and his momentum p,after the collision (at angle —10°).
x component: Along the x axis we have

Jo=m(veg — viy)
(80 kg)[(50 m/s) cos(—107) — (70 m/s) cos 307]
= —910 kg - m/s.

Yy componenit: Along the v axis,

J, = m(vg — v)
(S0 k) |[(50 m/s) sin(—107) — (70 m/s) sin 307]
— 3495 kg -m/s = —3500 kg - m/s.



Impulse: The impulse is then
J = (=910i — 3500j) kg-m/s,  (Answer)
which means the impulse magnitude is
J =\J2+ J2=3616kg-m/s =~ 3600 kg-m/s.

The angle of T is given by

f = tan (Answer)

A

I
which a calculator evaluates as 75.4°. Recall that the physi-
cally correct result of an inverse tangent might be the
displayed answer plus 180°. We can tell which 1s correct here
by drawing the components of J (Fig. 9-11c). We find that 6
is actually 75.4” + 180" = 255.4", which we can write as

8= —105". (Answer)



Example: 2-D impulse, cont.

(b) The collision lasts for 14 ms. What is the magnitude of
the average force on the driver during the collision?

The collision
W changes the .

The impulse on the car

> ¥ is equal to the change
& .
‘ Wall momentum. ‘ in the momentum.
30° I
T — —x T —x
30° Path = T .

(a) (&)
Calculations: We have

P J 3616 kg-m/s
e At 0.014 s
= 2583 X 10° N = 2.6 X 10° N. (Answer)

Using F' = ma with m = 80 kg, you can show that the magni-
tude of the driver’s average acceleration during the collision
is about 3.22 X 10° m/s? = 329¢, which is fatal.

Surviving: Mechanical engineers attempt to reduce the
chances of a fatality by designing and building racetrack
walls with more “give,” so that a collision lasts longer. For
example, if the collision here lasted 10 times longer and the
other data remained the same, the magnitudes of the aver-
age force and average acceleration would be 10 times less
and probably survivable.

Iy

(<)



Momentum and Kinetic Energy in Collisions

Assumptions: Closed systems (no mass enters or leaves them)
Isolated systems (no external forces act on the bodies
within the system)

- Elastic collision: If the total kinetic energy of the system of two
colliding bodies is unchanged (conserved) by the collision.

- Inelastic collision: The kinetic energy of the system is not conserved
some goes into thermal energy, sound, etc.
Example: Superball into hard floor.

- Completely inelastic collision: After the collision the bodies loose
energy and stick together.
Example: Ball of wet putty into floor



Conservation of Linear Momentum

If no net external force acts on a system of particles, the total linear
momentum, A, of the system cannot change.

—_—

’ = constant (closed, 1solated system).

!

If the component of the net external force on a closed system is zero along an axis,
then the component of the linear momentum of the system along that axis cannot
change.

- dp__dp,  d(pitp,) _dP _
# Newton’s 3" law dt dt dt dt




9.9 Inelastic collisions in 1-D

Body 1 Body 2
'I_'Fh- :::.ﬂl
H‘E_'.‘I':l.]lllﬁ ﬂn _t:li
. . X
| iy %,
Adter — —
- Q v

Conservation of Linear Momentum

(Total momentum p, before collision) = (Total momentum . after collision)

151; "‘jigf — f}lf +f?gf Completely inelastic collision:
vy + gy = myvyet gy, myvy; = (my + my)V
V — Hil 1"”.

my + my



“*Velocity of Center of Mass ¢uall & adlaill

The com of the two
bodies is between
them and moves at a
constant velocity.

Here is the
incoming projectile.

Here is the

Collision! %—D
my + Mo

o
The com moves at the
same velocity even after 4\ Vo3
. . \ com
the bodies stick together. &=

stationary target.

P=Mv,_, =(m+m,)

11."!5'???

P conserved — P = p; + D,

- P Py+Dy  Pipt Py

A = =

com
?Hl + Hr'z EHI + }”2 ?Hl + Hr'z

Completely inelastic
collision ) V' = Veom

Fig. Shows some freeze frames

of a two-body system, which
undergoes a completely inelastic
collision. The system’s center of
mass is shown in each freeze-
frame. The velocity v, of the
center of mass is unaffected by the
collision.

Because the bodies stick together
after the collision, their common
velocity V must be equal to v,



SdMmpie prooiem: conservation or
momentum

The ballistic pendulum was used to measure the speeds of
bullets before electronic timing devices were developed. The
version shown in Fig. 9-17 consists of a large block of wood of
mass M = 5.4 kg, hanging from two long cords. A bullet of
mass /m = 9.5 g is fired into the block, coming quickly to rest.
The block + bullet then swing upward, their center of mass
rising a vertical distance s = 6.3 cm before the pendulum
comes momentarily to rest at the end of its arc. What is the
speed of the bullet just prior to the collision?

There are two events here.

The bullet collides with the

block. Then the bullet—block

system swings upward by

height h.

m -
% Th

Fig. 9-17 A ballistic pendulum, used to measure the speeds of
bullets.

The collision within the bullet— block system is so
brief. Therefore:
(1)During the collision, the gravitational force on
the block and the force on the block from the cords
are still balanced. Thus, during the collision, the net
external impulse on the bullet—block system is zero.
Therefore, the system is isolated and its total linear
momentum is conserved.
(2) The collision is one-dimensional in the sense
that the direction of the bullet and block just after
the collision is in the bullet’s original direction of
motion. B m ’

m+ M
As the bullet and block now swing up
together, the mechanical energy of the bullet—
block—Earth system is conserved:

%{m + M)V?2 = (m + M)gh.

Combining steps: —

v = —M \ 2gh
1

I

B (9.9095 kg + 5.4 ke
0.0095 kg

=

) V/(2)(9.8 m/s2)(0.063 m)

= 630 m/s. (Answer)



Elastic collisions in 1-D

(Total kinetic energy before collision)

Here Is the generic setup
for an elastic collision with

(Total kinetic energy after collision)

In an elastic collision, the kinetic
energy of each colliding body may
change, but the total kinetic energy of
the system does not change.

_ a stationary target.
Before UF )
—> ;;"2!:: 0 Stationary target:
00— x
mo _ .
Projectile  Target MyVy; = mMyvie+ Mpvyy (linear momentum).
v it 1 1 2 1 2 ..
After S J imlvﬁ = M vif + 5MyVvy; (kinetic energy).
- x
g Mo v >0 always
vy =0 if my=m, = forward mov.
Fig. 9-18 Body | moves along an x axis vie <0 if my<mj, = rebounds

before having an elastic collision with body
2,which is mitially at rest. Both bodies
move along that axis after the collision.




Elastic collisions in 1-D: Stationary Target

-Equal masses: mz=mz— vir=0 and vof= v—>  In head-on collisions bodies
of equal masses simply exchange velocities.

- Massive target: mz2>>mi1— vir=-viiand v2f=(2mi/mz)vii —> Body 1
bounces back with approximately same speed. Body 2 moves forward at
low speed.

- Massive projectile: m:>>mz — vir=viiand vezr~2vii—> Body 1 keeps on
going scarcely slowed by the collision. Body 2 charges ahead at twice the
initial speed of the projectile.



Elastic collisions in 1-D: Moving Target

Closed, isolated system sy /71" + myvy; = myvip+ mMyvyp, Linear momentum

sl + 3myv = 3mp? + myv. Kinetic energy
Here Is the generic setup
for an elastic collision with
a moving target.

Vi; Vo;
—> e
Q Q—x
Fig. 9-19 Two bodies headed for a one- Vo = ny = Ny v+ 2‘F”2 o
dimensional elastic collision. Lf m, + m, Li "y + N, Z
2m; ny — N1y
1 — _I_ y

Vor = V1i Vo

ny + m, ny + M,



Sample problem: two pendulums

Two metal spheres, suspended by vertical cords, initially just
touch, as shown in Fig. 9-20. Sphere 1., with mass
my; = 30 g, is pulled to the left to height h; = 8.0 cm, and
then released from rest. After swinging down, it undergoes
an elastic collision with sphere 2, whose mass m, =75 g.
What is the velocity vy of sphere 1 just after the collision?

PR A AT A A P AT A A A AT

AN TR P ar K T A R ST A L P HEL SRV
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Step 1: As sphere 1 swings down, the mechanical energy of
the sphere—Earth system is conserved. (The mechanical en-
ergy is not changed by the force of the cord on sphere 1 be-
cause that force is always directed perpendicular to the
sphere’s direction of travel.)

Calculation: Let's take the lowest level as our reference
level of zero gravitational potential energy. Then the kinetic
energy of sphere 1 at the lowest level must equal the gravi-
tational potential energy of the system when sphere 1 is at

height /. Thus,

1 2 =
M vy; = mighy,

which we solve for the speed vy; of sphere 1 just before the
collision:

vi; = V2ghy = \/(2)(9.8 mfsz)(D.OSO m)
= 1.252 m/s.

Step 2: Here we can make two assumptions in addition to
the assumption that the collision is elastic. First, we can as-
sume that the collision is one-dimensional because the motions
of the spheres are approximately horizontal from just before

the collision to just after it. Second, because the collision is so
fn] - fnz
Vii

Vi
. my; + m,

_ 0.030kg — 0.075 kg
0.030 kg + 0.075 kg
= —0.537 m/s = —0.54 m/s.

(1.252 m/s)

(Answer)

The minus sign tells us that sphere 1 moves to the left just
after the collision.



s Collisions in 2-D

Closed, isolated system —— P;; - Ef = P;f -~ Ef*
Linear momentum conserved

Elastic collision —— K” + Kg,- = Klf + Kgf.
e Kinetic energy conserved
that conserves ~
both momentum and ‘V -For example a stationary target, elastic collision :

kinetic energy.

X —axis = nyvy; = myy, 7 €0s & +m,v, 7 €0S o,
"2 /(z NP _ - :
— R . y—axis - 0=—my, ,smo, +m,v, simo,
v NP
mp Vi, I
< If elastic collision %H'rl P%i = %fn]p%f + %"”2""%}”

?Ur\l

Fig. 9-21 An elastic collision between
two bodies in which the collision 1s not
head-on. The body with mass m, (the tar-
oet) is initially at rest,



Systems with Varying Mass: A Rocket
System: rocket + exhaust products

The ejection of mass from
the rocket's rear increases
the rocket's speed.

/— System boundary

M -dM M+ dM vt dv

Vv
e —> =
U

e System boundary

(a) x (5) x

Fig. 9-22 (a) An accelerating rocket of mass M at time £, as seen from an inertial
reference frame. (b) The same but at time ¢ + dt. The exhaust products released during
interval dr are shown.

The system here consists of the rocket and the exhaust products released during
interval dt. The system is closed and isolated, so the linear momentum of the system

must be conserved during dt.
Aula i 8 A Jdan ol adlad) clilasd) o A ) aeall fea 4 oS LA amﬁ\

-

P;= P, = Mv=—dM U + (M + dM)(v + dv)

Linear momentum of Linear momentum
exhaust products released of rocket at the

during the interval dt end of dt

(v+dv)=v,+ U,

U=v+dv—vg,.

V,; defined # Rv,,is called the thrust of the engine.



Systems with Varying Mass: Finding the velocity

M

J” { J My dM
av = —Vg .
"y, M

in which M;is the initial mass of the rocket and M its final mass. Evaluating the integrals
then gives

dv = —v_,

M,
Ve — V: = vV In ——
] rel

for the increase in the speed of the rocket during the change in mass from M, to M;.



Sample problem: rocket engine, thrust, acceleration

A rocket whose initial mass M; is 850 kg consumes fuel at
the rate R = 2.3 kg/s. The speed v, of the exhaust gases rel-
ative to the rocket engine is 2800 m/s. What thrust does the
rocket engine provide?

KEY IDEA

Thrust T is equal to the product of the fuel consumption
rate R and the relative speed v, at which exhaust gases are
expelled, as given by Eq. 9-87.

Calculation: Here we find

T = Rv,y = (2.3 kg/s)(2800 m/s)

= 6440 N = 6400 N. (Answer)

(b) What is the initial acceleration of the rocket?

KEY IDEA

We can relate the thrust 7 of a rocket to the magnitude a of
the resulting acceleration with T = Ma, where M is the

rocket’s mass. However. M decreases and a increases as fuel
i1s consumed. Because we want the initial value of a here. we
must use the intial value M; of the mass.

Calculation: We find
T 640N _
a= M 850 ke = 7.6 m/s°. (Answer)

To be launched from Earth’s surface, a rocket must have
an initial acceleration greater than g = 9.8 m/s?. That is, it
must be greater than the gravitational acceleration at the
surface. Put another way, the thrust 7 of the rocket engine
must exceed the initial gravitational force on the rocket,
which here has the magnitude M;g, which gives us

(850 kg)(9.8 m/s?) = 8330 N.

Because the acceleration or thrust requirement is not met
(here T = 6400 N). our rocket could not be launched from
Earth’s surface by itself; it would require another, more
powerful, rocket.



Sample problem: 1-D explosion

One-dimensional explosion: Figure 9-12a shows a space hauler
and cargo module, of total mass M., traveling along an x axis in
deep space. They have an initial velocity v; of magnitude 2100
km/h relative to the Sun. With a small explosion, the hauler
ejects the cargo module, of mass 0.20M (Fig. 9-12b). The hauler
then travels 500 knmv/h faster than the module along the x axis;
that is, the relative speed v, between the hauler and the mod-
ule is 500 km/h. What then is the velocity vy of the hauler rela-
tive to the Sun?

KEY IDEA

Because the hauler—module system is closed and isolated,
its total linear momentum is conserved; that is,

Fig. 9-12 P;= Py, (9-44)

The explosive separation
can change the momentum
of the parts but not the
momentum of the system.

b= — vi _G;gis — Vis

M— \ —

Hauler
Cargo module 0.20M 0.80M
X X

(@) (B)

where the subscripts i and f refer to values before and after
the ejection, respectively.

Calculations: Because the motion is along a single axis, we
can write momenta and velocities in terms of their x compo-
nents, using a sign to indicate direction. Before the ejection,
we have

P; = Mv,. (9-45)
Let vy be the velocity of the ejected module relative to the
Sun. The total linear momentum of the system after the ejec-
tion is then

Py = (0.20M)vys + (0.80M)vys, (9-46)

where the first term on the right is the linear momentum of the
module and the second term is that of the hauler.

We do not know the velocity vy of the module relative
to the Sun, but we can relate it to the known velocities with

velocity of
+ | module relative |.
to Sun

velocity of
hauler relative
to module

velocity of
hauler relative
to Sun

In symbols, this gives us

Vis = Viel T Vs (9-47)
or Vs = Vs — Vel
Substituting this expression for v, into Eq. 9-46, and then
substituting Egs. 9-45 and 9-46 into Eq. 9-44, we find

Mv; = 020M(vys — Vo) + 0.80Mvys,
which gives us
vys = v; + 0.20v,,.
or vus = 2100 km/h + (0.20)(500 km/h)

= 2200 km/h. (Answer)



