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Chapter 1
MEASUREMENT

® The important skills from this chapter:

ldentify physical quantities

Differentiate between based & derived quantities
ldentify based quantities in Mechanics & their units
Define the international system of unit Si

Convert between different systems of units

Define the standards of length, time & mass

S e




What is physics?

® Experimental observations & quantitative
measurements

® How quantities are measured & compared?

® The unit for measurements & comparisons

® Physics purpose:
Find laws to conduct those experiments & develop
theories to predict future results




Measuring things

Physical quantities:

1. Independent (base quantities) = time, length, temperature,
mass

2. Dependent (derived quantities) - speed, density, power,
work

Physical quantities are defined in terms of the base quantities &
their standards (called base standards)

Base standards must be both accessible & invariable

Quantities are measured by “Unit”
Unit: name assigned to measure a quantity




Measuring things

® Base quantities 2 based units
e Derived quantities - derived units

e Derived units are defined in terms of the based unit

e.g. the unit of power (watt) is a derived unit; defined in terms of the
base units for mass, length & time:

1 watt=1w =1 kg.m?/s3

kg.m?/s3 is read as: kilogram-meter squared per second cubed




The international system of unit
S|

® Known as metric system

Quantity Unit name Unit symbol

Length Meter m
Time Second S
Mass Kilogram kg

_



Scientific notation

Very large & small quantities are expressed by:

® Power of ten
3,560,000,000 m =3.56 x 10°m
0.000 000492s = 492 x 1075

® Exponent of ten (on computer)
3.56 x 10° m = 3.56 E9
492 x 107 s = 492 E-7

® Prefixes e.g. centi-, kilo-, micro-, nano-..

102 109 106 10° 102 107 100 102 10° 106 10° 102
| | | | | | | | | | |
| | T y elt | |
er
milli-  centi-  deci- Gy deka- hecto-




Prefixes for S| Units

Factor Prefix? Symbol Factor Prefix? Symbol
10%4 yotta- Y 101 deci- d
10% zetta- Z 7102 et ¢ )
10 exa- E 10-3 milli- m
107 peta- P 10-¢ micro- )
10" tera- T 10~° nano- n
10° giga- G \ 107" pico- P/
10¢ mega- M 1071 femto- f
103 kilo- k 10718 atto- a
102 hecto- h 10~ zepto- z
10! deka- da 1072 yocto- y




Examples

® 30000g=30x103g=30kg
® 35x10°m =3.5Gm

® 26 x10°m =2.6 Mm

® 148 x 107s=1.48ns

®* 50 km =50x% 103 m

® 0.00000712 watt = 7.12 x 10-°watt
= 7.12 micro watt = 7.12 u watt

j2 10° 10® 103 10? 101 10!

10 100 10°  10°
|




Changing units

® To change unit, we use a method called “chain-link conversion
method”
- we multiply the original measurement by a “conversion factor”

® Conversion factor: a ratio of units that is equal to unity

® Example: convert 2 min to s:
Answer: 1min = 60s
the conversion factor is:

I min i 60s

=- r
60s I min

2min = 2 yﬁnx




Standard of length

®* Meter (unit of length):
The length of the path traveled by light in a vacuum
during a time interval of 1/299 792 458 of a second

Standard of time

® Second (unit of time):
The time taken by 9 192 631 770 oscillations of
light emitted from a cesium-133 atom




Standard of mass

¢ Kilogram (unit of mass):
A platinum-iridium standard mass
kept near Paris

® Atomic mass unit (u):
The carbon-12 atom

1 u=1.660538 86 x 1027 kg

® Density p:

The mass (m) per unit volume (V)
m

P:;




Examples

1. Convert60 kgto g 1000g

1 kg =1000g = 60kg =60kg X =60000g
lkg
2. Convert 5um to mm
lum =10°m, 1mm = 103m
10°° |
Sum = Sum X 0 T M 5107 mm

lum 107 m

3. Convert5 kmtom->5km=5x%x103m
4. Convert 7000 mtokm > 7000 m =7 x 103 x 103km =7 km

5. Convert 55.00 km/h to m/s
55x10°m




6. The basic Sl. units of mass is :
(a) m/s? (b) m/s (c) kg/m3 (dg (e) kg

/. A microsecond is :
(a) 106%s (b) 10%s (c) 109s (d) 10°°

8. The Sl units of the based quantities (length, mass, time) are:
(@ m,kgs (b)cm,g s (c)km,g s (d) km, kg, s

9. (0.000 000 00636) is equal to:
(a) 6.36x107 (b) 6.36x10-8 (c) 6.36x10-2 (d) 6.36x10-10

10.50 km=
(a) 5x10°cm (b) 5x109cm (c) 5x107cm (d) 5x108 cm

11.100 g/cm3 =
(a)103 kg/m3 (b)104kg/m3 (c)10°kg/m3  (d)10° kg/m3

12.The density of water is 1g/cm3. This value in Sl unit is:
(@) 103 kg/cm3 (b)10 kg/m3 (c)103kg/m3  (d)102 kg/




Assignments:

1-1 mi is equivalent to 1609 m so 55 mi/h is:

a)15m/s  b)25m/s c) 66 m/s d)88 m/s

2- A cubic box with an edge of exactly 1 cm has a volume of:
a)10°m’  b)10°m’ ¢)10° m’ d) 10° m’

3 -The Sl base unit for mass is:

a) gram b) pound c) kilogram d) kilopound

4 - A nanosecond is:

a) 10° s b) 10~ s )10 d)c) 10"
5-Agramis:
a). 10° kg b) 10~ kg c) 1 kg d) 10° kg

6- We can write the speed of light (¢ = 299,000,000 m/s) using the
scientific notation as:

a)2.99x10% 1)29.9x10%  ©0299x10%  d)299x 108




Problems:

*3 The micrometer (1 um) is often called the micron. (a) How
many microns make up 1.0 km? (b) What fraction of a centimeter
equals 1.0 um?

27 Iron has a density of 7.87 g/cm’, and the mass of an iron
atom is 9.27 X 1072 kg. If the atoms are spherical and tightly
packed, (a) what is the volume of an iron atom .




Assignments:

1-1 mi is equivalent to 1609 m so 55 mi/h is:

a)15m/s  b)25m/s c) 66 m/s d)88 m/s

2- A cubic box with an edge of exactly 1 cm has a volume of:
a)10°m’  b)10°m’ ¢)10° m’ d) 10° m’

3 -The Sl base unit for mass is:

a) gram b) pound c) kilogram d) kilopound

4 - A nanosecond is:

a) 10° s b) 10~ s )10 d)c) 10"
5-Agramis:
a). 10° kg b) 10~ kg c) 1 kg d) 10° kg

6- We can write the speed of light (¢ = 299,000,000 m/s) using the
scientific notation as:

a)2.99x10% 1)29.9x10%  ©0299x10%  d)299x 108




*3 The micrometer (1 um) is often called the micron. (a) How
many microns make up 1.0 km? (b) What fraction of a centimeter
equals 1.0 yum?

(a) Since 1km =1x103 mand 1m = 1x10° pum,
1km =103m = (10°m)(10°% um/m) = 10° um.

The given measurement is 1.0 km (two significant figures), which implies our
result should be written as 1.0 x 102 pm.

(b) We calculate the number of microns in 1 centimeter.
Sincel cm =102m,
lcm =102 m=(102 m) (10° p m/m) = 104 um

We conclude that the fraction of one centimeter equal to 1.0 um is 1.0 X
104



27 Iron has a density of 7.87 g/cm’, and the mass of an iron
atom is 9.27 X 1072 kg. If the atoms are spherical and tightly
packed, (a) what is the volume of an iron atom o

To convert the density p unit into kg/m3

3
p=(7.87g/ cm3)(1;§§g)(101:m] =7870kg / m’

If we ignore the empty spaces between the close-packed spheres, then the
density of an individual iron atom will be the same as the density of any
iron sample. That is, if m is the mass and V' is the volume of an atom, then

26
p=toy = 220 Ry sy
V p  1870kg /m




*1 ssm Earth is approximately a sphere of radius 6.37 X 10° m.

What are (a) its circumference in kilometers, (b) its surface area in
square kilometers

(a) The radius of the Earth
R = (6.37x10°m)(10-3km) = 6.37%103 km

Earth circumference

s = 2nR = 21t (6.37 x 103km) = 4.00 X104 km

(b) The surface area of Earth is
A = 4nR? =4n (6.37%x103 km)2 = 5.10x108 km?
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Chapter 2

Motion Along Straight Line
Sections: 2-2, 2-3, 2-4, 2-5

! -



® The important skills from this lecture

T
1. Locate the position of a particle with respect to the origin
2. ldentify the positive & negative directions of x & y axes
3

Calculate the displacement in magnitude & determine its
direction

Differentiate between displacement & distance

4

5. Define velocity & differentiate between velocity & speed
6. Calculate the average velocity & speed

/. Define & calculate the instantaneous velocity & speed
8. Differentiate between average & instantaneous velocity




Motion

® Everything in the world moves, even seemingly
stationary objects

® The classification & comparison of motions called
Kinematics, and is often challenging

® Motion could be:

s = ~
in 1 dimension in 2 dimensions in 3 dimensions
y y y
N . A

A M




Motion in One Dimension

® |[tis along a straight line only
® This straight line might be vertical, horizontal, or

slanted
A 1
G—— >
vertical horizontal slanted

® The moving object speeds up, slow down, stop, or
reverse direction

® The motion involves time




Position

Locate an object means: find its position relative to some
reference point, often the origin (zero)

If the particle is located at:
x=3m —2>itis 3 min the +ve direction from the origin

=-3m > itis 3 m in the —ve direction from the origin
A coordinate of -3 m <-1 m, and both are < +3 m

+ sign don’t need to be shown
— sign must always to be shown



Displacement

Displacement Ax (called delta x): the change from a position
X1 to a position X,
Ax=Xx,—x,

A: represents a change in a quantity
A = final value - initial value

Displacement in the right direction always comes out +ve
Displacement in the left direction always comes out —-ve

If we ignore the sign (the direction) of a displacement
- magnitude or absolute value of the displacement
e.g. AXx = -4 m has a magnitude =44 m F4 m

The actual number of meters covered for a trip is |rrelevan .
ent mvolves onIy the original '




® Displacement has two features:

1. Its magnitude is the distance between the original &
final positions

2. lts direction, from an original position to a final
position, has + or — sign (vector quantity)

CHECKPOINT 1

Here are three pairs of initial and final positions, respectively, along an x axis. Which
pairs give a negative displacement: (a) =3 m, +5 m; (b) —3 m, =7 m; (c) 7 m, —3 m?

Solution:

Ax=x,—x
x (a) x,=-3, x,=+5= Ax=5-(-3)=8m
v(b) x =-3, x,=-T= Ax=-T-(-3)=—4m
vc) x,=7, x,=-3= Ax=-3-T7T=-10m




Distance

® The actual meters that the object travels

® |t is a scalar quantities

® |t is not always equal to the magnitude of the displacement
e.g. if the particle moves from x; to x5 as follows:

y
N
X2 2m X3
0
X1 X
5 35 m X4

~ The displacement =x5-x,=0-0=0
istance =2+ 2 +1.5+35=9m




Examples

Find the displacement, direction and distance for:

1. A particle moves from x;= 5 m to x, = 12 m,
AX=12m-5m=+7m.
/ is positive - the motion in + direction
Distance =12 + 5 =17/ m

2. A particle moves from x;=5m tox, =1 m,
AX=1m-5m=-4m.
4 s negative - the motion in — direction
Distance =1 +5=6m

3. A particle moves from x;= 5 m to x, = 200 m then back to

X3 = 5

AX=5m-5m=0
' ce =5+200+5=210m




Graphical Description for Motion

e A position is described also with a graph of position (x) plotted as a
function of time (t) - this graph is called a graph of x(t)

1. If the particle is not moving:

This is a graph x (m)
of position x ]
versus time t\' i
for.a stationary i ol 1 2 3 4 ¢ (s)
object. 1
Same position / x(1)
for any time. ‘

The graph shows position x(t) for a stationary object over /s time interval
object’s position stays at x = - 2 m (not moving)



2. If the object is moving

x (m)

— N O WA
2
=
|
\@




0

Average Velocity (v,,)

® V., the ratio of the displacement Ax that occurs during a
particular time interval At to that interval

_ displacement  Ax  x, —x,

v = length/time e.g. m/s, Km/h
“8 At At t,—t

® How we calculate v,,, from x(t) graph?
1. Draw a straight line between the initial & final position of the
object
2. Find the slope of that straight line

® V,glis a vector quantities (magnitude & direction)
Magnitude: the slope value
Direction: + v, (+ slope) = line slants upward to the right #
— Vavg (= slope) - line slants downward to the right N

e same sign of displacement?




Example:

Calculate v,,, from x(t) graph

vg

x (m)
This is a graph
of position x 4
versus time t. 3 Vayg = slope of this line ~

Ax _ 6m
2 At 3 End of interval
To find average velocity, 1
first draw a straight line, 0 q 3 ; 21t )
start to end, and then -1 This vertical distance is how far
find the slope of the 9 / it moved, start to end:
line ) J Ax=2m- (-4m) =6m
' -3
x(1)
—4 ——————— - —— ==
~—— This horizontal distance is how long
-b / it took, start to end:
Start of interval At=4s5s-1s=3s




Average Speed S,

® s, the total distance travelled (e.g. the number of
meters moved), independent of the direction

P total distance
avg A t

® |t is a scalar quantity




Sample Proble

You drive a beat-up pickup truck along a straight road for
8.4 km at 70 km/h, at which point the truck runs out of gaso-
line and stops. Over the next 30 min, you walk another 2.0 km
farther along the road to a gasoline station.

AXary = 8.4 Km AXyaik= 2 Km
Vavgary = 70 Km/h Atwa,k=30 min




(a) What is your overall displacement from the beginning
of your drive to your arrival at the station?

X1 ﬁ X2 9 X3

MXgny = 8.4 Km DX yaik= 2 Km
Vavgdr = 70 Km/h Atwa,k=30 min

station

x,=0
X, =84km+20km=104km
Ax,  =x,—x,=104-0=104km

total

Another solution:

Ax — A'xdrv + Axwalk
+2km =104k

total




(b) What is the time interval Az from the beginning of your
drive to your arrival at the station?

55

station

MXgpy = 8.4 Km DX yaik= 2 Km
Vavgdry = 70 Km/h Atwa,k=30 min
— _J _J
Y Y
Al Ay

Attotal = Ata’rv + Al‘walk
At . =30min=0.54

wa

Axdrv
vavg,drv:
Atdw
Ax )
At = D _ SHm o




(c) What is your average velocity v,,, from the beginning of
your drive to your arrival at the station? Find 1t both numer-
ically and graphically.

Numerically Ax
= D 103K _ 1 ¢ Gk /

vav total ~— o
wioal " Ar 0,625k

Graphically
Driving ends, walking starts.
x (km) |0 8.4 10.4
t (h) o) 0.12 0.62 12
Slope of this
10 line gives
§ 8 average
E ) velocity.
E How far
4 Ax =10.4 km

0 0.2 04 0.6

How long:

At =0.62 h




(d) Suppose that to pump the gasoline, pay for it, and walk
back to the truck takes you another 45 min. What is your
average speed from the beginning ot your drive to your

return to the truck with the gasoline?

=

Mg, = 8.4 Km
Vavgaw = /0 Km/h

=== =
DX yaik = 2 Km
Atwa/k =45 min

45 min —0.75h

45min —

. total distance
avg At
_ 84+20+2.0 12.4km — 9 1im /A

S = =
¢ 0.12+0.5+0.75 1.37h




Instantaneous Velocity (v)

® The instantaneous velocity (or simply velocity) v refers to
velocity of a particle at a given instant

® It is obtained from the v, by shrinking the time interval
At closer and closer to O
As At reduced 2 Vv, approaches a limiting value, which
IS the velocity at that instant:

lim Ax dx
y = - =
At—0 At dt

® v: the rate at which position x is changing with time at a
given instant (derivative of x with respect to 1)




e Graphically, v is given from the slope of the position-
time curve (x(t)) at the point representing that
Instant

® v is a vector quantity (magnitude & direction)




Instantaneous Speed

® The magnitude of velocity
(velocity without any indication of direction)

® Notice: speed & average speed are different
A velocity of + 5 m/s & - 5 m/s both have an
associated speed of 5 m/s

® The speedometerin a car measures speed, not
velocity (it cannot determine the direction)




B cHECKPOINT 2

The following equations give the position x(¢) of a particle in four situations (in each
equation, x is in meters, ¢ is in seconds, and ¢ > 0): (1) x = 3t — 2; (2) x = —4¢*> — 2;
(3) x = 2/t*;and (4) x = —2. (a) In which situation is the velocity v of the particle con-
stant? (b) In which is v in the negative x direction?

dx
V=—
dt
(1) x=3¢t-2, v=d(3t_2)=3m/s
dt
— 2_
(2) x=-4t -2, v=d( 4 2)=—8tm/s
dt
)
(3) x=2/¢, v=d(2t )=—4t_3m/s
dt
@ x=-2, v=22 _g

dt

(@) vis constant 2> (1) & (4)
(b) v is negative 2 (2) & (3)




Sample Proble

The position of a particle moving on an x axis is given by

x=78+92t-2.1¢
With x in meter & t in second. (1) What is its velocity at t = 3.5 s? (2) Is

the velocity constant, or is it continuously changing?

Answer:

(1) po & =i(7.8+9.2t—2.1t3)

T dt at

=9.2-32.1)’ =9.2-6.3¢
att=3.5s
v=9.2-6.3(3.5)>=9.2-77.175

=—6797=—-68m/s

(2) Because v is a function of £, it is not constant but continuously
hanges with time




Examples:

Q.1 The position of a particle along the x-axis is given by
x=3=-2t"-2
where x in meters and t in second, the velocity of this particle in

the time interval fromt;=1stot, = 3 s is:
(@) 13 m/s (b) 10 m/s (c¢) 31 m/s (d)-10 m/s

Answer:;

t=1s = x =31 =2(1)* =2 =—1m

1

t,=3s = x,=3(3)’-2(3)"-2=6Im

2
I o L S S PP

V

avg
t,—t, 3-1




Q.2 A car moves along a straight line with velocity in m/s given by
v=1¢"—16

The velocitg att=0is:
(@) zero (b)4m/s (c)-16 m/s (d)-9 m/s

Answer:

v(t)=t"-16 = v(0)=(0)"-16 =-16m/s

The change in the velocity between the time interval t =1 and t=5 is:

(a) zero (b)4 (c) 24 (d) -9

Answer: v()=1-16=-15, V(5)=(5)2—16 =9m/s
Av=9—(~15)=24

Q.3 Referring to the previous %uestion, the car stops when t equals:
(a) zero (b§4s (c)3s (d)bs (e) 2s

Answer:

tops, v=0 >




Q.4 A bicycle is moving along x-axis according to the equation
x(¢) =2t 43¢

where x is in meters and t is in second. Its velocity att =2 s is:
(@) 14 m/s (b)26 m/s (c)32m/s (d) m/s (e) 38 m/s

Answer: _ dx(?) _ d(2t+3t2)

.
dt dt
at t=2s, v=2+4+12=14m/s

=2+ 6¢

Q.5 The initial and final positions of a particle along the x-axis

are -3 m, 10 m respectively. Its displacement is:
(@Q)7/m ((b)13m (©)-13m (d)-7m (e)4.5m

Answer:;

Ax=10—(=3)=13m



Chapter 2
Motion Along Straight Line

Sections 2-6, 2-7

Acceleration
Constant Acceleration



o T
1
2
3

he important skills from this lecture

Define & calculate the average acceleration

. Define & calculate the instantaneous acceleration
. Differentiate between average & instantaneous

B

O

acceleration

Explain motion with constant acceleration

Apply the constant acceleration equations to solve
problems



Acceleration (a)

® Changing velocity - acceleration
If the particle has velocity v; at time t; & v, at time t, the
average acceleration a,, over a time interval At is

v, — vy Av
tz - tl At
® The instantaneous acceleration (or simply acceleration) a

IS the acceleration of a particle at any instant

aavg o

dv
5 =
dt

a IS the rate at which the particle’s velocity is changing at
instant




From equations: dx _dv

:E’ a_E
I d(dx)_dzx
ot T ar\dr) ar

- The acceleration of a particle at any instant is the second
derivative of its position x(t) with respect to time

Acceleration unit: m/s? (length/(time?)
Acceleration has both magnitude & direction (vector quantity)

The sign of an acceleration has a nonscientific meaning:

+ve acceleration = the speed is increasing A

—ve negative acceleration = the speed is decreasing V¥ (called
deceleration)




® |f the signs of the v & a are the same - speed increased A
If the signs of the v & a are opposite > speed decreased WV

W CHECKPOINT 3

A wombat moves along an x axis. What is the sign of its acceleration if it is moving
(a) in the positive direction with increasing speed, (b) in the positive direction with de-
creasing speed, (c) in the negative direction with increasing speed, and (d) in the nega-
tive direction with decreasing speed?

“. N Answer:

(a) movement in +ve direction, A\speed
- a & v has same signs - +ve a

(b) movement in +ve direction, Wspeed
- a & v has different signs - -ve a

(c) movement in -ve direction, A\speed
- a & v has same signs 2 -ve a

(d) movement in -ve direction, ¥speed
- a & v has same signs = +ve a



Sample Problem

A particle’s position on the x axis of Fig. 2-1 is given by
x=4-27t+ £,
with x in meters and ¢ in seconds.

(a) Because position x depends on time ¢, the particle must
be moving. Find the particle’s velocity function v(¢) and ac-
celeration function a(¢).

Answer: V:ﬁ:—27+3t2m/s
dt
a= ﬂ = 6tm / S2
dt

(b) Isthere ever a time when v = 0?
Answer: y=0=-27+3 = 3’=27 = t=+9=13s

velocity is zero both 3 s before and 3 s after the clock r




Examples:

Q.1 If t;=2 s and t,= 4 s, find the average acceleration when the velocity
changes from 8 m/s to 12 m/s.
(@) 1 m/s? (b) 3.33 m/s? (c) 5 m/s? (d)2m/s2 (e) 4.5 m/s?

"t 4-2 2

Q.2 The velocity of a particle starts from the origin as:

v(t)=3t"+5m/ s

The acceleration of the particle after 2 second is:
(a) 6 m/s? (b) 12 m/s? (c) 18 m/s? (b) 24 m/s? (b) 30 m/s?

v(t)=3t"+5m/ s

= a(2)=6X




Q.3 The instantaneous acceleration is given by:

dx d dx d* dx d dx d* dv
(G)E (b)E(E) (C)d_tz(E) (d)zt(?) (e)d_ﬂ(E)

Q.4 A car is traveling at constant speed of 30 m/s for 3 s:
(1) The acceleration of the car is
(a)0 (b) 3 m/s? (c) 10 m/s? (d) 9 m/s?

Because the speed is constant = the acceleration is zero

(2) The distance after that time is:
(a) 90 m (b) 50 m (¢c)33m (d) 27 m

The distance x =vt =30 X 3 =90 m




Constant Acceleration: a Special Case

®* |n many types of motion, the acceleration is either constant or
approximately so

¥ V(1)
x(1)
- z
S 3
= = Slope = a
Z =
A Slope varies
% Y0
; {
0 0
(a) (b)
a
t v X = vt a=v/t .S a(l)
(s) | (m/s) (m) (m/s?) g Slope = 0
1 20 20 20 i)
Q
> | 40 80 20 <0 ‘
3 60 180 20 (¢)
4 80 320 20 a(t) is constant, which requir
that v(t) has a




Equations of Motion wit

1 d

Constant Acceleratior

When the acceleration is constant 2 a,,,= a

Vv, =V, V=V

0

a=a,, =
ot -t t=0

since ¢, =0,t, =t,v, =v,v, =V

7 |\v=vy,t+ at

X — xO
Similarly, Vavg = F— 0

since ¢ =0,¢, =t,x, =X,,X, =X

9

X = Xg T Vayel.



* For the linear velocity function, v,,, fromt=0to t =
t) Iis given by:

1
Vavg — Q(VO T V)
e Substitutingy from V = Vo»"‘ at into the above
equation: vy, = v, + jat

® Substitutingv,,, from the above equation into
X = Xo T Vayel. gives:

i
X — Xy = vt + 5at?




Table 2-1

Equations for Motion with Constant
Acceleration®

Equation Missing
Number Equation Quantity
2-11 v =v,+t at X — Xg
2-15 X — Xg = Vol + %azt2 v

2-16 v2 =3+ 2a(x — x,)
2-17 x — xg = 3(vy + V)t a
2-18 X — Xo = vt — 2af? W

The basic 5 quantities that can be involved in any constant
acceleration problem are: x — x,, v, 1, a, & v,




W CHECKPOINT 4

The following equations give the position x(¢) of a particle in four situations: (1) x =
3t —4; (2) x = =563 + 4> + 6; (3) x = 2/t> — 4/t; (4) x = 5t* — 3. To which of these
situations do the equations of Table 2-1 apply?

(1) x=3t—4, v:@=3, a=P_o v
dt dt

(2) x=-5+4t +6, v:@:—15t2+8t, a:ﬂ:—30t+8 X
dt dt

(3) x=2t7"—-4t", v=@=—4t‘3+4t‘2, a=ﬂ:12t“‘—8t‘3 X
dt dt

(4) x=5¢-3, vzﬂlet, a:ﬂle v
dt dt




The head of a woodpecker is moving forward at speed of 7.49 m/s
when the beak makes first contact with a tree limb. The beak stops
after penetrating the limb by 1.87 mm. Assuming that acceleration
to be constant, find the acceleration magnitude in terms of g

v, =7.49m/s v =0
x, =0 x=1.87mm=1.87x10"m

v =v242a(x—x,) 5 0=(749) +24(1.87x107 - 0)

2a(1.87x107) = =(7.49)*

Vv =y, t+ at .
X — Xo = vt + 2at? _(7.49)

R ) T 2(1.87x107)

=—1.5%x10%m/s*

—15%x10"m/s*x g
In terms of g, a= -
—98m/s

=1.53%x10%g



Free-Fall Object

® [f an object is tossed up or down & the effects of air is
eliminated (in vacuum)
> accelerates downward ¥ at a certain constant rate
called free-fall acceleration g

® The free-fall acceleration g:

® |ndependent of the object’s characteristics
(mass, density, or shape..)

e Same for all objects

® |n vacuum, feather & apple free-fall at
the same g
The acceleration increases the distance
between successive images




® The equations of motion for constant acceleration
also applied to free-fall

* For free-fall: y
1. The directions of motion are along y axis instead :
of the x axis
°
2. The free-fall acceleration is always AN+
a=-g=-98 m/s?2in the equations, so it is .
downward W V|-

® Free-Fall Equations of Motion

a=-—g, Xo = Voo X=Y

vV =1y, T at

v=v,— gt
— xo = Vot + 3ai’
X Xo = Vo K

1
Y=Y, =vt—=gt
v2=vi+2a(x —x) > °© 2
2 _ .2
X — X = 2(vo + V)t vi=v, =280y =)

x—x0=vt—%at2

1
Y=Y, =5(VO+V)t

1 2
Yy—y,=vt+—gt



B)Iyg y
v=0 at

I
highest point :
I
I
I
I

®* The velocity changes in
magnitude & direction:

® During ascent (upward A):

e

) : : ~ Durin
+ve direction, v decreases, until dfsceft,
it becomes zero During ascent, | a=-g

speed

® The object reaches its maximum | %

speed decreases, imncreases,

height atv =0 and velocity %nd velocity
: becomes less ecomes
® During descent (downward W):  |5osicive
—-ve direction, v increases negative

|
|
|
|
|
|
|
|
|
|
+ more
|
|
|
|




Sample Problem

On September 26, 1993, Dave Munday went over the Canadian edge of Niagara
Falls in a steel ball equipped with an air hole and then fell 48 m to the water
(and rocks). Assume his initial velocity was zero, and neglect the effect of the air

on the ball during the fall.

(a) How long did Munday fall to reach the water surface?

2

Vv =vy + at — = 0= /
Vo tat Vo = a=g=98m/s
X — Xg = Vot t+zat

v2 =vi+ 2a(x — x,)

—48 = (0)¢ — %(9.8)t2

t2—48 —r=23.1s

4.8 p




(b) Munday could count off the three seconds of free fall but could not see how
far he had fallen with each count. Determine his position at each full second.

Vv =y, t+ at
x—x0=vot+%a1‘2 at t=ls, y—yozvot—zgl‘2
v2 =v3 4+ 2a(x — xy)

= y—-0=(0)t— %(9.8)(1)2 = y=—49m

at t=2s, y=—19.6m
at t=3s, y=—44.1m

(c) What was Munday’s velocity as he reached the water surface?

v =v,~2g(y~-,)
V2 = (0) — 2(9.8)(—48)
V2 =—19.6(—48)

v =230.67m/s

Because the motion in -y 2> v=-30.6/m/s



(d) What was Munday'’s velocity at each count of one full second? Was he
aware of his increasing speed?

V=1V, + at
X — Xy = vyt + 3at?

V2= v 4 2a(x — x)| V=V 8= (-9.8)1)=-9.8m/s

atr =1s

atr=12s
v=(-9.8)(2)=-19.6 m/s
at r = 3s

v=(-9.8)(3)=-294m/s

He was unaware of his increasing speed
because his acceleration was constant




In Fig. 2-11, a pitcher tosses a baseball up along a y axis, with

an initial speed of 12 m/s. -
(a) How long does the ball take to reach its maximum
height?
Vv =1y, t at VO=12m/S
X — Xy = vyt + 3at? v =0
V2 = v3 + 2a(x — x;)

“_..'.__.4_4_;'___.‘._-__,__“ e



(b) What is the ball’s maximum height above its release
point?

vV =yv,tat =0
X — Xo = vt + 2at? Yo
v2 =3+ 2a(x — x,) v=0
t=1.2s

|
Y=Y =V0t—5gt

y-0=12x(1.2)- %(9.8)(1.2)2

y="73m




(c) How long does the ball take to reach a point 5.0 m above
its release point?

2
V=, T ai y_y0=V0t_§gt
X — Xo = Vot + zat?

1
V2 =02 + 2a(x — xp)| S =12¢- 5(9.8)(02

4.9t -12t+5=0

1244/(12)° —4(4.9)(5) 12£6.7
2(4.9) 9.8
=1 =0.53s, t,=-19s

Two times because the ball passes twice through y = 5.0 m, once on
the way up and once on the way down




Assignments:

Chapter 2: MOTION ALONG A STRAIGHT LINE

1- Complete the following statement: Displacement is

a) a scalar that indicates the distance between two points.

b) a vector indicating the distance and direction from one point to another.
¢) a measure of volume.

d) the same as the distance traveled between two points.

2- A particle moves along the x axis from x; to x; . which results
in the displacement with the largest magnitude?

a). X;=4m, X;=6m

b) Xj=- 41’1’1, Xf= - 8m

). Xj =-4m, X;=2m

d) X = - 4m, Xf= 4m

3. Suppose the motion of a particle is described by the equation:
X =20 + 4 t % Find the average velocity of the particle in the time
interval t;=2 sto t,=5s ?

a) 29 m/s b) 28 m/s c) 84 m/s d) 10 m/s

4. The following are equations of the position of a particle, in
which situation the velocity of the particle is constant ?

ax=4t2-2 b)x=-2t> x=-3t-2 d)x=4t"2

5. The coordinate of a particle in meters is given by
x(t) = 16t — 3 £, where the time t is in seconds. The particle is
momentarily at restatt =

a)0.75s b) 1.3s c)5.3s d)7.3s

Problems: 23,45



*23 ssM An electron with an initial velocity v, = 1.50 X 10° m/s
enters a region of length L = 1.00
cm where it is electrically acceler- Nonaccelerating Accelerating

ated (Fig. 2-23). It emerges with resion reston
v = 5.70 X 10° m/s. What is its ac-
celeration, assumed constant? ~— L—
D P ———————— .
Path of
electron

Fig. 2-23 Problem 23.

°45 ssm www (a) With what speed must a ball be thrown verti-
cally from ground level to rise to a maximum height of 50 m?
(b) How long will it be in the air? (c) Sketch graphs of y, v, and a
versus ¢ for the ball. On the first two graphs, indicate the time at
which 50 m is reached.
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Chapter 3

Vectors
Sections 3-2, 3-3

Vectors & Scalars
Adding Vectors Geometrically




® The important skills from this lecture:

1. Define and differentiate between vector & scalar
quantities

2. Add vectors geometrically

3. ldentify the addition properties of vectors:
commutative law, associative law, and subtraction




Vectors & Scalars

® A particle moving along a straight line can move in only
two directions, +ve & -ve

® For a particle moving in 3D, + & - signs is not enough to
indicate a direction - we use a vector

® Physical quantities could be vector or scalar:

e Vector quantity: has magnitude & direction
- represented by vector
e.g. displacement, velocity, & acceleration

® A vector that represents a displacement is called
displacement vector
(Similarly, velocity vectors & acceleration vectors)

® Scalar quantity: no direction
e.g. temperature, pressure, energy, mass..

® Note: A single value, with a sign specifies a scalar
., a temperature of -40°F) )




Example: Displacement Vector

If a particle moves from A to B Hegd
—> its displacement represented
by an arrow from A to B /
Tail |
A Magnitude

The arrows from A to B, from A" to B’, and from A’ t
B’ have the same magnitude & direction

- identical displacement vectors

- represent the same change in position

A vector can be shifted without changing its value
If its length & direction are not changed

Displacement vectors represent only the overall effg
of the motion, not the path of motion itself



Adding Vectors Geometrically

® |f a particle moves from A to B, then to C

- the overall displacement (net displacement) 5

is the sum of AB & BC vectors A;;ﬁf‘l

AB + BC - displacement from Ato C

AC called vector sum (or resultant) " c

Net displacemen
is the vector sum

b

e a,b, and srepresent the displacement vectors

AB, BC, & AC
a, b, and s indicate only the magnitude

“

®* We can represent the relation among the three
rs with the vector equation




How to Add Vectors

Draw the 1stvector with
proper length & orientation

Draw the 2" vector with
proper length & orientation
originating from the head of
the 1st vector

The vector sum is the vector
that extends from the tail of
1stvector to the head of the

27d one

Measure the length &
orientation angle of the
resultant

To add &and b,
— draw them
b head to talil.

—
A)

LThis Is the

resulting vector,
from tail of @

to head of b.




Vector Addition Properties

¢ Vector addition is commutative:
The addition order does not matter

i+b=Db+74a

Commutative Law

® Vector addition is Associative:
For adding more than two vectors, we can group them in any
order e

—d‘h” @+B)+¢=3a+ (b +7)

Associative Law




If the vector a & b have the same direction &
magnitude
2> a = Db, a & b are parallel

If the vector b & b have the same magnitude

but opposite direction
2> b =-Db, b& - b are antiparallel

b+ (=b)=0
Vector subtraction
=GB =%+ (-

As In algebra, we can move a term that includes
a vector symbol from one side of a vector
equation to the other, but we must change its
signs

d+b=4d or d=d+b

—
a

S

Note head-to-tail

;, arrangement for
addition

>

S8
I
8y

S



W CHECKPOINT 1

The magnitudes of displacements @ and b are 3m and 4 m, respectively, and

c=d+b. Considering various orientations of @ and b, what is (a) the maximum pos-
sible magnitude for ¢ and (b) the minimum possible magnitude?

(a) The maximum possible magnitude for ¢

a=3m °

. _% /
— a

+b © o ”

_I_

c=a
c=34+4=Tm
|5=7m

(b) The minimum possible magnitude for ¢

—

c=a-b ey
=
©
v :(“‘

c=3—-4=—1m

a=hn




Sample Problem

In an orienteering class, you have the goal of moving as far
(straight-line distance) from base camp as possible by mak-
ing three straight-line moves. You may use the following
displacements in any order: (a) a, 2.0 km due east (directly
toward the east); (b) b, 2.0 km 30° north of east (at an angle
of 30° toward the north from due east); (c) ¢, 1.0 km due
west. Alternatively, you may substitute either —b for b or
—¢ for ¢. What is the greatest distance you can be from base
camp at the end of the third displacement?

> - -
a —C
— = :>
- b
—b b = T = =
______ S_O_o___ d=b+a-c
= =P This is the vector result

for adding those three

selo @ilan vectors in any order.

[ e—
0 1 2

Homework © (@) )



Chapter 3

Vectors
Sections 3-4, 3-5, 3-6

Component of Vectors
Unit Vector
Adding Vectors by Components




® The important skills from this lecture
1. Find the inverse of any vector
2. Resolve any vector and find its x and y component
3. Calculate both magnitude and direction of vector
4. |dentify the unit vector
5
©

. Write a vector in unit vector notation
. Adding vectors by components




Component of Vectors

® A vector component:
The projection of the vector on an axis

® How we find a vector projection along an axis
(Resolving vector)?

® We draw perpendicular lines from the two ends of
the vector to the axis

® Projection of the vector on x axis 2 x component of
the vector

Projection of the vector on y axis 2 y component of
the vector

®* a, - vector component along x axis
a, = vector component along y axis

® The vector component of has the same direction
of the vector

° a, & a are both in +ve direction of x &y
because dextends in +ve direction of both axes

vector a is reversed, its components would

— This is the y component ——
of the vector.

(a) (b)

This is the x component
of the vector.



e Example: the components of vector b?

This is the x component
of the vector.

y (m)
b,=7m
6 ol\ - x(m)
|
\/R\ |
= N\ |
Yo N I
! \E\ !
o/ 20 N I I O O ™

——This is the y component
of the vector.

® |n general, a vector has 3 components in x, y, z
In the previous examples, the component along the z axis is zero

e vector is shifted without changing its direction




Finding Vector Components Geometrically

®* How to find the components of @ geometrically from the
right triangle?
1. Arrange vector components head to tail

2. Complete a right triangle by the vector itself

3. The vector forms the hypotenuse, from the tail of one
component to the head of the other component

a, = acosf| |a =asinq

Y

0. the angle between vector a and +ve direction of x axis
a. the magnitude of vector a

® Vector a could be completely determined by 2 ways:

1. Component notation (a; & a,)

2. Magnitude-angle notation (a & 6)
If we know the components a, & a, , both a & 6 are given by

a
a = \al+ a tan 6 = ——




B CHECKPOINT 2

In the figure, which of the indicated methods for combining the x and y components
of vector @ are proper to determine that vector?

=2
=2
=2




Sample Proble
A small airplane leaves an airport on an overcast day and is

later sighted 215 km away, in a direction making an angle of
22° east of due north. How far east and north is the airplane

from the airport when sighted?

To find the components of d, we use Eq. 3-5 with 0 = / '
68° (= 90° — 22°): ‘
d, = dcos 6§ = (215 km)(cos 68°)

= 81 km (Answer) :5/
d, = dsin 6 = (215 km)(sin 68°) S
=199 km =~ 2.0 X 10? km. (Answer) Z

Thus, the airplane is 81 km east and 2.0 X 10?> km north of
the airport.

100
Distance (km)




Unit Vectors ,

Unit vector: vector that has a magnitude of
exactly 1 and points in a particular direction

The unit vectors in the +ve directions of
the x, y, and z axes are i,j, and k

The arrangement of axes is named:

a right-handed coordinate system —
component.
Unit vectors are used to express vectors; y

eg d = a,l + a]

a,1 and ay] are vectors = vector components
a, and a, are scalars - scalar components
of vector a (or simply its components)

This is the x vector
(@) | component.



Examples:

Q1. A vector a in the xy plane, if its direction is 230°
counterclockwise from the positive direction of the x axis, and its
magnitude is 7.3m

(1) the x-component is:
(@) -4.71 (b)-4.7 (c)2.31 (d)-2.3

a, = a cosd = 7.3 cos 2300 = -4.7

(2) the y-component is:
(@) -5.6] (b)-5.6 (c)-4.2] (d)-4.2

a, = a sin® = 7.3 sin 230° = -5.6




Q.2 If the components of vector a is given by: 1
a, = 8 cm and g, = 5 cm, find the direction of this vector 1
a/"
a a 1
6= tan™ 22 = tan"' 2 =327 P Ve NN
a 8 :
\
Q.3 In the previous question, if 4, = -5 cm, find its direction
a —
@=tan"' - =tan"' . —32° T
a 8

X

Because the vector a located in the 4t quarter, -32° means ) a,
that 8= 360° - 32° = 328° ¥

N
Vv

w2
(3]
=]
- = = =\

Q.4 The angle between vector D = 21 + 2] and the +ve y-axis is:
(@)63° (b)19° (c)30° (d)45° (e)11°

a
6 =tan' —X =tan™' z =45°
a 2

X

or D is located in the 1st quarter and its components are equal




Q.5 The x component of vector a is -20 m, and the y component is +15 m.

(1) Vector a in unit vector is: A A
(a) =201 + 15j (a) 151 - 20j (c) 51-10] (d) 201 - 15]

(2) The magnitude of vector a is:
(@)-5 ((b)35 (¢)25 (d)1.25

a =+/(=20)’ +(15)* =25

(3) The angle between the direction of vector a and the +ve x axis is:
(@)37° (b)143° (c)120° (d) 215°

L a 15

O=tan' L =tan" —

a —20

use the vector a located in the 27?4 quarter, -37° means
°©=1430°

=37




Q.6 Vector C starts at point (4, 1, 2) and ends at point (4, 3, 2).
Its magnitude is:
@5 (b6 ()2 (d)8 (e)4

C=JAP +A) + A2 = \J(4-4) +(3=1)+(2-2)’ =2




Adding Vectors by Components

To add vectors by component:
1. Resolve the vectors into their scalar components

2. Combine these scalar components, axis by axis,
to get the components of the sum 7

3. Combine the components of 7to get Fitself
i=ai+aj, b=bi+bj

G+b=(a+b)i+(a +b )]

~|
Il

=ritrj

7
ﬁ
F=da+b

Vectors are equal if
their corresponding
components are equal

1

r.=a,+ b,

r,=a,+ b,
r,=a,+b,

Adding vectors by components also applies to vector subtractions

er! There are 2 ways to express any vector:




' CHECKPOINT 3

(a) In the figure here, what are the signs of the x com-
ponents of d; and d,? (b) What are the signs of the y
components of d; and d,? _()c) What are the signs of d
the x and y components of d; + d,?

y
Sing of x Sing of y |
component component
9
d; + +
9d] + c_l)z + +




Sample Problem g
Figure 3-15a shows the following three vectors:

d = (42m)i — (1.5 m)j,
b =(-1.6m)i + (2.9 m)j,
¢ = (—3.7m)j.

and

What is their vector sum 7 which is also shown?
r.=a,+ b, +c,
=42m-—16m+0=2.6m
r,=a,+b,+¢
=—15m+29m—-—37m=—-23m -1
7= (2.6m) — (2.3 m)] -

We can also answer the question by giving the magnitude
and an angle for 7. From Eq. 3-6, the magnitude is

r = \/(2.6 m)? + (=23 m)?> = 3.5m (Answer)

and the angle (measured from the +x direction) is

—2.3
6 = tan~! (anln> = —41°, (Answer)

where the minus sign means clockwise. 8 =360° —41° =319°




Examples:

Q.1 Two vectors are givenas d =i +2j+ 2]3, and b= 2i+4)+ 2k
find vector c that satisfies the relation g—)p+¢c =3;
@ 1+37 (()-1+5] (c)-1+7 (d)4i+27 (b)-1+2]

—

—b+¢=3i=>c=3+b—a
—a=2-1)i+(4-2)j+(2-2)k=i+2]
[+ ((+2))=4i+2)

SR

Q.2 Vector A has a magnitude of 5.0 m and is directed 30° north of east Vector

B has a magnitude of 6.0 m and is directed north. The magnitude of A + B is:
@)74m (b)6.8m (¢)54m (d)9.5m (e)3.2m

A =5c0s30=4.3, Ay=55in30=2.5




Q.3 vector A has a magnitude of 3 m and is directed east, vector B has a magnitude
of 5 m and directed 35° west of north

(1) Vector A in unit-vector notation is: N
(@)31 (b)3i-21+0k (c)Oi+37+0k (d)5i-2i+k
B\35¢
A
(2) Vector B in unit-vector notation is: >
() 0.11+4.17 (b)-0.11+5] (c)-2.91+4.1] (d)-2.91+4.17+k

6=90°+35° =125°
B =5c0s125=-2.9, B =5sin125=4.1, B=-29i+4.1j

(3) Vector A + B is:
(a) 0.11 + 4.1 (b)-0.11 +4.17 (c)2.51+07 (d) 0.11-2.5]+ k

(4) The magnitude and direction of A + Bis:
(a)4.1,88.6° (b) 7.2,325° (c)5.5,325° (d)13.5,34°

\}1+1§\= 0.12+4.1° =4.1, H:tan_l%=88.6"

(5) Vector A - B is:
(a) 5.91-4.17 (b)-5.91 + 4.17 (c)2.1i1-2.5] (d) 5i- 2.5]

(6) The magnitude and direction of A-B is:
(a) 13,34° (b) 7.2,-35° (c)5.5,325° (d) 13.5, 34°

|A-B|= JG9*+4.17 =72, 6O=tan” % = —35°




Q.4 You drive 6 km north and then 5 km northwest. The magnitude of the

resultant displacement is:
(@)9.24 km (b)1207 km (¢)6.57km (d)8.32km (e)10.17 km

A =6¢0s90=0, Ay =6sin90=6

- . N N
A=0i+6j

5km 6km
B =5c0s135=-3.5, B =5s1n135=3.5 A
~ A A g B 45
B=-3.51+3.5j

W

—

A+B=-351+95], |d+B|=(-3.57+9.5 =10.12

Q.5 Two vectors A = xi + 61 _and B = 21 + yi. The values of x and y satisfying
the relation A + B = 4i + J are:

@¢1,-2) (b)(¢3,2) (©)(2,-5) (d)(@,-4) (e)(,-3)

y]

A+B=(x+2)i +(6+y)j=4i+ ]
x+2=4—=x=2

6+y=1, =ypy=-5



Q.6 The sum of two vectors A+ Bis 4l + J, and their difference AZBis
-2l + ], the magnitude of vector A is:

(@a)1.8 ()28 ()41 ()2 (e)1l.4

A+B=4i+]
TA-B=-2i+]
2A=2i+2]
= A=i+]

:>|2|=M:J5=1.4

Q.7 The magnitude of vector A is 5 units, and its x-component is 2.5
unit, find the angle 6 between the vector A and the x-axis.

A = AcosO
2.5=5co0s6
2.5

6 = cos



Chapter 3

Vectors
Section 3-8

Multiplying Vectors
By Scalar
By vectors: Scalar Product
Vector Product

_



® The important skills from this lecture

0N

kW D

Multiply vector by scalar

|dentify the two kinds of multiplications of vector by another
vector

Calculate the scalar product of unit vectors
|dentify the properties of the scalar product

Calculate the scalar product of two vectors when they are
eritttJ?n iIn unit-vector notation, and in angle-magnitude
notation

Calculate the vector product of unit vectors
|dentify the properties of the vector product

Calculate the vector product of two vectors when they are
written in unit-vector notation, and in angle-magnitude

notation




Multiplying a Vector by a Scalar

* If we have vector a &scalar s > ¢g =¥
7 is a new vector, ‘ ‘ ‘ ‘

L 17 direction: if sis +ve = fiin the same direction of vector a,
if sis -ve - 7 in the opposite direction of vector a

* To divide vector a by scalar s > V= a(l / S)
Fis a new vector,
¥ direction: if s is +ve > IZin the same direction of vector a,
if sis -ve 2 ¥in the opposite direction of vector a




Multiplying a Vector by a Vector

scalar product vector product

l

scalar quantity vector quantity

_




Scalar Product
(dot product)

Q)

@b = ab cos qb‘

<

a: magnitude of
b: magnitude of 5 _
®: angle between a & b

Notice: there are two such angles between @ & b, the small one, ®, and
the big one 360° - ®. Both of them can be used because their
cosines are the same (cos @=cos360°- @)

A dot product is a product of 2 quantities:
(1) the magnitude of one of the vectors and
the scalar component of the 2"d vector along the direction of




Scalar product properties:

¢=0—a.b =abcosd=ab
$»=90—a.b =abcos =0
¢=180%c_1.5:abcosq):—ab

If the angle ¢ between two vectors is 0°, the component of one vector along the
other is maximum, and so also is the dot product of the vectors. If, instead, ¢ is 90°, the

component of one vector along the other is zero, and so is the dot product.

- >

e Commutative law: |@-b =b-d

®* When two vectors are in unit-vector notation:
a-b=(ai+aj+ak) (bi+b,j+ bk
k=1, (¢=0)
(=0, (¢=90°)




W CHECKPOINT 4

Vectors C and D have magnitudes of 3 units and 4 units, respectively. What is the
angle between the directions of C and D if C- D equals (a) zero, (b) 12 units, and
(¢) —12 units?

C.D= CDcosf,= cosf = C—D
CD

(@) C.D=0,=6=cos” % =90°

(b) C.D=12,=0= cos_l% =0

(d) C.D=-12,=6=cos _1—122 =180




at 1s the angle ¢ between @ = 3.01 — 4.0] and b =

—2.01 + 3.0k? (Caution: Although many of the following steps
can be bypassed with a vector-capable calculator, you will learn
more about scalar products if, at least here, you use these steps.)

G-b=abcos ¢
a=\3.0%+ (—4.0)2 =500, b=V (-2.0)2+ 3.02 = 3.61
G@-b = (3.00 — 4.0))-(—2.0i + 3.0k)
= (3.01) - (—2.01) + (3.01) - (3.0k)
+ (—4.0j)- (=2.01) + (—4.0j)-(3.0k)

@b =—(6.0)(1) + (9.0)(0) + (8.0)(0) — (12)(0)
= —6.0.
—6.0 = (5.00)(3.61) cos ¢,
é = cos! 00 _ 590 ~1100

(5.00)(3.61)



Examples:

Q.1 If 4- B =() then the angle between vector A and vector B is:
(@) zero (b)90° (c) 180° (d)45° (e) 360°

Q.2 The vectors A and B are in x-y plane. Their magnitude are 4.5 and
7.3 units, respectively whereas their direction are 320° and 85°
measured counterclockwise from the psitive x-axis. The A dot B is:

(a) 3.451-2.9] (b) -18.8 (c) 0.6i+7.3] (d)2.2i-21]

6 =320° —85° =235°

A-B=ABcos@=4.5x7.3xcos235=-18.8

Q.3 Given 4A=2i —4; the vector that is perpendicular to vector A is:
(a) 2i-4j (b) 4i+2] (c) 2i+4]) (d)2i-6]

For vector A that is normal to vector B, A- B =0Q This condition is
applied when vector B is 41+2]



Q.4 For vectors 4=3/—4j and B=—5{+4j, A-B is:
@-31 (b)31 (c)-311 (d)-i

A-B=-15-16=-31

Q5ThreevectorsA—z—2]+k B=5+2j— 6k and C=2i +3;
The value of(4+ B)-C is:
(a) 18 (b) 12 (c)14 (d) 7

6i +0—5k
20 +3/+0

A+

B
C

(A+B)-C=12+0+0=12




Vector product
(cross product)

® The vector product of a& 3 a X 39 third vector ¢whose magnitude
> ¢ = ab sin ¢,

where @ is the smaller of the 2 angles between @& b
Notice: @ is the smaller angle between the vectors because
sin® # sin(360° - ©)

—

* The direction of Cis perpendicular to the plane that contains & b

* The direction of ¢ = a@ X l_))is determined by the right-hand rule:

® Place the vectors tail to tail without altering their orientations T
® |magine a line that is perpendicular to their plane where they
meet F=axh

® Pretend to place your right hand arou_pd that line in such a way .
that your fingers would sweep ¢ into bthrough the smaller angle ""{i/.’

between them

b points in the direction of €



Vector product properties:
0=0—axb=absing=0
0=90—axb =absing=ab
¢ =180 —a xb =absing =0

If @ and b are parallel or antiparallel, @ X b = 0.The magnitude of @ X b, which
can be written as |@ X b|,is maximum when @ and b are perpendicular to each other.

® The order of the vector multiplication is important

Fa

commutative law



e When two vectors @ & b are in unit-vector notation:

dxb=(ai+a,j+ak)x(bi+b,j+b.k)

ixi=jxj=kxk=0, (¢ =0)
ixjl=|jxkl=lkxi|=1  (¢=90°) / \

xkl=lkxjl==1 (¢=90%

ixi

x b = (a,b, — b,a,)i + (a,b, — b.a,)j + (a,b, — b.a,)k




°* ¢=axb can also be calculated by taking the
determinant of the following matrix:

Y|
Il

i j ok
a, a, a,
b, b, b,

C=axb= (a,b,—b,a, )f —(ab, — bxaz)} +(a,b, - bxay)lg

! \

+ -+ + - 4+ + - 4+
ik ik I
b, b, b b b, b,




W cHECKPOINT 5

Vectors C and D have magnitudes of 3 units and 4 units, respectively. What is the angle
between the directions of C and D if the magnitude of the vector product C X D is (a)
zero and (b) 12 units?

C=3 D=4

CxD
CD
0

CxD = CDsinf,= sinf =

(@) 5><l3=0,:>9=sin‘112=0

(b) éx5=12,=>9=sin—l%:900




Sample Problem
Ifd =31 —4)and b = —21 + 3k,whatis ¢ = @ x b?

¢ = (31 — 4j) x (=21 + 3k)
=31 x (=21) + 31 x 3k + (—4)) x (=21
+ (—4j) x 3k.

Pl B
—6(0) + 9(—j) + 8(—k) — 12i ( \
k j

-~

ol
Il

= —121 — 9j — 8k.




2> |

i
xB=|3 -7 0
2

Examples:

Q.1 For any two vectors A and B, if Ax B = @ then the angle between
them is:
(@)60° (b)90° (c)zero (d)30° (e)270°

Q.2 Two vectors 4 =3 — 7 and B=2i+3j— 2% he vector that is
perpendicular to the plgne of A and B vectors is: X
(a) 121-20j+k (b) 141+6j+23k (c) -141-6]+23k (d) 51-2j+13k

=[14—0]i +[0—(=6)]] +[9— (~14)]k =14i + 6] + 23k




—

Q.3.The vector perpendicular to vector 4= 27 +2kand vector
B =>5i +6kis:

(a) 111 (b) -9k (c) -2i (d) 61 (e) 4k
i ]k

AxB=|2 0 2 |=0{+[10-12]j+0k=-2]
50 6

Q.4 A vector A of magnitude 10 units and another vector b of
magnitude 5 units differ in directions by 60°

(1) The scalar product of the two vectors is:

(a) 131 (b) 15 (c) 25 (d) 25]

A-B= ABcos6 =5(10)cos60° = 25

(2) The magnitude of the vector perduct is:
(a) 43.3 (b) 43.3k (c) 15.51 (d) 16.6

|4 B|= ABsin6 = 5(10)sin60° = 43.3




Assignments:

1- A vector has two components (Ax=3cmand Ay =-4cm).

What is the magnitude of A?
a)4cm b) 5 cm c)lcm d) 7 cm

2-Let A=(2m) i+ (6m) j + (3m) k and B = (4m) i+(2m) j - (1m) k.
the vector sum S=A4+B is:

a). (6m)i+ (8m)j+ (2m) k
b). (-2m)i + (4m) j + (4m) k
c). (2 m) i+ (4m)j + (4m) k

d). (8m) i+ (12m)j + (3m) k

3- The value of k.(kx i )is

a) zero b) +1 c) -1 d) 3

4- What is the cross product of a= (1, 2, 3) and b = (4, 5, 6)?




Problems:

1 ssm What are (a) the x component and (b) the y component of a
vector ¢ in the xy plane if its direction is 250° counterclockwise from
the positive direction of the x axis and its magnitude 1s 7.3 m?

*3 ssm The x component of vector A is

—25.0 m and the y component 1s +40.0 m.

(a) What is the magnitude of A? (b) What is the angle between the
direction of A and the positive direction of x?

°9 Two vectors are given by
d = (40m)i — (3.0m)j + (1.0 m)k
and b = (—1.0m)i + (1.0 m)j + (4.0 m)k.

In unit-vector notation, find (a) @ + b, (b) @ — b, and (c) a third
vector ¢ suchthata — b + ¢ = 0.
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Chapter 4
MOTION IN TWO AND
THREE DIMENSIONS

Sections 4-2, 4-3, 4-4

Position & Displacement
Average Velocity & Instantaneous Velocity
Average Acceleration & Instantaneous Acceleration

‘—-‘



Important skills from this lecture:

Define the motion in 2 and 3 dimensions

Locate the particle position in 2 and 3 dimensions
Calculate the displacement vector

Calculate the average velocity

Calculate the instantaneous velocity

Write all the preceding vectors in magnitude-direction and
unit-vector notation

Calculate the average acceleration
Calculate the instantaneous acceleration

Write all the preceding vectors in magnitude-direction and
unit-vector notation

000N OO0k W=




® Motion could be:

e /t\ N\

in 1 dimension in 2 dimensions in 3 dimensions

._; @ ; o

> X




Position in 3 Dimensions

To locate a particle = position vector 7.

—

r=xi—|—yj—|—zf<

xi, yj, and zk - vector com ponents, To locate the
x,y,and z (called coefficient) - scalar compone particle, this
is how far
e.g. a particle with position vector A parallel to z.
¥ =(-3m)i+ 2m) + (Sm)k
has rectangular coordinates
X, V,2)=(-3m,2m,5m)

This is how far
parallel to y.

. _ _ . This is how far
The location of this particle is: parallel to x.

Along the x axis, 3 m from the origin,
in the -I direction

Along the y axis, 2 m from the origin,
in the +J direction

Along the z axis, 5 m from the origin,
In the + K~ direction




Displacement in 3 Dimensions

® As a particle moves - position vector changes

* |f the position vector changes from 7,to rzdurmg a certain
time interval > the particle’s displacement A7 is given by:

— — —
Ar = r, — ry

® Using the unit-vector notation:
AT = (x1 + yy] + 2k) — (i1 + yi] + z,k)

> AF = —x)i+ (v, —y)i + (22— 2k

> A7 = Axi + Ayj + Azk




Sample Problem
The position vector for a particle initially is:

7= (=3.0m)i +(2.0m) ] +(5.0m)k

and then later is: A A A
7, =(9.0m)i +(2.0m); +(8.0m)k

what is the particle’s displacement?

AF =T~
=[9.0—(=3.0)) +[2.0-2.0]/ +[8.0—5.0]k
= (12m)i + Bm)k




Sample Problem

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

x=—0312 + 7.2t + 28 (4-5)
and y = 0.2222 — 9.1t + 30. (4-6)

(a) Att = 15 s, what is the rabbit’s position vector 7 in unit-
vector notation and in magnitude-angle notation?

y (m)
7(1) = x(01 + y(0)] 1
Att = 15 s, the scalar components are To locate the
20 rabbit, this |
x = (—0.31)(15)* + (7.2)(15) + 28 = 66 m L (jfgn:;c'jje;f“e
y = (0.22)(15)*> — (9.1)(15) + 30 = —57 m, 0 0 07 80 *
7 = (66 m)i — (57 m)] »
r="Vx+y?>=V(66m)?+ (—57 m)? 0
— 87 , P i e it 4 ‘
Ll ” 60 @

—57 m

y . e o
1 7 il 1< 66 m ) = —41" =320 This is the y component.

60 = tan~



(b) Graph the rabbit’s path for¢ = Otot = 25 s

we repeat part (a) for several values of t y (m)
and then plot the results. 40
\t=0s
x=—031¢2+ 7.2t + 28 )
20
y = 0222 — 9.1t + 30. N
ol 20 40 Neo 8o ™
t X)) YO N D\
0 28 30 ) \
5 56.25 -10 —40 \110 S
10 69 -39 -
60| 7~ 15
].5 66 _57 /25 S\ ‘;i-'n/ 10S
20 48 -64 /o -
This is the path with
25 14 -60

various times indicated.




Average Velocity

* |f a particle moves through a displacement AF in a
time interval At 2

, displacement . A7
average velocity = P > =

— Ve, = ——
time interval ave At

. _Axf+ij+AzlA<_Ax¢ Ay » Az
Vave At At At At

® The direction of 7avg is the same as that of A7




Sample Problem
If a particle’s displacement is given by

AF = (12m)i + Bm)k
Find its velocity during the time interval of 2 s.

- (12m)i + (3m)k

we T A > soc =(6m/s)i+(1.5m/s)k

The average velocity has a component of 6.0 m/s along the x axis and a
component of 1.5 m /s along the z axis




Instantaneous Velocity

® The instantaneous velocity 37 (or simply velocity) is the value
that 7an approaches when the time interval At reached to O

dr

i)

— —
At—=0 v, =V D |y =

® |n three dimensions

N d - A ~ dx » dy . dz ~
v=—x1t+yjt+zk)=—1+—j] +—Kk
dt ( yJ ) dt dt ] dt Tangent
—> o a A
v=vl+v]+vk
dx dy dz
Ve =——, V,=——, and v, = —
d£ C‘lt ¢ dt Path
/ \ \ 0 %
scalar scalar e The direction of the velocity of
component M — a particle is always tangent to
= T/’palong the particle’s path at the

particle’s position.




Sample Problem

For the rabbit in the preceding Sample Problem, find the ve-
locity v at time ¢ = 15s.

x = —031t2 + 7.2t + 28
y = 0.22¢2 — 9.1¢ + 30.

dx d
= — = —(—031¢2 + 72t + 28
Vx dt dt ( )
= —0.62r + 7.2.

At t =15 s, this gives v, = —2.1 m/s.

dy d 5
= - = — . — . —|—
vy = o (0.22¢t= — 9.1¢ + 30)

= 0.44¢ — 9.1.
t =15s, this gives v, = —=2.5 m/s.

Vv =(=21m/s) + (=2.5m/s)]

y (m)




V= (-21m/s)i + (=2.5m/s))

To get the magnitude and angle of v

v="\Vvi+v:= V(=21 m/s)? + (—2.5m/s)?
= 3.3 m/s (Answer)

14 —2.5m/
0=tan‘1—y=tan‘1< ms)
Vx

—2.1 m/s
= tan"'1.19 = —130°. (Answer)




Examples:

Q.1 If the x-component of a vector r is 3.2 m and the y-component
is 6.2 m, then vector r in unit vector notation is: . A
(a) 2.61-2.3) (b) -2.31+2.6) (c) 6.21+3.2) (d) 3.21+6.2]

Q.2 The displacement of a particle moving from
F=-51+2j+2k10 7 =-8i+2;—2HS:

(a) -71+127 (b) 31+4k” (c) 71-127  (d) -3i-4k~

Ar=7,—1
=[-8 —(=5)]i +[2-2]j +[-2-2]k
= 3] —4k

Q.3 The components of a car’s velocity as a function of time are
givenby: y, =2¢+3, v =3r"+3

Its velocity vector att = 2sis: R :
(a) 91+11) (b)51+3) (c) 71+7) (d) 71+15)




Average Acceleration &
Instantaneous Acceleration

e |f the particle's velocity changed from Vio Vat time interval At
then its average acceleration is:

average _ change in velocity N _ DV, — Vi _ AV
acceleration time interval e At At

® |f At > zero, then average acceleration = instantaneous
acceleration (or acceleration) a

Remember If the velocity changes in either magnltude or
or both), the particle must h




® |n unit-vector notation:

N d . R
a=—(v1+ V] + v.k)

ﬁ
® The scalar components of a :

dv, dv, dv
g =

a, —

e’ 7 dt’ O dt




W CHECKPOINT 2

Here are four descriptions of the position (in meters) of a puck as it moves in an xy plane:
(1) x=-32+4t—2 and y=6/>2—4t (3) 7 =221 — (4 + 3)j

2) x=-33—4 and y=-52+6 (4 7= (4 -201 +3j

Are the x and y acceleration components constant? Is acceleration @ constant?

() x=-3t"+4r-2 y=6t>—4¢
dy
Vv 2@—)1; ——6t+4 vy=7—>vy=12t—4
odt * t
dv av,
=— = — a, = —>a, =12
= dt —a, =6 Yooodt 4

a=(-6)i+(12)j| constant




1% =@%v =-9t>—4
Yoo dt
d
a = 4 =18
X dt X

d=(—181)i +(~10)]

y=-5t"+6

Vy_fi_J;_)vy =—10¢
v,

a, —E—nzy =-10

not constant



(3)
F =21 —(4t+3)J

dr A A

vV =— >V =41 —4j
d .

i ="r_a =47/ constant
dt

(@)
F=(4r =20)i +3]

V= e v =(12¢7-2)i
dt
v

r

= >d =244 not constant




Sample Problem

For the rabbit in the preceding two Sample Problems, find
the acceleration a at time ¢ = 15 s.

Vy = —0.62t + 7.2 Vy = 0441 — 9.1
dv d
= X = —(). _|_ . = —(. 2
ay dt At ( 0.62¢ 72) 0.62 m/s
dv d
ay=—==—-(044 = 9.1) = 044 m/s’

@ = (~0.62m/s)i + (0.44 m/s2)]
a=\Va:+a:=V(-0.62m/s2)> + (0.44 m/s?)?

= (0.76 m/s>.
a 0.44 m/s*
0=t _1_y:t _1( )2—350'
o a, o —0.62 m/s?

. a is located in the 2nd quarter = 8= 180° - 350 =




A particle with velocity v

velocity att =5 s?

= —25+4} (in meters per second) att =0

undergoes a constant acceleration of a magnitude a = 3 m/s? at an angle
6= 130° from the positive direction of the x axis. What is the particle's

Because the acceleration is constant, we can apply the equations of motion

v=v +at and v =v +at
x ox X y oy y

v0x=—2m/s and v0y=4m/s

a_=acosf = 3¢0s130° =—1.93m/ s*

a,= asin@® =3sin130° =2.3m/ s*

v, =4+ (2.3)(5)=15.5m/s

v ==2+(-1.9)(5)=-11.65m/s _ 2,2
Yy = vx+vy—19.4m/s
>
_IV
@=tan XL=127°
v

V= (—12m/s)f+(16m/s)}'

X




Examples:

Q.1 if the position of a particle is given by 7 = (3¢> +2¢)i + (£’ +1)

(a) Find its velocity vector at t = 1s, and the magnitude and direction
. dr(t)
v(i)=—""

(1) =
y=+8+3 =73 6= tan'lgz 20.6°

(b) Find the average acceleration fromt=1stot =2s

=(61+2)i +(3t%)] v(1)=8i +3j

v, =8i +3 Vv, =14i +12;
5_‘72_"1 _6f+9}
t,—t, 1

(c) Find the acceleration at t = 2s
v(t)=(6t+2)i +(3t%)]



Q.2 The components of a car’s velocity as a function of time are
given by v,= 5t? - 5, v,= -413. The acceleration components
are:(a) a,= 10t, a,= -12t2 (b) a,= 4t, a,= -6t2

(c) a,= 6t, a,= -15t (d) a,= 12t, a,= -9t

Q.3 Acceleration is equal to:
(@) dr/dt  (b) dv/dt (c) Ar/At

Q.4 A particle is moving with initial velocity v =2i+4jm/s
and acceleration @=5i +8jm/s’ , the x-component v, of the final
velocity att = 7s is?

(a) 7m/s (b)17m/s (¢) 27m/s (d) 37m/s

=" a =5
ox X

v.=v +at =2+5(7)=37




Chapter 4
MOTION IN TWO AND THREE
DIMENSIONS

Section 4-5, 4-6

Projectile Motion
Projectile Motion Analyzed

. -



® |mportant skills from this lecture:

1.

ROy 01 B WO

ldentify the projectile motion and its velocity and
acceleration components

Analyze the projectile motion into horizontal and
vertical motion

Describe the projectile path

Calculate its horizontal & vertical components of the
final velocity after time t

Calculate its horizontal & vertical displacement
Calculate its horizontal range & maximum height

Calculate the time projectile spend to reach any
position



Projectile Motion |

A projectile: particle launched or projected near the earth's
surface with initial velocity (launched velocity) v, and it moves
along a curved path under the action of gravity only

Such motion is called a projectile motion

It is a special case of two-dimensional motion /o\

Examples: tennis ball or baseball
It is not the motion of a flying airplane /
or a flying duck

The projectile acceleration is always the free-fall acceleration |
(downward .

he prOJectlle S position vector 7 & velocity vector v
its two-dimensional moti




® Because a projectile motion is a two-dimensional motion - we break
up its problem into 2 separated one-dimensional problems:

1. The horizontal motion —>
2. The vertical motion T

* The projectile’s launched velocity vector v, has two components:

— o o
Vo = Vorl + VOyJ‘

® The components of its velocity:

Vor = Vo€OS 6y and vy, = v, sin 6

® The projectile’s acceleration:

a=a, t ay
a, = 0 2 v, = constant
a,=-g (W)

® |n projectile motion, the horizontal motion & the vertical motio
ndent of each other; that is, neither moti




Fig. 4-9 'The projectile motion of an object launched into the
air at the origin of a coordinate system and with launch velocity
v, at angle 6,. The motion is a combination of vertical motion
(constant acceleration) and horizontal motion (constant veloc-
ity), as shown by the velocity components.

Y Vertical motion + Horizontal motion - by Projectile motion

This vertical motion plus /
this horizontal motion /
? produces this projectile motion. 1

Launch velocity

Yoy | Vertical velocity |
60: Launch angle x
—Q x
(0] O | Vox
Launch Launch
y b

b7

v Y4

Speed decreasing




o Speed increasing

X
00— x
Constant velocity
vx
Q— x
Constant velocity

X

= <




Projectile Motion Analyzed

®* We analyze projectile motion horizontally & vertically

Horizontal analysis:

® No acceleration (a, = 0) 2 v, =v,, (constant),
we apply the equations of motion with a constant acceleration

® x-x, (the horizontal displacement from an initial position x,) is

iven by: -
2 4 X — Xo = vt + at?
a.=02>  x — xq= vyt

Because vy, = v, oS 6,

> x — x5 = (v cos Gy)t.




Vertical analysis:

® |t is a free fall motion - constant acceleration (ay = -g)
we apply the equations of motion with a constant acceleration:

vV =1y, t+ at
X — Xy = Vot + 3at?

2 =y + Za(x — Xg)
® The vertical displacement is:
Y = Yo = Vot — 58t°
— (VO Sin Ho)t — %th
and the vertical velocity

v, = Vo sin 6, — gt

2 —

Vy = (vo sin 90)2 — 2g(y — yo)
Initially, the vertical velocity is directed upward A\

& its magnitude steadily decreases to zero (at the maximum
ight of the path), then its component reverses dire




Problems:
°23 A projectile 1s fired horizontally from a gun that is
45.0 m above flat ground, emerging from the gun with a speed of
250 m/s. (a) How long does the projectile remain in the air? (b) At
what horizontal distance from the firing point does it strike the
ground? (c) What is the magnitude of the vertical component of its
velocity as it strikes the ground?

(@ h= Y = Yo = Vot — 581>

h = (V() Sin Ho)t - %th 45m
) = ®

PU 2h:\/2(45.0m2):3.03s
| g \9.80 m/s

(b) The horizontal distance traveled 1s given by Eq. 4-21:

X — xg = (v cos G)t. Ax =v,t = (250 m/s)(3.03s) =758 m.

(¢) And from Eq. 4-23, we find

v, = Vosin 6y — gt v |= gt =(9.80 m/s*)(3.03 s) =29.7 m/s.



«32 @ You throw a ball toward a

wall at speed 25.0 m/s and at angle .
6, = 40.0° above the horizontal (Fig.
4-35). The wall is distance d = 22.0
m from the release point of the ball.
(a) How far above the release point
does the ball hit the wall? What are  Fig. 4-35 Problem 32.
the (b) horizontal and (c) vertical

components of its velocity as it hits the wall? (d) When it hits, has it
passed the highest point on its trajectory?

X — Xy = (VO COS 00)t

Ax 22.0 m
v. (25.0 m/s)cos40.0°

=1.15s.

(a) The vertical distance is

= (v, sin 6, )t —%gt2 =(25.0 m/s)sin40.0°(1.15 s) —%(9.80 m/s*)(1.15s)* =12.




(b) The horizontal component of the velocity when it strikes the wall does not change
from 1its 1nitial value: v, = vy cos 40.0° = 19.2 m/s.

(c) The vertical component becomes (using Eq. 4-23)

v, =V, sin g — gt =(25.0 m/s) sin 40.0° — (9.80 m/s”)(1.15s)=4.80 m/s.

(d) Since vy, > 0 when the ball hits the wall, it has not reached the highest point yet.




The Equation of the Path (trajectory):

® We can find the equation of the projectile’s
path (its trajectory) by eliminating time t
between Egs: 7

Path
(trajectory)

X — Xog — (VO COS Ho)t
y =Y = (v sin 0y)t — %8t21

TS, o . 0 7 - 22 -1 22 0 7 - 7 O
SNSRI SIRA Y SR AP SIRA Y SRR S

— (tan 6y — — 8% .
> |y = (tan 6p)x 2(v, cos 87| trajectory

® Since 6,, vgand g constants, this equation
in the form of y = ax + bx?, (equation of a
abola)



The Horizontal Range (R):

® |tis the horizontal distance traveled by
the projectile when it returns to its initial height F‘\bwwwww)v
Y
horizontal
range R

 TofindR,weput x —x,=Randy —y,=0 in Egs
x — xo = (vgcos §)t. and y — y, = (vosin )t — 3gt>
respectively, then eliminate t between the new
equations

2
v .
S |R= ?0 sin 26| (horizontal range)

* Note: This equation gives the horizontal distance
traveled by a projectile only when the final height is as
the same as the launched height

um when the launched angle is 45°




CHECKPOINT 3

At a certain instant, a fly ball has velocity v = 251 — 4.9] (the x axis is horizontal, the y
axis is upward, and v is in meters per second). Has the ball passed its highest point?

%«Lff b

Yes, because v, = -4.9 is in the negative direction

of the y-axes, so the ball started to move

downward after it passed the maximum height (at
vy = 0)




The total time (1):

The y component of the projectile velocity is:
v, = Vo sin 6, — gt

. . v sin@,
at maximum height, v, = 0 = |t=
8

Note: this t is the projectile time to reach the maximum height

the total time for the projectile ( time for fight) is 2t
y

The maximum height (H):
H=y — Yo= (vosin )t — igt*

2 o
_v,sin" 6,

3 H = S RS S RS SRS SRR SRS SRS A A

28
The relation between R & H:




D CHECKPOINT 4

A fly ball is hit to the outfield. During its flight (ignore the effects of the air), what hap-
pens to its (a) horizontal and (b) vertical components of velocity? What are the (c¢) hor-
izontal and (d) vertical components of its acceleration during ascent, during descent,

and at the topmost point of its flight?

a. Horizontal velocity v, is constant all the time

b. Vertical velocity 8

« Initially positive and maximum

 Then decreases to zero

« Then becomes negative & increases to maximum
Horizontal acceleration a,= 0

d. Vertical acceleration a, == 8§ during both ascent and descent

o



Projectile motion review

e Horizontal displacement x — x, = (v, cos Gy)t.

Horizontal velocity v, =v,,

Vertical displacement y

— Yo = (VO Sin Oo)t — %gtz y

" Path
Vertical velocity v, = v,sin 6, — gt Vo, / (trajectory)
Maximum
2 — . 2 . :
vy = (vosin 6p)" — 2g(y — yo) height H
, R R e e e )
: gx N J
Trajectory y = (tan 6,)x — 5 5 Y
(vo cos ) horizontal
5 range R

Vi .
Horizontal Range R = ?OSIH 20,.

Total time 2¢, t=
8

Maximum height H=

_v,sin@,

2 .2
v.sin® 6,

2g
_ Rtan@



Sample Problem

Figure 4-15 shows a pirate ship 560 m from a fort defending
a harbor entrance. A defense cannon, located at sea level,
fires balls at initial speed v, = 82 m/s.

to hit the ship?

(a) Atwhat angle 6, from the horizontal must a ball be fired

Because the cannon and the ship are at the same height, the horizontal
displacement is the range.

B vg sin 26
g
Rg

2

Yo

sin 26 =

26 =sin"' X8 9=

2

Yo

0=%sin‘1(.816)=

]

2(54.7)

Either launch angle
gives a hit.




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

R v, sin 260
g
R —>0=45

2
R= % sin(2x 45)

R = 6724 = 686.7m
9.8




Examples:

Q.1: The maximum range of a projectile is at a launch angle:
(a) 35° (b) 45¢ (c) 55° (d) 25¢

Q.2: In the projectile motion, the horizontal velocity component vV,
remains constant because the acceleration in the horizontal direction is:

(@) x.=g (b) a. >g (€)a.=0 (d)a.>0

Q.3: The range of a ball that is thrown at angle of 30° above the
horizontal with an initial speed of 65 m/s is:
(a) 318.1m (b) 266.3m (c) 373.4m (d) 220m

D 2 2 .
o V* sin(20) - 65° sin 60 373 4
g 9.8




Q.4: An object is projected from the ground with an initial velocity of
15m/s at an angle of 30° above the horizontal. The maximum height
the object reaches above the ground is:

(a) 11.48m  (b) 16.3m (c) 2.87m (d) 5.1m

7 V02 sin’ 6  15%sin*(30)
2g 2(9.8)

2.87m

Q.5: Cannon is firing a ball from ground level at an angle of 15° above
the horizontal. If the ball speed is 200m/s, the horizontal distance of
the ball just before it hits the ground is:

(a) 4.59km (b) 3.19km  (c) 6.25km (d) 2.04km

V02 sin 26 B 200* sin(30)
g

R = =2040.8m




Q.6: A projectile is fired from a ground at angle 45° above the
horizontal. If it reaches the ground at 60m from the starting
point, the initial velocity is:

(a) 24.2m/s (b) 16m/s (c) 9.8m/s 31.3m/s

J?sin26 ,
P :\/6QX98=24.3m/S
s1n 90

o

g sin 260

Q.7: A baseball leaves the bat with initial velocity of
v,= 101+20J m/s, its range is:
(a) 40.8m (b) 102m (c) 20.4m (d) 61.2m

V=10 +20 =+/500 H:tan‘l%:63.43o

V?sin26 in126.
o 510 :500s1;1;26 86240.8’%

g




Q.8: A ball is projected above the horizontal with an initial velocity
V.= 251+25)J m/s. The maximum height the ball rises is:
(a) 1Im (b) 20.4m (c) 2.4m (d) 31.89m

I/o :\/252 +252 :3535m/S 0 = tan — :450

- V:sin®@  1250sin’(45)
2g 2(9.8)

=31.89m

Q.9: A ball is kicked with speed of 25m/s at an angle of 35° above
the ground. Its time of flight is:
(a) 5.9s (b) 11s (c) 3.25s (d) 2.93s

V sin® :
tzz( _sin j: 2(25)s1in35 5 93

g 9.8



Q.10: A ball is kicked from the ground with an initial speed of
4dm/s at an upward angle of 30°. The time the ball takes to reach

its maximum height is:
(a) 0.2s (b) 0.31s (c) 0.41s (d) 0.51s

. VosinH _ 4sin30
g 9.8

=0.2s

Q.11: A ball is kicked from the ground with initial speed of
15m/s, the maximum horizontal distance the ball travels is:
(a) 40.8m (b) 22.96m  (c) 25.5m (d) 63.8m

When a projectile is thrown and reach the maximum horizontal
distance, this means that 6= 45°

_ V’sin20  15%sin90
g

R =22.96m




Q.12: A projectile is launched at an angle such that the
maximum height reached equals the horizontal range. The
launch angle is:

(a) 22.5¢° (b) 45° (c) 30° (d) 76°

Rtan@
4

H=R

H =

0 =tan"’ 4?H =tan"'4="76°




Chapter 4
MOTION IN TWO AND THREE
DIMENSIONS

Section 4-7

Uniform Circular Motion



® |mportant skills from this lecture:

1. Define the uniform circular motion
2. Define the direction for both velocity & acceleration in
the circular motion

3. Calculate the particle’s acceleration in the uniform
circular motion

4. Calculate the period of the revolution




Uniform Circular Motion

* Uniform circular motion: when a particle travels
around a circle at constant (uniform) speed

The acceleration vector

® |ts speed does not vary always points toward the

center.

® |ts acceleration changes?
because its velocity changes in direction

®* The relationship between the particle's velocity
& acceleration:

® Both vectors have constant magnitude, but
their directions change continuously The velocity

® The velocity is always directed tangent to  vectoris always
: : : : : tangent to the path.
the circle in the direction of motion

® The acceleration is always directed radially
' d




® Centripetal acceleration: it is the acceleration that is
associated with the uniform circular motion

®* The magnitude of the centripetal acceleration a is

2
Vv
a=—— (centripetal acceleration)
r

where r : the radius of the circle
v . the speed of the particle

® During this acceleration, the particle travels the circumference
of the circle (a distance of 2Mr) in time T

T = 27T

(period)

® Period of revolution or period (T ): the time for a particle to go
around a closed path exactly once




W cHECKPOINT 5

An object moves at constant speed along a circular path in a horizontal xy plane, with
the center at the origin. When the object is at x = —2 m, its velocity is —(4 m/s)j. Give
the object’s (a) velocity and (b) acceleration at y = 2 m.

y
N A
@) v=-4i

(b) a=v*/r -2: S ")2 X

=16/2 = 8 m/s?
a direction: - 8 ] m/s?




“Top gun” pilots have long worried about taking a turn too
tightly. As a pilot’s body undergoes centripetal acceleration,
with the head toward the center of curvature, the blood
pressure in the brain decreases, leading to loss of brain
function.

There are several warning signs. When the centripetal
acceleration is 2g or 3g, the pilot feels heavy. At about 4g,
the pilot’s vision switches to black and white and narrows to
“tunnel vision.” If that acceleration is sustained or in-
creased, vision ceases and, soon after, the pilot 1s uncon-
scious—a condition known as g-LOC for “g-induced loss of
consciousness.”

4 What is the magnitude of the acceleration, in g units, of
a pilot whose aircraft enters a horizontal circular turn with a
velocity of ¥, = (4001 + 500j) m/s and 24.0 s later leaves the
turn with a Velomty of V V= = (—4001 — 5007) m/s? N

\ ./




= (4001 + 500))  V, = (—400i — 500])

The final velocity is the reverse of the initia
the aircraft leaves on the opposite side of t
from the initial point and must have comp

velocity -
ne circle

eted half a

circle in the given 24.0 s. Thus a full Clrcle would have

taken T = 48.0 s.

27r Tv
T =—=r=— V=
% 21T
2 2
. v 27TV B 27TV
r v T

v=1/(400)* +(500)* = 640.31m / s
_ 2(3.14)(640.31) _
48




Examples:

Q.1: a player runs in a circular tract has a radius of 50m with a
constant speed of 10m/s. The magnitude of his centripetal

acceleration is:
(@) 0.2m/s? (b) 2m/s?2 (c) b5m/s? (d) 20m/s?

v: 100

a=—= =2m/s”
v 50




Chapter (4 ) MOTION IN TWO AND THREE DIMENSIONS

- A projectile is fired from the ground level over level ground with an initial
velocity that has a vertical component of 20m/s and a horizontal
component of 30m/s.

1- The distance from launching to landing points is:

(a). 40m (b) 60m (c) 20.4m (d) 122m

2-The maximum height the projectile reached is :

(a). 40m (b) 60m (c) 20 .4m (d) 122m

3-The time the projectile takes to reach its maximum height is:

(a)-4.1s (b) 2.05 s (c)1.05s (d)0.5 s

Problem: 3 and 17



*3 A positron undergoes a displacementAA7 = g.Of —3.0] + 6.0k,
ending with the position vector 7 = 3.0j — 4.0k, in meters. What
was the positron’s initial position vector?

*«17 A cartis propelled over an xy plane with acceleration compo-
nents a, = 4.0 m/s* and a, = —2.0 m/s* Its initial velocity has com-
ponents vy, = 8.0 m/s and v, = 12 m/s. In unit-vector notation, what
1s the velocity of the cart when it reaches its greatest y coordinate?




Chapter (4 ) MOTION IN TWO AND THREE DIMENSIONS
- A projectile is fired from the ground level over level ground with an initial
velocity that has a vertical component of 20m/s and a horizontal
component of 30m/s.

1- The distance from launching to landing points is:

(a). 40m (b) 60m (c) 20.4m (d) 122m

v o=V +v§y =36.lm/s

’
0 =tan' -2 = 33.68°
V

oxX

2
R=2Yogin20=122m
g



2-The maximum height the projectile reached is :

(a). 40m (b) 60m (€)20 .4m (d) 122m
2+ 2 2
2g 2(9.8)

3-The time the projectile takes to reach its maximum height is:

(a).-4.1s (b)2.05 s (c)1.05s (d)0.5 s

_v,sin6,

t= = 2.04s

8




*3 A positron undergoes a displacementAA7 = g.Of —3.0] + 6.0k,
ending with the position vector 7 = 3.0j — 4.0k, in meters. What
was the positron’s initial position vector?

3. The initial position vector 7, satisfies 7 — 7, = Ar , which results in

7 =F—AF =(3.0] — 4.0k)m — (2.0i — 3.0j + 6.0k)m = (=2.0 m) i + (6.0 m) j + (=10 m)k




17 A cartis propelled over an xy plane with acceleration compo-
~/nents a, = 4.0 m/s?> and a, = —2.0 m/s”. Its initial velocity has com-
ponents v, = 8.0 m/s and v, = 12 m/s. In unit-vector notation, what
is the velocity of the cart when it reaches its greatest y coordinate?

2-11 v=yv,+ at
2-15 X — Xy = Vol + %atz
2-16 v2 = v} + 2a(x — x,)
2-17 x — xg=3(vo + V)t
2-18 X — xo = vt — at?

17. We find ¢ by applying Eq. 2-11 to motion along the y axis (with v, = 0 characterizing
Y = Ymax )- V=yvytat
0=(12m/s)+ (2.0 m/s*)t = 1=6.0s.

Then, Eq. 2-11 applies to motion along the x axis to determine the answer:

ve = (8.0 m/s) + (4.0 m/s*)(6.0 s) = 32 m/s.

e velocity of the cart, when it reaches y = ymax , 1S (32
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Chapter 5
FORCE AND MOTION -I

Sections 5-2, 5-3, 5-4, 5-5, 5-6

Newtonian Mechanics
Newton’s First Law

Force
Mass
Newton’s Second Law




® |mportant skills from this lecture:

Explain Newton’s first [aw

Define the force and its unit

Resolve forces and find the resultant along x & y axes
Define the mass and its relation to force

Explain newton second law

Relate the force component along an axis to its
acceleration

o hEWN -

Define Newton unit
Draw free-body diagram
Apply Newton 2" Jaw in one & two dimensions

© 00




Newtonian Mechanics

® The study of the relation between force & acceleration is
called Newtonian mechanics

® Newtonian mechanics does not apply to all situations;

e |f the speeds of the interacting bodies are very large (near
the speed of light) - Einstein’s special theory of relativity
applied

® |f the interacting bodies are on the scale of atomic structure,
e.g. electrons - quantum mechanics is applied

® Newtonian mechanics is applied to the motion of objects
ranging in size from the very small to astronomical
objects




Newton’s First Law

® When there is no force acting on a body:
® [f the body is at rest, it stays at rest

® |f the body is moving, it continues to move with the
same velocity (same magnitude & direction)

Newton’s First Law: If no force acts on a body, the body’s velocity cannot change;
that is, the body cannot accelerate.




Force

® A force is measured by the acceleration it produces
® Acceleration is a vector quantity - force is a vector quantity

—

() F.
® Force unit is Newton (N)

® Superposition principle for forces:

® When two or more forces act on a body, their net force or
resultant force (F,..) are the vector addition of the
individual forces

® A single force that has the magnitude & direction of the net
force has the same effect on the body as all the individual
forces together

o It can have many components along coordinate axes

e When forces act only along a single axis, they are single-
onent forces - the arrows could be r




® |f many forces are acting on a body, and their net
force is zero—> the body cannot accelerate

Newton’s First Law: If no net force acts on a body (E)let = (), the body’s velocity
cannot change; that is, the body cannot accelerate.

W CHECKPOINT 1

Which of the figure’s six arrangements correctly show the vector addition of forces F)l
and F, to yield the third vector, which is meant to represent their net force F,?

Al N\ 7 % F
v’

(a) Fy (b) Fy (©) Fy




Mass

Eordc_e produces different magnitudes of accelerafjon for different
odies «E E &

e.g., if a baseball ’& a bowling ball
same kick
- baseball acceleration > bowling ball?

® Because the mass of the baseball differs from the mass of the bowling

® Aless massive baseball receives a greater acceleration than a more
massive bowling ball when the same force is applied to both

~are given the

The mass of a body is the characteristic that relates a force on the
body to the resulting acceleration

Mass is:
® an intrinsic characteristic of a body
® a scalar quantity




Newton’'s Second Law

Newton’s Second Law: The net force on a body is equal to the product of the body’s
mass and its acceleration.

—

F. =ma (Newton’s second law)

® This equation is equivalent to three component equations, one
for each axis of an xyz coordinate system

Fnet,x — ma,, Fnet,y — ma and Fnet,z — ma

y? Z

® FEach of these equations relates the net force component along
an axis to the acceleration along that same axis

The acceleration component along a given axis is caused only by the sum of the force
components along that same axis, and not by force components along any other axis.




* From Newton’s 2" law, if F =0 =ad=0
® |f the body is atrest (v =0 & a= 0), it stays at rest
® |f the body is moving (v # 0 & a = 0), it continues to
move at constant velocity

® Any forces on such body balance one another, and
both the forces and the body are said to be in
equilibrium

® The forces could cancel one another, ) \\‘ / #
but still act on the body e

® In Sl units
1 N = (1kg)(1 m/s?) =1 kg-m/s?




® Some force units in other systems of units are given
in Table 5-1

Units in Newton’s Second Law (Egs. 5-1 and 5-2)

System Force Mass Acceleration
SI newton (N) kilogram (kg) m/s’
CGS dyne gram (g) cm/s?
British? pound (1b) slug ft/s?

91 dyne = 1 g-cm/s°.
1 1b = 1 slug - ft/s%.




Calculate an unknown mass by
knowing another mass and their

accelerations

If a force F =1 N is applied on 2 bodies, a standard body,
whose mass m, = 1.0 kg, and acceleration a, = 1.0 m/s?, and

the 2" body X whose mass (my) is not known, and its
acceleration ay = 0.25 m/s2. To find my :




Free-body Diagram

® To solve problems with Newton’s second law, a free-
body diagram is drawn

® A free-body diagram is a diagram that contains the
only body under the forces

® |n the free-body diagram, the body is represented
with a dot, and each force on the body is drawn as a
vector arrow with its tail on the body

Al
@/




® A system consists of one or more bodies

® Types of forces that affect any system:

e External force: any force on the bodies that comes from
outside the system

® |nternal forces: forces between two bodies inside the
system

® |f the bodies making up a system are rigidly connected to
one another, -
- the system is treated as one composite body, and Fpe.
on the system is the vector sum of all external forces

® c.g, asystem of a connected railroad engine & car
If a tow line pulls on the front of the engine
— tow force acts on the whole engine - car system
- Fy.. on the system can be related to its

acceleration using Newton’s 2nd |aw
2 @(C)@:,-.

(m) will be the total mass of the system ¢

ey 3

- - :
| \ \
A \
3 A A
NAVAIA D) o, D) o, o, D KD o, D
WA Y i v Ve Ve Ve Ve O Ve v,




' CHECKPOINT 2

third horizontal force }_7; also acts on the block, AN

what are the magnitude and direction of I*_“; when P -

left with a constant speed of 5 m/s?

The figure here shows two horizontal forces acting on a block on a frictionless floor. If a

5N

>

the block is (a) stationary and (b) moving to the

F, = 5N, F, = -3N
From Newton’s 2Md law, F,,, = ma

(a) The block is stationary > v=0,a=0,> F,,,=0

F3+F1+F2=O
9F3+5-3=O
9F3=—2N

(b) The body is moving with a constant velocity > a =0
From Newton’s 2"d |aw, F,,,=0
-> F3 = -2N




Sample Problem

Parts A, B, and C of Fig. 5-3 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’s
mass is m = 0.20 kg. Forces }71 and F)z are directed along the
axis and have magnitudes F; = 4.0 N and F, = 2.0 N. Force
I_'“; 1s directed at angle # = 30° and has magnitude F; = 1.0
N. In each situation, what is the acceleration of the puck?

A B C
FI The hOFIZOht3..| force 1;; E The.se forces compete. I—,;
E_ x causes a horizontal ﬁgx Their net force causes ﬁ X
acceleration. a horizontal acceleration. Fy
(a) (¢) (e)
= This is a free-bod = = . =
Puck  F . y & 1 This is a free-body 5
3 diagram. ~<—————x : Wﬁx
diagram. RV}

(b)

(d) ()

Only the horizontal
component of F3
competes with Fj.

This is a free-body
diagram.




m=020kg, F, =4N, F,=2N, F,=1N, 6=30°

a) F;zet,x - max
F,=ma,
K 4N

=20m/ s*

a = =
* m 020Kg

b) Ezet,x zmax
F,—F, =ma,
_F,—F, 4N-2N

a, = =10m /s>
m 0.20Kg
C) Ewt,x = max
F3,x F12 = max

E The horizontal force

E_x causes a horizontal

acceleration.

This is a free-body

Puck F‘l :
— diagram.

E 7, These forces compete.

ﬁ&x Their net force causes

a horizontal acceleration.

1 This is a free-body
~<f————> :
diagram.
(d)
C
E Only the horizontal

*x component of /-?3
3 competes with Fo.

This is a free-body

diagram.




Sample Problem

In the overhead view of Fig. 5-4a,a 2.0 kg cookie tin is accel-
erated at 3.0 m/s? in the direction shown by a, over a fric-
tionless horizontal surface. The acceleration is caused by
three horizontal forces, only two of which are shown: F, of
magnitude 10 N and F , of magnitude 20 N. What 1s the third
force F 3 In unit-vector notation and in magnitude-angle

notation?
i
= .. . We draw the product
These aretwo 12|  This is the resulting P :
. ) of mass and acceleration
of the three horizontal acceleration
. as a vector.
horizontal force vector.

vectors. -F

— _F2

ma

B

(b)
Then we can add the three

vectors to find the missing
third force vector.




m=2kg, a=3m/s’, F =10N, F,=20N

F =ma
F1+FZ+F3=ma
F,=ma—F,~F,

b
S A
For x component These aretwo 2| This is the resulting
of the three horizontal acceleration
P;,x = s = E,x - Fz,x horizontal force vector.
— tors. -
F, . =m(acos50)—(F; cos(30~180)) - (F,cos90) | "= a
F, . =2(3c0s50)—10cos(-150) —20c0s90
F3 L= 12.5N

For y component

F3,y — E,y a F2,y
F; , = m(asin50) — (F sin(—=150)) — (F, sin90)
in50)—10sin(—150)—20sin 90




F3 in unit vector
F,=F_i+F,]
F,=125i-104]

The magnitude

F,=1J(12.50> + (~10.4)’
F,=16N

The angle




Examples:

Q.1: One Newton equals:
(a) Kg.m (b) kg.m/s? (c) kg/s? (d) m/s?

F=ma-=> N = kgm/s?

Q.2: The basic Sl unit of the force is:
(a) Kg.m (b) kg.m/s? (c) kg/s? (d) m/s?

Q.3: A box is moving with a constant speed of 24.7 m/s. The net
force on the box is:

(a) Zero (b) 4N (c) 5N (d) 45N
fSF=0>a=0




Q.4: Three forces act on a particle of mass m, F; = 80i + 60j,
F, = 40i + 100j. If the particle moves with a constant speed of

4m/s, then F; is:
(@) 80i + 60j (b) 80i - 60j (c)-80i +60j (d)-120i-160j

vconstant 2> a=0-2>3F =0

Fi+Fy+F3=0>F3=-(F, +F,)=-120i - 160]

Q.5: Two forces act on a particle that moves with constant
velocity. If F; = 6i - 2j, then F, is:
(a) 6i - 2k (b)-2i+6k (¢)-6i+2j (d)-2i+6j

vceonstant2a=0->3F =0

F1+F2:OQF2:—F1:—6i+2j



Chapter 5
FORCE AND MOTION -I

Sections 5-7
Some Particular Forces

T —



® |Important skills from this lecture:

1. Define the gravitational force & write it in unit vector
notation and magnitude and angle notation

2. Define the weight and differentiate between mass and
weight

Define the normal force and calculate it
Define the frictional force
Calculate the tension force

Lo

4,
5.




The Gravitational Force

* A gravitational force F)gon a body: a force that pulls on the body
directly toward the center of Earth (downward W)

® |n free fall motion, when the effects of air is neglected, the only force
acting on a body of mass m is the gravitational force f,

From Newton’s 20 law > Fp;, = ma, , or —F, = m(—g)

F,=mg
In words, the magnitude of the gravitational force i1s equal to the product mg
® Using unit vector notation: Fg — —Fg' = —mg]=mg

® The gravitational force acts on the body even when the body is not in
the free fall situation

| force to disa




Weight

® The weight (W) of a body: is the magnitude of the net force required

to prevent the body from falling freely, as measured by someone on
) 4

the ground
® |f another ball requires a greater force to keep it at rest 9
- the 2™ ball is heavier than the 1stone

* e.g, if the magnitude of the gravitational force on a ball is 2.0 N.
To keep a ball at rest, an upward force with magnitude of 2.0 N
has to be applied to balance the gravitational one
- the weight W of the ball is 2.0 N

® |f two forces act on a body; F)g(downward) & a balancing upward
force of magnitude W
- from Newton’s 29 |aw:

> Thery =ma, > W — F, = m(0)

> W=F 5 W=mg

The weight W of a body is equal to the magnitude F, of the gravitational force on the
body.




How to weight a body

Two ways for weighting a body:

1. Equal-arm balance: the body is placed on one of
the pans, a reference bodies (with known masses)
Is placed on the other pan
when a balance is obtained:
—> the gravitational forces on the two sides match
- the masses on the pans match
- we know the mass of the body

1. Spring scale: the body stretches a spring, which
causes a movement of a pointer along a scale. The
scale has been calibrated & marked in either mass
or weight units

Scale marked

in either
weight or
mass units

It is accurate only when the value of g is the same
when the scale was calibrated




® The weight of a body must be measured when the body is not
accelerating vertically relative to the ground

®* A body’s weight is not its mass
e Weight is the magnitude of a force
e Weight is related to mass by Newton’s 2nd |aw

® |fa body is moved to a point where the value of g is
different:

® The body’s mass will not differ
® The body’s weight will differ

e.g., for a bowling ball of mass 0.3 kg

On Earth On Moon
M= 0.3 Kg M = 0.3 Kg
g = 9.8 m/s? g= 1.6 m/s?

W= (0.3) (9.8) = 29 N W= (0.3) (1.6) = 0.49 N




The Normal Force

e.g., if you stand on a floor or a mattress
- they deform (compressed, bent, or buckled slightly)
Earth pulls you down, and they pushes you up '
—> you remain stationary

When a body presses against a surface, the surface (even a seemingly rigid

one) deforms and pushes on the body with a normal force Fy that is perpendicular to

the surface.

th and }_71)\, are the only forces on the block
they are both vertical

’ nd i " —
- Newton’s 29 law in y axis: Normal force Fy

, (from the A table)
F net,y may

Fy — F, = ma,

Block

> Fy — mg = ma,

= mg + ma, = m(g + ay)




The Normal Force

Normal force FN

o

Fy=mg+ ma,=m(g t a)

1. If the table and block are not accelerating relative to the ground,
> a, = 0 > Fy = mg

2. If the table and block are accelerating up-ward relative to the ground,
> a,is +ve > Fy=m(g + a,)

le and block are accelerating down-ward relative t




' CHECKPOINT 3

(b) at increasing speed?

In Fig. 5-7, 1s the magnitude of the normal force Fy greater than, less than, or equal to
mg if the block and table are in an elevator moving upward (a) at constant speed and

Normal force FN
(from the A table)

Block

F,
due to Earth'spull

ay F =mg+ma,

F. . =mg

F, = ma , +mg
b)
a =-+ve
Y

b, >mg




Friction

® |fa body is slid over a surface, the motion is resisted by a
bonding between the body and the surface

®* This resistance is a single force fcalled frictional force or
simply friction

Direction of

attempted
slide

® Frictional force is directed along the surface, opposite the
direction of the motion

* To simplify a situation, sometimes a friction is assumed to be
. negligible (the surface is frictionless)




Tension

T T
®* Tension force (T): If a cord is attached to a body and . E

pulled, the cord pulls on the body with tension force
® The direction of ]_“)is along the cord, away from the body

® Tension (T): is the magnitude of the force T>
e.g., if Thas magnitude T =50 N
- the tension in the cord is 50 N

® The cord propertles: The forces at the two ends of

® Unstretchable the cord are equal in magnitude

® Massless (its mass is negligible compared to the body’s mass)
® Exists only as a connection between 2 bodies
® Pulls on both bodies with the same force magnitude T

® |f the cord wraps halfway around a pulley, the net force on -
e pulley from the cord has the magnitude 2T |




' CHECKPOINT 4

The suspended body in Fig. 5-9¢ weighs 75 N. Is T equal to, greater than, or less than 75
N when the body is moving upward (a) at constant speed, (b) at increasing speed, and
(c) at decreasing speed?

a) F, =ma, b) F,=ma, ©) F,=ma,
I'—W =ma T-W =ma T —W = m(—a)
a=0 T =W + ma T =W —ma
T7—W =0m il

T =75+ ma L= Op e

Tr=w




Examples:

Q.1: In which figure of the following the y-component of the net force is zero?

(@) N (b) N (c) SN (d) N
IN—¢ p 3N N T p— 3N IN—_¢ T p 3N 2N—«¢ T p—3N

2N i 3N { 2N i 2N i

4N 4 4N 4N

Q.2: In which figure of the following the particle moves with a constant velocity?
6N 6N TN




Q.3: A particle of mass 2kg at a point where g = 9.8m/s?, the weight of this
particle at point where g = O is:
(a) 49N (b) 98N (c) zero (d) 9.8N

W=mg=2X0=0

Q.4: The direction of the acceleration of a body is:
(a) Opposite to the net force

(b) The same direction of the net force

(c) Perpendicular to the direction of the net force
(d) The same of the initial velocity

Q.5: In which figure of the following the particle moves up if it starts from rest?

(a) (b) (c) (d) i

6N 3N 5N N 3N N 2N
2N 3N IN 2N

4N 4 4N 4

3F, = 0, 3F,=+ve



Q.6: In which figure of the following the acceleration of the particle
moves to right?

6N 6N 5N N
(a) (b) (c) (d)
2N N 2N 2N 3N 3N 5N 3N
2N 3N IN 2N
4 4 4 4

(@ xF,=1,2F, =0 (b) 2F, =0, 2F, = -1

(c) 2F, =0, 2F, =0 d) 2Fy=-2,2F, =1

the correct answer is (a) because the direction of a has to be as the
same direction as F gt

Q.7: In the figure, the net force on the block is:
(a) 1IN right (b) 6N up (c) 2N left (d) 4N down

5F,=3-2=1N,3F,=6-2-4=0N
2N 3N
2N

4N



Q.8: When a force of 10N is applied to a body, the body accelerates
with 2m/s2. The mass of the body is:
(a) 20kg (b) 10kg (c) 0.5kg (d) 5kg

m = F/a= 10/2 = 5kg

Q.9: From the figure, the acceleration of the block of mass = 0.5kg
moving along the x-axis on a horizontal frictionless table is:

(@) 10m/s? (b) - 10m/s? (c) - 6.3m/s? (d) -
8.3m/s?

Motion diri;tion
a=F/m=-5/0.5=-10m/s2 F=5N

_— T

Q.10: A force of 7N is applied to a mass of 7kg, the resulting
acceleration is:
(@) 3m/s? (b) 1m/s? (c) 2m/s? (d) 4m/s?

a=F/m=7/7 = 1m/s?



Q.11: A force accelerate a 5kg particle from rest to a speed of
12m/s in 4s. The magnitude of this force is:
(a) 10N (b) zero (c¢) 20N (d) 15N

M =5kg, v. =0, v=12m/s, t=4s

v=v +at=a=3m/s’
F=Ma=3(5)=15N

Q.12: A body of mass 1kg is accelerating by a = 3i + 4jm/s?, the
magnitude of the acting force F on the body is:
(a) 2.5N (b) 7.5N (c) 12N (d) 5N

F=md=(1)3i+4j)=3i+4]

F|=v/9+16 =5N



Q.13: A net force of 15N acts on a body of weight 29.4N. The
acceleration of the body is:
(@) 9.8m/s?  (b) 5m/s? (c) 6.5m/s?2  (d) 2.4m/s?

W 294

W=mg=>m=—-= =3k
8 s 98 8
CZZE:E:SWL/SZ
m 3

Q.14: Only two forces are acing on a particle of mass 2kg that moves
with an acceleration of 3m/s? in the positive direction of y axis. If F;
= 8i N, the magnitude of F, is:

(a) 12N (b) 10N (c) 17N (d) 15N

E +F, = ma
8i+F,=23j))=>F,=-8i+6j

|F,|=/64+36 =10N



Chapter 5
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Sections 5-8, 5-9
Newton’s Third Law
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® |Important skills from this lecture:
1. Explain Newton’s third law and apply it to different

cases
2. Apply Newton’s laws to solve problems for one and
two body system




Newton’s Third Law

Newton’s Third Law: When two bodies interact, the forces on the bodies from each
other are always equal in magnitude and opposite in direction.

* Both book & crate in the figure interact: BOOkBﬁ-CmeC
There is a horizontal force F,.on the book from (d)
the crate and a horizontal force F.zon the crate
from the book By Fop
Fge = Fep (equal magnitudes) 4_? ?_D
ﬁBC = _ﬁCB .

(equal magnitudes and opposite directions)  The force on B

® These two forces are called action & reaction forces dueto C has the same
magnitude as the

* A third-law force pair: the forces between two force on C due to 5.
interacting bodies

two bodies interact in any situation (st



Cantaloupe
Cantaloupe C

Table T

-~ ! :
Earth £

PR

FEC »

Earth

{’

~ _d

o

® The cantaloupe interacts with the table & with Earth

® The cantaloupe—table interaction:

® F., (normal force on the cantaloupe from the table)
° F)TC (force on the table from the cantaloupe)

— —
Fer= —Fpc (cantaloupe—table interaction)

° Thg)cantaloupe—Earth interaction:

o Icp (Earth pulls on the cantaloupe with a gravitational force)
' ntaloupe pulls on Earth with a gravitation




Example:

Q.1: A book rests on a table, exerting a downward force on it. The
reaction to this force is:

(a) Force from the Earth on the table

(b) Force from the book on Earth

(c) Force from the Earth on the book

(d) Force from the the table on the book




Applying Newton’s Laws

T —



Figure 5-12 shows a block S (the sliding block) with mass
M = 3.3 kg. The block is free to move along a horizontal
frictionless surface and connected, by a cord that wraps over
a frictionless pulley, to a second block H (the hanging
block), with mass m = 2.1 kg. The cord and pulley have neg-
ligible masses compared to the blocks (they are “massless™).
The hanging block H falls as the sliding block S accelerates
to the right. Find (a) the acceleration of block S, (b) the ac-
celeration of block H, and (c) the tension in the cord.

Sliding
block S

Frictionless
surface

Hanging
block H




® We need to find F,.; in x & y directions for both
blocks of masses M & m

® For block S of mass M:
F, =Ma =T=Ma =Ma (1)

net . x

F,, =Ma,=F,~F3=M(0)=0

Block H|
= Fy = Egs = Mg 2) -
® For block H of mass m: gt
Frpx =0
F,,=ma, =T-F =ma, )
=T -mg=—ma @3) A y
The -a because block H accelerates in the negativ .
direction of the y axis Fy, =% &
. T
. M) T m
Both blocks M & m accelerate with the same > X X
magnitude a ._)\ Sliding = } Hanging
Fs  block S Ll et
substituting 1 into 3: | Y




By substituting 4 into 1:

M
T m ¢
M +m

Putting in the values of M, m, and g from the problem, we obtain:

m 2.1kg

P — 2
=M+ m 8T 33kg + 21kg COTS)
= 3.8 m/s? 1
M 33ke)(2.1k
- _Mm_,_ G3kg)@1kg) g 0

" M+m?® 33kg+21kg

= 13 N. <




Sample Problem

In Fig. 5-15a, a cord pulls on a box of sea biscuits up along a
frictionless plane inclined at # = 30°. The box has mass m = | |
5.00 kg, and the force from the cord has magnitude 7' = 25.0
N. What is the box’s acceleration component a along the in-
clined plane?

The box is moving in the +ve direction of x axes

The acceleration component along the inclined plain

: . Cord's pull
IS required o
- We need to find F,; in the x direction ‘:/_/_/j? ______ e Gravitational
force
Elet,x : max

=T —mgsin0 = ma
T

a=——gsinf
m

= 25—5(9.8)sin30 =0.1m/ s’




Sample Problem

In Fig. 5-17a, a passenger of mass m = 72.2 kg stands on
a platform scale 1n an elevator cab. We are concerned with
the scale readings when the cab is stationary and when it is
moving up or down.

(]
. Passenger




(a) Find a general solution for the scale reading, whatever
the vertical motion of the cab.

b, =ma,=F,—F =ma=F,=mg+ma

net,y

=F,=m(a+g)

(b) What does the scale read if the cab is stationary or
moving upward at a constant 0.50 m/s?

When the cab is stationary or moving with a constant speed, a = 0

F, =m(a+g)— F, =mg=(722)9.8)= 708N




(c) What does the scale read if the cab accelerates upward
at 3.20 m/s* and downward at 3.20 m/s*?

Fy,=m(a+g)— F,=722(32+98)=939N

Accelerates upward

Accelerates downward F, =m(-a+g)—> F, =72.2(-3.2+9.8)=476.52N

(d) During the upward acceleration in part (c), what is the
magnitude F,, of the net force on the passenger, and what is
the magnitude a,,, of l_l)iS acceleration as measured in the

frame of the cab? Does F,,.; = ma, .’

F

net

= F, —F,
F. =939—(72.2)(9.8)
F_=231N

net



Sample Problem

In Fig. 5-18a, a constant horizontal force Fapp of magnitude
20 N 1s applied to block A of mass m, = 4.0 kg, which
pushes against block B of mass mpg = 6.0 kg. The blocks
slide over a frictionless surface, along an x axis.

This force causes the

Fapp acceleration of the full
two-block system.
- . These are the two forces

X

Y

S
&

app acting on just block A.
Their net force causes

(0) its acceleration.

This is the only force
causing the acceleration

of block B.




(a) What is the acceleration of the blocks?

F,,, =20N, m,=4Kg, m,=06Kg

Fet,x — (mA + mB)a

n

F,, +Fy—Fy=m,+my)a

20+0 = (4+6)a

a=2m/s’

=7

PP _DA FAB

(b) What is the (horizontal) force Fz, on block B from
block A (Fig.5-18¢)?

F,,=ma=6x2=12N




Examples:

Q.1: A constant force of 46N is applied at an angle

of 60° to a block A of a mass 10kg as shown in the
figure. Block A pushes another block B of mass
36kg. Assuming a frictionless surface, the total

acceleration of the blocks along the x-axes is:
(@) 1.5m/s?2  (b) 0.25m/s? (c) 0.5m/s? (d) 2m/s?

F_ =(m,+my)a 4

net ,x

. F cosO :4600560 _05m /s

m, +m, 10+ 36

Motion
direction




Q.2: A 3kg box is placed in the top of a 10kg box. Motion

The bottom box is pushed with a force F. The two lltgilon
boxes moves together with an acceleration of i

2m/s2. The horizontal force F is:

(a) 3N (b) 26N (c) 1IN (d) 5N

F, . =(m,+mya=(10+3)2=26N

Q.3 In the figure, two blocks are connected and pulled
on a horizontal table by a force with a magnitude of
20N. If the m; =3kg, m, = 2kg, then T and a are:

(@) 5N, 4m/s?2 (b) 8N, 4m/s? (c) 5N, 4m/s? (d) 10N, 3m/s?

Motion direction
—

T T i

F 20
F, =(m+my)a =a= =—=4ml/s’
’ m,+m,

To find T we apply Newton's 2"d law on one of the mass:
F-T=ma=T=F-ma=20-12=8N
or T=m,a=2(4)=8N



Q.4: An elevator of total mass 2000kg moves upward. The tension

in the cable pulling it is 24000N. The acceleration of the elevator
is:

(@) 2.2m/s2  (b) 9.8m/s2  (c) 12m/s2  (d) 3.6m/s2 A

F,.,=ma G

T —mg _ 24000-20009.8) _,, |
m 2000 e

T—mg=ma =a=

Q.5: A 70kg man stands on a spring scale in an elevator that has a

downward acceleration of 2.8m/s2. The scale will read:
(a) 980N (b) 680N (c) 490N (d) 343N T

Eaet,y = md

T'-mg=—ma —=T=m(g—a)=T70(9.8—2.8)=490N

\lla

mg




Q.6: An elevator has a body of 10kg. The tension in the cable when
the elevator is moving upward at a constant speed of 10m/s is:

(a) zero (b) 98N (c¢) 1.5N (d) 7.3N -
E’zet,y = ma
T-mg=0 =T=ma=10(9.8)=98N .T"
mg

Q.7: Two masses m; = 4kg and m, = 6kg are connected to a rope of a
negligible mass. An upward force of 198N is applied as shown. The
magnitude of the acceleration of the system is:

(@) 10m/s? (b) 40.2m/s?2  (c) 50.2m/s? (d) 70.2/s2 T

F =Ma

net,y

T—(m +m,)g T“
m, +m,

T—(m+m,)g=(m +my)a =a=

_198-(1098 _ .,
10 Mg




Q.8: A block slides down a frictionless inclined plane with an
acceleration of 4.9m/s2. The angle between the plane and the

horizontal is:

(a) 30° (b) 26° (c) 21.55°
Elet,x:max

= —mgsin@=—ma = a=_gsin6

— 0 =sin"' < =30°

8

(d)14.32°

mg sin®

Fn 6\(y

mg coso

Q.9: A 40kg crate is held at rest on a frictionless incline by a force

parallel to the incline. If the incline is 30° above the horizontal, the
magnitude of the applied force is:

(a) 20N

F . =ma,

net,x

— F—mgsin0=0 = F =mgsin® =40(9.8)sin30° = 20N

(b) 40N

(c) 23.5N

atrest > a=0

(d) 10N




Q.10: A block of mass 4kg is pushed up a smooth 30° inclined
plane by a constant force of magnitude 40N and parallel to the
incline. The magnitude of the acceleration of the block is:

(a) zero (b) 9.8m/s?2  (c) 1.2m/s?  (d) 5.1m/s?
F, .=ma, = F—mgsin0=ma
. F—mgsin6 _ 40—4(948)sm30 5 1m/s
m

Q.11: If the mass of the block is 5kg. Find T if
the block moves with a constant velocity upward

the smooth inclined plane (or at rest). s
(a) 45N (b) 24.5N (c) 42N (d) 25N %OQOQ‘V

F, =ma, =T—-mgsin0=0

net ,x

= T =mgsin@ =5(9.8)sin30° =245N




Q.12: A 5kg block is pushed upward 30° inclined
plane with initial velocity of 14m/s. The distance
that the block goes is:

(a) 20m (b) 10m (c¢) 18m(d) 24m

v2 = v3+ 2a(x — xg)

F, =ma, = ma=-mgsinO

net . x
—=a=—-gsin@=-44m/s’
v,=14m/s, v=0

2 142
Ax=-Y2 ==2 = 20m
a 44

Q.13: From the figure, the normal force F on a
block of weight 60N sliding down a frictionless
plane is:

(@) 50N (b) 30N (c) 25N (d) 40N

F,,, =ma,= F,—mgcosf=0

net .y

= F, = mgcosO =60cos60” =30N

mg sin®




Q.14: Show the correct direction of the tension force T:

(a) (b) (c) (d)

Q.15: A block of mass m is connected to a block of
mass M as shown. The normal force on the block m is:

@mg-T  (b) mg (c)Mg-T (d) Mg

Fn




Q.16: Referring to the last example, if the block M is moving
downward, the net force acting on it is:
(@) Ma-T= Mg (b)T=Ma ()T=Mg (dT-Mg=-Ma

Fn

o w
! T Motion
mg . direction

Mg

F__=Ma =T-Mg=—-Ma

net,y




Problems:

*2 'Two horizontal forces act on a 2.0 kg chopping block that can
slide over a frictionless kitchen counter, which lies in an xy plane.
One force is F, = (3.0 N)i + (4.0 N)j. Find the acceleration of the
chopplng block in unit-vector notatlon when the other force is (a)
F, = (=3.0N)i + (—4.0N)j, (b) F, = (=3.0N)i + (4.0N)j, and
(¢) F, = B.0N)i + (—4.0 N)j.

*3 If the 1 kg standard body has an acceleration of 2.00 m/s? at
20.0° to the positive direction of an x axis, what are (a) the x com-
ponent and (b) the y component of the net force acting on the
body, and (c) what is the net force in unit-vector notation?

*«4  While two forces act on it, a par-

ticle 1s to move at the constant veloc-

ity v = (3 m/s)1 — (4 m/s)] One of

the forces is F, = (2 N)1 + (=6 N)]
tis the other force?




*53 In Fig. 5-48, three connected blocks are pulled to the right on
a horizontal frictionless table by a force of magnitude 73 = 65.0 N.
If m; = 12.0 kg, m, = 24.0 kg, and m; = 31.0 kg, calculate (a) the
magnitude of the system’s acceleration, (b) the tension 7}, and (c)
the tension 7.

Fig. 5-48 Problem 53.




*2 Two horizontal forces act on a 2.0 kg chopping block that can

slide over a frictionless kitchen counter, which lies in an xy plane.

One force is F, = (3.0 N)i + (4.0 N);. Find the acceleration of the

chopping block in unit-vector notation when the other force is (a)

F, = (=3.0N)i + (—4.0N)j, (b) F, = (-3.0N)i + (4.0N)j, and

(¢) F, = (3.0N)i + (—4.0 N)j.
2. We apply Newton’s second la\iv (Eq; 5-1Qor, equivalently, Eq. 5-2). The net force
applied on the chopping block is F, = F; + F,, where the vector addition is done using

unit-vector notation. The acceleration of the block is given by a = (17“1 e 17“2) / m.

(a) In the first case

~ A

F+F,= | (30N)i+ (40N)j |+ [ (-3.0N)i+ (-4.0N)j| =0

so a=0.

(b) In the second case, the acceleration a equals

~

F+F, _ ((3.0N)i+ (4.0N) _]) +((-3.0N)i+ (4.0N)j)

+ ~
=(4.0m/s%)j.
m 2.0kg ( )]

(¢) In this final situation, a is

~ ~

F+B  ((3BON)i+ (40N)j) + ((3.0N)i+ (-40N)j)
2.0kg E




*3 If the 1 kg standard body has an acceleration of 2.00 m/s? at
20.0° to the positive direction of an x axis, what are (a) the x com-
ponent and (b) the y component of the net force acting on the
body, and (c) what is the net force in unit-vector notation?

3. We apply Newton’s second law (specifically, Eq. 5-2).

(a) We find the x component of the force is

F.=ma_=ma cos 20.0°=(1.00kg) (2.00m/sz) cos 20.0°=1.88N.

(b) The y component of the force is

F,=ma,=masin 20.0°=(1.0kg) (2.00m/s" ) sin 20.0°=0.684N

(¢) In unit-vector notation, the force vector is

F=Fi+Fj=(18N)i+(0.684 N)j.




*»4  While two forces act on it, a par-
ticle is to move at the constant veloc-
ity v = (3 m/s)1 — (4 m/s)] One of
the forces is F, = (2N)i + (=6 N)j.
What is the other force?

4. Since v = constant, we have a = 0, which implies

!
|

F.=F+F,=ma=0.

ne

—
\S)

Thus, the other force must be

—

Fy=-F=(2N)i+(6N)j.




*53 In Fig. 5-48, three connected blocks are pulled to the right on
a horizontal frictionless table by a force of magnitude 73 = 65.0 N.
If m; = 12.0 kg, m, = 24.0 kg, and m; = 31.0 kg, calculate (a) the
magnitude of the system’s acceleration, (b) the tension 7}, and (c)
the tension 7.

Fig. 5-48 Problem 53.




53. We apply Newton’s second law first to the three blocks as a single system and then to
the individual blocks. The +x direction is to the right in Fig. 5-48.

(a) With mgys = m; + my + m3 = 67.0 kg, we apply Eq. 5-2 to the x motion of the system,
in which case, there is only one force 7, = + T, i . Therefore,

I, =mya = 65.0N=(67.0kg)a
which yields a = 0.970 m/s” for the system (and for each of the blocks individually).
(b) Applying Eq. 5-2 to block 1, we find

T, = ma = (12.0kg)(0.970m/s* ) = 11.6N.

(¢) In order to find 73, we can either analyze the forces on block 3 or we can treat blocks
1 and 2 as a system and examine its forces. We choose the latter.

T, =(m+m,)a = (12.0 kg+24.0kg)(0.970 m/s*) = 349 N .
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Chapter 6
FORCE AND MOTION -II

Sections 6-2, 6-3
Friction
Properties of Friction
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® |Important skills from this lecture:

1. Identify the friction force and its cause

2. ldentify the static friction force and the kinetic one
3. Calculate the value of both kinds of friction force
4,

Applying Newton’s laws to solve problems including
friction force




Friction

® Frictional force: a force that opposes motion, it is

caused by rough surfaces of all materials Direction of
. . atterppted
® [t is unavoidable force slide

® |[f it was not counteracted
- it would stop every moving & rotating objects

® About 20% of the gasoline used in an automobile is needed to
counteract friction in the engine

® If frictions were absent
—>we could not walk, hold a pencil, and, if we could, it would

not write

® This chapter deals with the frictional forces that exist between
dry solid surfaces, either stationary or moving




Fya There is no attempt at sliding
- no friction & no motion

V- ﬂ - 0
() e
Fy Force F attempts sliding but is
Fd >/  balanced by the frictional force
I - no motion  F =/,
- Fy The block is stationary -
. F=f
Fyg Force F is increased, but F is still £, :static frictional force
Fd >/. balanced by the frictional
o - no motion  F =/,
© L
<~ Fya Force F has overwhelmed the
= ~ 7  static frictional force
. 2> block slides & accelerates _ _
7 The block is moving =
(e) ﬁ€< F
" f:: kinetic frictional force
<.£FM|> To maintain the speed, force F
F< | > i is weakened to match the
Vfg Weakﬁ{



Kinds of Friction force

Static frictional force ]_‘:. friction force between a stationary object

and the surface

® |ts magnitude increases with increasing the applied force until it

reaches a maximum

kinetic frictional force ?k friction force between a moving object and

the surface
® [ts magnitude is constant

It is always true that £, < f.

Magnitude of
frictional force

To maintain a speed of a block moving across

__——Maximum value of fg
/i 1s approximately

constant —\

Breakawa
a surface, the magnitude of the applied force 0 % ’

has to be decreased once the block begins to @

move

Time

Experimental results
the block si '



Properties of Friction

If a body presses against a surface and a force attempts to slide it
—> the frictional force has three properties:

1. If the body does not move
- f, and F component that is parallel to the surface balance each other
(equal in magnitude and opposite in direction)

2. The magnitude of £, has a maximum value £, ,..:

f:v,max — MSFN (not a vector equation)
U is the coefficient of static friction
Fyn 1s the magnitude of the normal force on the body from the surface

3. If the body begins to slide along the surface (F > f; ..
- the magnitude of the frictional force decreases to a value f; :
fk = MkFN (not a vector equation)

U is the coefficient of kinetic friction




Properties of Friction

The strength of friction depends on:

® How hard surfaces push together
® Types of surfaces involved

The direction ofﬁor f.ds always parallel to the surface and
opposed to the attempted sliding

The coefficients u; & u, are dimensionless and must be
determined experimentally

The values of u, & u, depend on the properties of both the
body & the surface

It is assumed that the value of u, does not depend on the
d at which the body slides along the surface



B CHECKPOINT 1

A block lies on a floor. (a) What is the magnitude of the frictional force on it from the
floor? (b) If a horizontal force of 5 N is now applied to the block, but the block does not
move, what is the magnitude of the frictional force on it? (c¢) If the maximum value f; .,
of the static frictional force on the block is 10 N, will the block move if the magnitude of
the horizontally applied force is 8 N? (d) If it is 12 N? (e) What is the magnitude of the
frictional force in part (c)?

(@)f, =0
(b)f ==5N = f. =5N

(c)No, 1t will not move

(d)Yes, it will move

(e)f. =—8N = f =8N




Sample Problem

If a car’s wheels are “locked” (kept from rolling) during
emergency braking, the car slides along the road. Ripped-off
bits of tire and small melted sections of road form the “skid
marks” that reveal that cold-welding occurred during the
slide. The record for the longest skid marks on a public road
was reportedly set in 1960 by a Jaguar on the M1 highway in
England (Fig. 6-3a) —the marks were 290 m long! Assuming
that u, = 0.60 and the car’s acceleration was constant dur-
ing the braking, how fast was the car going when the wheels

became locked? e
Y
This is a free-body )\ i Normal force
diagram of the supports the car.
forces on the car.
“ L — Car T
Ti
Frictional force Gravitational force

opposes the sliding. | pulls downward.

Y
Fg




® The acceleration is constant > we can apply
equations of motion

V2 =%+ 2a(x — x;)

® Because the car is moving along x-axes, there is no
acceleration component along y-axes

e To finda,:
N Foeew =ma, > —fy=ma > a= _%
fv = mFy Fy =mg
y
A ’ fk Mg
N N _ e _
> ‘ m m M8
—— Car
i x vo = V2mg(x — xo)
> = V(2)(0.60)(9.8 m/s?)(290 m)

= 58 m/s = 210 km/h.



Sample Problem

In Fig. 6-4a, a block of mass m = 3.0 kg slides along a floor
while a force F of magnitude 12.0 N 1s applied to it at an up-
ward angle 6. The coefficient of kinetic friction between the
block and the floor 1s w;, = 0.40. We can vary 6 from 0 to 90°
(the block remains on the floor). What 6 gives the maximum
value of the block’s acceleration magnitude a?

F Fy

This applied force Y . ____I_:y These vertical forces
accelerates block |—x —= === . balance.
and helps support it. Ly

(a) (b)

P 2 These two horizontal
The applied force ‘ Fy e : _ forces determine the
has these components. F, 7 F, acceleration.

k
(¢) (d)




m=30kg. F=12N. (=04, 6=7 & gm=0

F ... =ma

net ,x

FcosO— f, =ma,

Jo = W Ey
Fcos@—u F, =ma (1)

F;iet,y — may F Fy

by + Fsin@—F, =ma,

F,=mg, a,=0

4

L.
(a)
F,+Fsin@—mg=0 R
S e — e (2) = -
F, =mg— Fsin0 Fy _




Substituting from 2 into 1 and solve for a:

FcosO— 1, (mg—Fsin0)=ma
F

F .
a=—cosO0— [, g+—, sinb
m m

To find the value of 8 that maximizes a, we take the derivative of a
with respect to 6 and set the result equal to zero

da _F F

=——sinf0—-0+—u,cosf=0
de  m m isin(9=cost9
= sin6 = u, cos6 db
- d
sin@ el L
— tan@ = cos@ =—sinf
cosf e d6

=@ =tan" y, =tan"'(0.4)=21.8"




Chapter 6
FORCE AND MOTION -II

Section 6-5

Uniform Circular Motion

T —



® |Important skills from this lecture:
1. Explain centripetal force and its direction

2. Calculate the centripetal force




Uniform Circular Motion

¢ Uniform circular motion: motion of a body that moves in a
circle (or a circular arc) at constant speed v

® The centripetal acceleration (has a constant magnitude given
by (R is the radius of the circle):

=R

® . is directed toward the center of the circle

® Centripetal force: a force that causes the centripetal
acceleration, and is directed toward the center of the circle




® Example for a centripetal force:
An object is rotating around a circle at
constant speed v while tied to a string
looped around a central stone

® The centripetal force is the radially inward
pull on the object from the string

e Without that force, the object would slide off | T ===-7

in a straight line instead of moving in a circle

A centripetal force accelerates a body by changing the direction of the body’s
velocity without changing the body’s speed.

® The magnitude of centripetal force:

2
Vv
F=m—
mR

® Because v is constant - the magnitudes of the centripetal a & F are

constant
The directions of the centripetal a & F are not constant

irected toward the center of curvature of the




A centripetal force could be a gravitational force, a frictional force, a
tension in a string and the force from a car wall or any other force

A car is moving

. in a rounded road : :
An object A man is rotating a

IS orbiting Earth stone tied to a string

Friction force is

— _ a centripetal force , _
Gravitational force is a Tension force is

centripetal a centripetal forc




Sample Problem

oy (7.6%10°)

- - —838m /s’
R R, +h 637x10°+052x10° pdd

(a) a=

(b) F=ma=(79)(8.38)=662N




Examples:

Q.1: A 3.5kg block is pulled at a constant velocity along a horizontal
floor by a force F = 15N that makes an angle of 40° with the
horizontal. The coefficient of kinetic friction is:

(a) 0.34 (b) zero (c) 0.47 (d) 0.1
Fn
Motion 4
direction
Constant speed > a =0 > 1Fsine

quz,y:may:>FN+FSin0_mg:0:>FN:mg—FSiDQ fi Fcose

F, . =ma, = FcosO—f, =0= f, =Fcosb
Ji = Wy

mg

Fcos6 15cos40° "
mg—Fsin@ (3.5%x9.8—-15sin40°)




Q.2: A block of weight 5N moves with a constant speed by a
force of 2N. The value of the coefficient of friction is:

(a) 0.3 (b) 0.4 (c) 0.5 (d) 0.6
Motiqn
Constant speed > a=0 Py direction
Fy=ma,=F,—mg=0=F,=mg fi F
Eiet,x:max:F_sz():}fk:F e
Jo = W Fy

it FN_mg

f _ L =§=0.4




Q.3: The coefficient of static friction between a 5kg block and the
horizontal surface is 0.1. The maximum horizontal force that can be
applied to the block just before starting to move is:

(a) 19.6N (b) 24.5N (c) 4.9N (d) 9.8N
Fiy
Ezet,y = md f F
= F,—mg=0
mg
Ezet,x = md = O
F—-f =0

=F=f=nF,=01xX5x98=49N




*7 ssSm ILW A person pushes horizontally with a force of 220 N
on a 55 kg crate to move it across a level floor. The coefficient of ki-
netic friction is 0.35. What is the magnitude of (a) the frictional
force and (b) the crate’s acceleration?

°44  During an Olympic bobsled run, the Jamaican team makes a
turn of radius 7.6 m at a speed of 96.6 km/h. What is their accelera-
tion in terms of g?




*7 ssSM ILW A person pushes horizontally with a force of 220 N
on a 55 kg crate to move it across a level floor. The coefficient of ki-
netic friction is 0.35. What is the magnitude of (a) the frictional
force and (b) the crate’s acceleration?

Je= ey -
Applying Newton’s second law to the x and y axes, we obtain
F —f, = ma
F,—mg=20

respectively.

(a) The second equation above yields the normal force Fy= mg, so that the friction is
fo = Fy =p,mg =(0.35)(55 kg) (9.8 m/s*)=1.9 x 10> N .

(b) The first equation becomes
F — pumg =ma

which (with £ =220 N) we solve to find

a=£—,ukg=0.56m/s2




°44  During an Olympic bobsled run, the Jamaican team makes a
turn of radius 7.6 m at a speed of 96.6 km/h. What is their accelera-
tion in terms of g?

44. With v =96.6 km/h = 26.8 m/s, Eq. 6-17 readily yields

e (268 m/s)2
R 7.6 m

=94.7 m/s*

which we express as a multiple of g:
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Chapter 7/
KINETIC ENERGY AND WORK

Sections 7-2, 7-3, 7-4, 7-5
What is Energy?
Kinetic Energy
Work
Work and Kinetic Energy
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® |Important skills from this lecture:

1.

SO OB WD

Describe the kinetic energy and its relation with
velocity

Calculate kinetic energy

Define the unit of kinetic energy

Define work and its unit

Evaluate the work done by a constant force
Calculate the net work done by several forces
ldentify the work-kinetic energy theorem



What Is Energy?

Energy is a scalar quantity associated with the state (or
condition) of one or more objects

Energy is the ability to make things change
A system that has energy has the ability to do work
Living organisms need energy for growing & moving

Some forms of energy:

® Thermal Energy

® FElectrical Energy

® (Chemical Energy

® Nuclear Energy
anical Energy (kinetic energy & potential




® Principle of energy conservation:
Energy can be transformed from one type to another,
and transferred from one object to another, but the total
amount is always the same (energy is conserved)

® Properties of Energy
® Scalar quantity
e (Conserved
® Transferred
e Measured with Joule

® |n this chapter we focus only on one type of energy
(kinetic energy) and one way of transferring energy
(work)

e




Kinetic Energy

* Kineticenergy (K or K.E): the energy associated
with the state of motion of an object

® The faster the object moves, the greater its K.E
® When the object is stationary, KE =0

® For an object of mass m, and speed v
(v < speed of light)

K =1mv?>  (kinetic energy)

® Energy unitin Sl is joule (J)
ljoule = 1J = 1 kg - m?/s?




Sample Problem

In 1896 in Waco, Texas, William Crush parked two locomo-
tives at opposite ends of a 6.4-km-long track, fired them up,
tied their throttles open, and then allowed them to crash
head-on at full speed (Fig. 7-1) in front of 30,000 spectators.
Hundreds of people were hurt by flying debris; several were
killed. Assuming each locomotive weighed 1.2 X 10° N and
its acceleration was a constant 0.26 m/s?, what was the total
kinetic energy of the two locomotives just before the
collision? -

o . \_
P9 99 - CHAUYS GEEIN. 6.4km




K .E = 2(lmv2)
2

v =v2+2a(x—x,)
X—x,=64+2=32km
v =04+2(0.26m/s*)(3.2x10°)=40.8m/s

6
m=L2XON s 109 ke

08m/s”

K.E= 2(%mv2) =(1.22x10°kg)(40.8m/s)" =2x10°J




Work

® |fan object is accelerated > N KE

® FEnergy is transferred to the object

* |f an object is decelerated > ¥ K.E

® Energy is transferred from the object

® Energy transfer means that there is a work (W) done on the object

Work W is 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”: the transferred energy
“doing work”: the act of transferring the energy

* Work has the same units as energy
IS a scalar quantity




Work & Kinetic Energy

® A bead of mass m slides along a frictionless wire along a horizontal x
axis. A constant force F directed at an angle @ to the wire, accelerates
the bead along the wire

* Applying Newton's 2nd |aw along the x axis: F, = ma, (1)

F
® The bead’s velocity changes from Voto ¥ as the bead ./¢/V
moves through a displacement d

® Because F is constant = a is constant > we can use the equation of
motion:
vi=v§ + 2a,d (2)
® Sub 1 into 2 gives:

1 1
smv: —smvi = Ed

® The 1stterm on the left side gives the final kinetic energy K;
® The 2"dterm on the left gives the initial kinetic energy K;
® - the left side gives the change AK.E by the force
The right side of the equation shows that the change is equal to F,d
ne on the bead by the force:




W=F.d

To calculate the work a force does on an object as the object moves through some
displacement, we use only the force component along the object’s displacement. The
force component perpendicular to the displacement does zero work.

F,= Fcos ¢

W = Fdcos¢  (work done by a constant force)| (3)

W = ﬁ . E (work done by a constant force) 4)

® For using the above equations to calculate work done on an
object by a force

® First, the force must be a constant force (no change in
magnitude or direction as the object moves)

® Second, the object must be rigid (all its parts must move
in the same direction)




* Signs for work:
To find the sign of the work done by a force, consider the force
vector component that is parallel to the displacement (Eq. 3)
® [fO<®<90°>cos @®is+ve > Wis + ve
e [f90°<® <180° > cos ®is-ve > Wis-ve
o |f®=90°-> W=0

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.

v,
‘—j —... -—.' . —‘. . - ’
——————— -

[ Gewresses If F, d are normal

WoB g ative




¢ Units for work:
® Work has the Sl unit of the joule,
® From Eq.3, an equivalent unit for joule is the newton.meter (N.m)

® The corresponding unit in the British system is the foot.pound
(ft.Ib).

1J=1kg-m%s’>=1N-m = 0.738 ft-b.

® Net work done by several forces:
When two or more forces act on an object, Wt = W
Wt is calculated in two ways:

1. Find the work done by each force and then sum those works

2. Find F,. of forces. Then use Eq. 3, substituting the magnitude F, for F
and also the angle between the directions of F,.; and d for @




Work-Kinetic Energy Theorem

1 2 1
smv: —smvh = F.d

AK =K, — K;= W,

change in the kinetic\  [net work done on
energy of a particle /| the particle

K=K +W

kinetic energy after |\ kinetic energy the net
the net work is done/  \before the net work work done

® These statements are known as the work-kinetic energy theorem for
particles

® These statements are true for both +ve & -ve work

® |f W, is+tve > A KE of the particle’s by the work
o If W, is-ve > ¥ KE of the particle’s by the work

® eg,ifk;=5J, and there is a net transfer of 2 J to the particle > (+ve
— J. f

nsfer of 2 J from t



W CHECKPOINT 1

A particle moves along an x axis. Does the kinetic energy of the particle increase, de-
crease, or remain the same if the particle’s velocity changes (a) from —3 m/s to —2 m/s
and (b) from —2 m/s to 2 m/s? (c) In each situation, is the work done on the particle
positive, negative, or zero?

1 .1

(@) K =%m i2=5m(—3)2=4.5m (b) Kizém i =§m(—2)2=2m
1 . 1 : 1. 1 2 _
Kfzame =§m(2) =2m Kf—Eme —Em(Z) =2m
K >K, =K, =K,
QO W=K,—K,=2-45=-25 © W=K,-K,=2-2=0




Sample Problem

Figure 7-4a 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, L of spy 001 1s
12.0 N, directed at an angle of 30.0° downward from the hor-
izontal; the pull Fz of spy 002 i1s 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.

Only force components
parallel to the displacement
do work.

Safe




(a) What is the net work done on the safe by forces F, and
F2 during the displacement d?

the work done by F, is
W, = Fid cos ¢, = (12.0 N)(8.50 m)(cos 30.0°)
= 88.33 ],

and the work done by 1_7)2 1s
W, = F,d cos ¢, = (10.0 N)(8.50 m)(cos 40.0°)

= 65.111.
Thus, the net work Wis Only force components
W=W,+W,=8833T +6511J parallel to the displacement

do work.
=153.4J = 153 J. (Answer)




(b) During the displacement, what i 1s the work W, done on
the safe by the gravitational force F and what is the work
Wy done on the safe by the normal force FN from the

floor?

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

(c) The safe is initially stationary. What is its speed v, at the
end of the 8.50 m displacement?

W =K;— K, = 3mv} — smvi.

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

2w \/2(153.4])
TTNTm TN 225ke

= 1.17 m/s. (Answer)




Sample Problem

During a storm, a crate of crepe is sliding across a slick,
oily parking lot through a displacement d = (—3.0 m)i
while a steady wind pushes against the crate with a force
F = (20N)i + (=6.0N)]. The situation and coordinate
axes are shown in Fig. 7-5.

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

The parallel force component does
negative work, slowing the crate.
Y
B N
< = F
d
W=F-d=[20N) + (-6.0N)j]-[(=3.0 m)i].
W= 20N)(-3.0m)i-1+ (—6.0N)(—3.0m)j-i
=(—=6.0J)(1) + 0= —-6.01. (Answer)

does a negative 6.0 J of work on the crate, transferrin




(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?

K=K, +W=10J + (=6.0J) =401




Examples:

Q.1: 5kg block moves with a speed of 72km/h. Its kinetic energy is:
(a) 900kg.m?/s2 (b) 1000kg.m2/s2 (c) 1200kg.m2/s?2 (d) 50kg.m?2/s?

72%x10°

v=T2km/h= =20m/s

K= %mv2 = %(5)(20)2 =1000J

Q.2: A 5kg block moves with velocity v=6i + 8] m/s. Its kinetic energy is:
(@) 250J (b) 400J (c) 540 (d) 180J

v=~6>+82=10m/s

K= %mvz = %(5)(10)2 =250J

Q.3: 1 joule is equal to:
(a) kg.m?/s  (b) kg.m/s3  (c) kg.m/s? (d) kg.m?/s?




Q.4: A particle moves 5m in the positive x-direction while being
acted upon by a constant force F = 2i + 2j. The work done on the

particle by this force is:
(@) 20J (b) 10J (c) 30J (d) - 15J

W=F-d=Q2i+2})-5i=10J

Q.5: A force acts on a 3kg particle in such away that the position
of the object is x = 3t - 412 + t3, where x in meters and t in
second. Find the work done on the object by the force fromt=0
tot=4s

(a) 528J (b) 10J (c) 50J (d) 180J

v(t)=@: 3-8t+3t’
dt

v(0)=3m/s, v(4)=3-8(4)+3(16)=19m/s

1% =%m(v§ —vf):§(361—9): 528J



Q.6: Force F acts on a particle of mass m making a displacement
D.If F=7i+ 3j - 1.5k N, and D = 2i - 3j + 2.5k m. The work
done by the force is:

(@) 9.25J (b) 7.25J (c) 5.25J (d) 1.25J

W=F-d=(i+3j—15k)-(2i —3j+2.5k)=14—-9-3.75=1.25]

Q.7: A 5kg cart is moving horizontally at 6m/s. In order to
change its speed to 10m/s, the net work done on the cart must
be:

(@) 40J (b) 90J (c) 160J  (d) 400J

vy=6bm/s, v,=10m/s

W= %m(vg —v)= %(100— 36)=160J




Chapter 7/
KINETIC ENERGY AND WORK

Sections 7-6, 7-7, 7-9
Work Done by the Gravitational Force
The Work Done by a Spring Force
Power
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® |Important skills from this lecture:

1.

N

SOl b W

Calculate the amount of work done by gravitational
force in both raising and falling object

Define the spring force and its relationship with
displacement of the spring

Calculate the spring force from Hook’s law
Define the power and its unit
Calculate the average and instantaneous power

Calculate the power in terms of force exerted on a
body and its velocity




Work Done by the Gravitational Force

If tomato of mass m is thrown upward with initial speed v, VT

JAN
Its speed is slowed to v by the gravitational force F, FgI
> F does work on the tomato
> The tomato’s KE decreases from K;(= ;3 mv3) to K; (= 3 mv?),

S
P 3

The gravitational work is: Volr

Wg = mgd cos ¢ (work done by gravitational force). FI
g

For a rising object, the direction of Fj,s opposite to the displacement
>0 =180° >
W, = mgd cos 180° = mgd(—1) = —mgd.
® The - sign means: F;transfers energy in the amount mgd from the object
- -ve work - slowing of the object as it rises

For a falling object, Fz,is in the same direction of the displacement
R2=0 2 W, = mgd cos 0° = mgd(+1) = +mgd.

F}g transfers energy in the a




Work Done by the Gravitational Force

* Rising:
1. Object’s kinetic energy decreases
2. Object deceleration
3. The gravitational force dose -ve work
4, © = 180°
5. W, = mgd cos 180° = mgd(—1) = —mgd.

* Falling:
1. Object kinetic energy increases
2. Object acceleration
3. The gravitational force dose positive work on it
4, ©=0°




One of the lifts of Paul Anderson in the 1950s remains a record: Anderson
stooped beneath a reinforced wood platform, placed his hands on a short stool
to brace himself, and then pushed upward on the platform with his back, lifting
the platform straight up by 1 cm. The platform held automobile parts and safe
filled with lead, with a total weight of 27900N.

(a) As Anderson lifted the load, how much work was done on it by the
gravitational force F?

mg =27900N, d=1cm=0.01m, ¢ =180
W, =mgdcos¢p = (27900)(0.01)cos180 = -289J




The Spring Force

* A spring force: is the force from a spring,

® |t s variable force
[}

Many forces in nature have the same mathematical form as the
spring force

* When an object (block) is attached to the spring free end, and
a force acts on it > 3 states of a spring:

x=0 Block
E=0
[
0

- attached S 5 peive R, negative 71—
to spring s e
Relaxed Compressed stretched
(neither compressed nor By pushing the block to By pulling the block to the
extended) the left, the spring now
is called

right, the spring pulls on
pushes on the block the block tot
toward the right



* The spring force F. is proportional to the displacement dof
the free end from its equilibrium position

® The spring force is given by |F = —kd  (Hooke’s law)

S

F.= —kx (Hooke’s law),

® The -sign means: F.is in the opposite direction of ¢

® The constant k is called the spring constant (or force
constant)

® k measures the stiffness of the spring

® The larger k is, the stiffer the spring
- the stronger the spring’s pull or push for a given
® The Sl unit for k is the N/m

If the spring is stretched toward the right
- x is tve 2 F.is -ve (it is a pull toward the left)

® |f the spring is compressed toward the left
- xis -ve 2 F.is +ve (it is a push toward the right)

A spring force is a variable force because it is a functio
IS wrote as F(x)




The Work Done by a Spring Force

® TJo find the work done by the spring force we assume:
® The spring is massless
® The spring is an ideal spring (obeys Hooke’s law)
® The contact between the block and the floor is frictionless

® |t is not possible to find the work by using W= Fd cos @ ?
Because F.is not constant (variable force)

® To find the work done by the spring, we use calculus:
1. If the block’s initial position is x; & later position is x;

2. The distance between those two positions is Divided into
many segments of tiny length Ax

3. The force magnitude (F,; in the 1st segment, F,, in the 2¢d
segment, and so on) is constant within each segment

work done within each se




5. The work done is —F,; 4x in segment 1, —=F,, Ax in segment 2, and
SO on

6. The net work W, done by the spring, from x; to x;, is the sum of all
these works:

WYZE_ijAxa

57
7. WhenAx909Ws=J —F, dx.
. .,
V[{=J —kxdx=—kj x dx

= (30X = (=30} — xD).

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

Work Wi, 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 is zero if
the block ends up at the same distance from x = 0.

= 0 and if we call the final position x,




W CHECKPOINT 2

For three situations, the initial and final positions, respectively, along the x axis for the
block in Fig. 7-9 are (a) —3 cm, 2 cm; (b) 2 cm, 3 cm; and (¢) —2 cm, 2 cm. In each situa-
tion, is the work done by the spring force on the block positive, negative, or zero?

x= Block

I B % - attached
to spring
(a)w Kx Kx’

2

T X

1

(@)
WLk -or] e

i\
1 R
W==K[9-4] »
2 q xnega}t'ive
W = +ve I i fs I, positive
— =
W = leg — lez (©) 1 L1 . @
(b) 5 X TS5 BX, W= Kxi —— Kx’
- 1 2 2 1
w=Zk[(2)-(3) ] w=Lxl@r-er]
1

= K[4—9] W= Kl4-4]




A package of spicy Cajun pralines lies on a frictionless floor, attached to the free
end of a spring in the arrangement of Fig.7-9a. A rightward applied force of
magnitude F, = 4.9 N would be needed to hold the package at x;= 12mm.

(a) How much work does the spring force do on the
package if the package is pulled rightward fromx, =0

x=0 Block
to X =17 mm? }_/m% ?(Etzl;l;ii(;
F. — 4. x
Fo=kxok=-tso2 ~2N _4ogn/m 0
x, 12x107m (a)
W =—Lkxl =-1(408 N/m)(17 x 107 m)’ ; posiive Eudl =
=—-0.059 J W«W S
[ x—> X
(b) Next, the package is moved leftward to x; = -12 (Ob) |
mm. How much work does the spring force do on the
package during this displacement? Explain the sign of d 1 ;“Ifg%?ve
. NE ' positive
this work. }JWL g
W, =—dhr/" + e *“”o ’“

=1(408 N /m)| — (=12 107 m)’ + (17 x 10~ m)’ |
=0.030 J = 30 mJ



Power

* Power (P): the time rate at which work is done by a force

e |f a force does a work W in a time interval At
—> the average power due to the force during that time interval is:

|4
P, =— (average power)

avg At

® The instantaneous power P is:
—dw
dt

P

(instantaneous power).

® The Sl unit of power is: J/s, and called watt (W)

lwatt=1W =11J/s =0.738 ft - 1b/s

1 horsepower = 1 hp = 550 ft-Ib/s = 746 W.

® Work can be expressed as power multiplied by time, as in the unit
kilowatt-hour

1 kilowatt-hour = 1 kW -h = (10°



® For a particle moves along a straight line on an x axis, and a
constant force F acted on it with an angle ©®

_dW _ Fcos¢dx dx
P=—a = dt _FCOS(b(dt)’
P = Fv cos ¢.

—

P=F-v (instantaneous power).

W CHECKPOINT 3

A block moves with uniform circular motion because a cord tied to the block is an-
chored at the center of a circle. Is the power due to the force on the block from the cord
positive, negative, or zero?

0=90 =P=Fv=Fvcos90=0 .‘%




Sample Problem

Figure 7-14 shows constant forces F 1 and F » acting on a box
as the box slides rightward across a frlctlonless floor. Force F 1
is horizontal, with magnitude 2.0 N; force F,is angled upward
by 60° to the floor and has magnitude 4.0 N. The speed v of
the box at a certain instant is 3.0 m/s. What is the power due
to each force acting on the box at that instant, and what is the
net power? Is the net power changing at that instant?

Negative power. Positive power.

(This force is F) (This force is

removing energy.) b supplying energy.)
Frictionless E o0 —7[>
\ 1 7]\




For force F 1s
at angle ¢, = 180° to velocity v, we have

P, = Fv cos ¢, = (2.0 N)(3.0 m/s) cos 180°
= —6.0 W. (Answer)

This negative result tells us that force F,is transferring en-
ergy from the box at the rate of 6.0 J/s.
For force F,, at angle ¢, = 60° to velocity Vv, we have

P, = F,v cos ¢, = (4.0 N)(3.0 m/s) cos 60°
= 6.0 W. (Answer)

This positive result tells us that force F,is transferring en-
ergy to the box at the rate of 6.0 J/s.
The net power is the sum of the individual powers:

P net P 1 + P 2
= —-6.0W +6.0W =0, (Answer)
which tells us that the net rate of transfer of energy to
or from the box is zero. Thus, the kinetic energy (K = 3 mv?)

of the box 1s not changing, and so the speed of the box will
remain at 3.0 m/s.



Examples:

Q.1: A horizontal force of 180N used to pull a 50kg box on a rough horizontal
surface to the right with a distance of 8m. If the box moves at a constant
speed, find:

(a) The work done by the horizontal force F )
W = Fdcos¢ = (180)(8)cos0 = 1440J

(b) The work done by the friction force f" F

Constant speed 2 a,=0 my

F. =ma =0=F-f=0=F=f =180N

net ,x

W = f.dcos180=180(8)(-1)=-1440N

(b) The work done by the force of gravity
W, =mgdcos90 =0

(c) The work don by the normal force

W, =mgdcos90 =0



Q.2 A watt is equal to:
(@) kg.m?/s2  (b) kg.m?/s3 (c) kg.m/s3 (d) kg.m3/s?

W kg-m”-s” B kg-m’

3
4 \) \)

P

Q.3: Horse-power (hp)=
(a) 1000W  (b) 100W (c) 749W (d) 476W

Q.4: Which of the following group does not contain a scalar quantity?
(a) velocity, force, power

(b) diselacement, acceleration, force

(c) acceleration, speed, work
(d) energy, work, distance

Q.5: An object of mass 1kg moves in a horizontal circle of radius 0.5m
at a constant speed of 2m/s. The power done on the object during on

revolution is:
(@) 1J (b) 2J (c)4J (d) zero

0=90 =P=Fyv=Fvcos90=0




Q.6: A block of mass 0.5kg is dropped from a height of 45m above
the ground. The work done by the gravitational force is:

(@a)5J (b)40J  (c)10J  (d) 220.5J

motion

W, =mgdcos¢ =0.5(9.8)(45)cos0 =220J F

Fy

Q.7: In the previous question, the average power during the time
interval of 10s is:

(a) 20W (b) 22W (c) 10W (d) -5W
W _220_ ow
At 10

Q.8: A spring of k = 300N/m initially at x =0, and forced to move to
x = 10cm. The work done by the spring force is:
(a)-1.5J (b) -5.5J (c)-1J(d)15J

W = —%kxz - —%(300)(0.1)2 =—1.5J




Q.9: A mass of 100kg is pushed by a horizontal force across
rough horizontal floor at a constant speed of 5m/s. If y, =0.2, at
what rate is work being done by the horizontal force F?

(a) 50w (b) 980W (c) 392w (d) 400W

Constant speed 2 a, =0
F, =ma =0=F-f =0

= F=f, =Wk =unmg s d
= F=0.2(100)(9.8)=196 N

P =Fvcos®=196(5)(1)=980W

mg




Problems:

15 @ Figure 7-27 shows three forces applied to a trunk that
moves leftward by 3.00 m over a frictionless floor. The force magni-
tudes are F; =5.00N, F, = 9.00N, and F; =3.00 N, and the indi-
cated angle is # = 60.0°. During the displacement, (a) what is the net
work done on the trunk by the three forces and (b) does the kinetic
energy of the trunk increase or decrease?

Fig. 7-27 Problem 15.

°45 ssm 1ILW A 100 kg block is pulled at a constant speed of 5.0

m/s across a horizontal floor by an applied force of 122 N directed

37° above the horizontal. What is the rate at which the force does
on the block?




Problems for chapter 7

$,= 180°0—60° 4 F
«15 @ Figure 7-27 shows three forces applied to a trunk that =120° _---- /] Motion
moves leftward by 3.00 m over a frictionless floor. The force magni- i 7 \9 '
tudes are F; =5.00N, F, =9.00N, and F; = 3.00 N, and the indi- <—— S | — -
cated angle is # = 60.0°. During the displacement, (a) what is the net '
work done on the trunk by the three forces and (b) does the kinetic l%
energy of the trunk increase or decrease? fs

15. (a) The forces are constant, so the work done by any one of them is given by
W=F-d,where d is the displacement. Force F, is in the direction of the displacement,

SO
W, =Fdcos@ =(5.00N)(3.00m)cos0°=15.0 J.

Force F, makes an angle of 120° with the displacement, so
W, = F,dcos@, =(9.00N)(3.00m)cos120°=—-13.5 J.
Force 1’33 is perpendicular to the displacement, so
W3 = Fid cos ¢35 = 0 since cos 90° = 0.
The net work done by the three forces is

W=w+W,+W,=150J-13.5J+0=+1.50 J.

(b) If no other forces do work on the box, its kinetic energy increases by 1.50 J during the
displacement.



°45 ssm 1ILW A 100 kg block is pulled at a constant speed of 5.0
m/s across a horizontal floor by an applied force of 122 N directed
37° above the horizontal. What is the rate at which the force does
work on the block?

45. The power associated with force F is given by P = F - ¥, where ¥ is the velocity
of the object on which the force acts. Thus,

P=F-V=Fvcosg=(122 N)(5.0 m/s)cos37°=4.9x10> W.




Physics 110
1435-1436 H

Instructor: Dr. Alaa Imam
E-mail: alaa_y_emam@hotmail.com

_



Chapter 9
CENTER OF MASS AND LINEAR
MOMENTUM

Sections 9-2, 9-3,9-4, 9-5, 9-7

The Center of Mass
Newton’s Second Law for a System of Particles

Linear Momentum
The Linear Momentum of a System of Particles
Conservation of Linear Momentum




® |Important skills from this lecture:
1. Define the center of mass of a system of particles
Calculate the center of mass for two particle in one dimension

Calculate the center of mass for many particles in one
dimension

Calculate the center of mass for many particles in two and
three dimensions

|dentify Newton’s 2" |aw for a system of particles

2
3
4
5.
6. Apply Newton’s 2™ |aw to a system of particles to calculate
the acceleration of the center of mass

/

8

0.

1

Define the linear momentum and its unit
Derive Newton’s 2Md |aw in terms of momentum
Explain the conservation of linear momentum
O. Apply the conservation of momentum to solve problems




The Center of Mass

®* The center of mass (com) of a system of particles: \X%

Is the point that moves as though g& 41

(1) all of the system’s mass were concentrated there x%'b \

(2) all external forces were applied there \
® For 2 particles of masses m; & m, separated by / X

distance d, the position of the com of this system is ¥

(the origin of an x axis was chosen to be at m)):

m
Xeom = 2 —d (1)
my + m, -This is the center of mass

 Ifm=0>x,=0 Y of the two-particle system.

|f m; = 0-> e d ~— Xcom

Ifm; =m, 2 xoy="2d .

If neither m; or m, %0 - = = 2

e d




® |f the coordinate system is shifted leftward:

Xcom — m. + m ( )
1 2 m my
! i

® |fx;=0->x,=d(Eq.2 reduces to Eq.1) — x —=1 d -
® |n spite of shifting the coordinate system, x_.,
still has the same distance from each particle [ 2 g

® Eqg.2 could be written as:
. n1xq + n-> X,

Xcom — M ’
in which M: the total mass of the system (M =m, + m,)

® For a more general situation with » particles
> M=m; +m,+ ...+ m, and x., Will be:

mixy + mMyrXx, + Mzxz + -+ + m,x,

xCOm — M




® |n 3D system, the center of mass is identified by three
coordinates as:

n
2 m;z;.

L
M

1 n
Xcom — E m;Xx;, ycom — M E miyia Zcom —
i=1

® We can also define the com using vectors:
if the position of a particle at coordinates x, y, and z; is:

- the position of the center of mass of a system of particles
IS given by a position vector:

A\

rcom — xcoml _I_ ycom.] _I_ Zcomk'




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?

Particle Mass (kg) x (cm) y (cm)
1 1.2 0 0
2.5 140 0
3 3.4 70 120

This is the position
vector rgom for the
com (it points from
the origin to the com).

150

mg

100




_ L i o — nii1x4 + ns, X, + ns X5
COIIl M . M
(1.2 kg)(0) + (2.5kg)(140 cm) + (3.4 kg)(70 cm)
7.1 kg
= 83 cm (Answer)
3
nmyy, T nyy, T msys
d — . o —
an ycom M lgl mlyl M
~ (1.2kg)(0) + (2.5kg)(0) + (3.4 kg)(120 cm)
7.1 kg

= 58 cm. (Answer)




Newton’s 2nd Law for a System
of Particles

Here we discuss how external forces can move
a center of mass

For a system of two billiard balls:

e |fa 1stballisrolled at a 2™ billiard ball that
IS at rest
- the two-ball system will continue to have
forward motion after the impact

® |f the motion is not affected by another collision, what
continues to move forward is the com of the system

The vector equation that governs the motion of the com of a
system of particles is:

Newton’s 274 Jaw for

Foet = Magop, (system of particles). (3)




- Newton’s 27 law for

Foet = Md o, (system of particles). (3)

o F .. the net force of all external forces that act on the
system (the internal forces are not included)

® M: the total mass of the system
We assume that no mass enters or leaves the system as it
moves (constant M > closed system)

® a.. the acceleration of the com of the system

® Equation 3 is equivalent to 3 equations involving the
components of F & a along the 3 coordinate axes:

Fnet,x = Macom,x Fnet,y — Macom,y Fnet,z — Macom,Z‘




Sample Problem

The three particles in Fig. 9-7a are initially at rest. Each
experiences an external force due to bodies outside the
three-particle system. The directions are indicated, and the
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
what direction does it move?

K - K
4.0 kg 450
2 Q
ASTTIC 8.0 kg
1
0 x
B £ 1 2 38 4 5
=1
4.0 kg
=20 —>
The com of the system 5 5
will move as if all the (a)
mass were there and y
the net force acted there. F =
2 Fnet
3
M=16 kg
< L
com F3
0 x

-5 -2 -1 1 2 3 4 b




5l Y

_ —>
Fnet _ Macom =

Fi+ F, + Fy = Md o

%
7
N
N\
\

o - |
BT Y A WAV A
acom = M . 1 com FS
0 X
F1x+F2x+F3x 1 ) : ! °
a pr—
com, x M
—6.0N + (12N 45° + 14 N
= ( : 6)1(208 = 1.03 m/s>.
B Fly + Fzy + F3y
acom,y o M
0+ (12N)sin45° + 0
= ( ) = 0.530 m/s>
16 kg

acom — \/(aCOm,X)z + (aCOm,y)z
= 1.16 m/s? = 1.2 m/s?

Acom, y

0 = tan! = 27°.

acom, X




Examples:

Q.1: A system consists of 3 particles as shown. The center of mass is:

@21  (b) (45, 13) ©) (2.1, 1.2) d) (3, 6)
- om | x|y
1 6 O 2kg
2 6 4
3 3 0
4dm
. 3kg . R
_(1><6)+(2><6)+(3><3)_45 I 3m” “3m ‘lke
2 1+2+3 e
(I1x0)+(2x4)+(3%x0)
ycom= =13
1+2+3

is located at (4.5, 1.3)




Q.2: A system consists of 4 particles as shown. The center of mass is:

(@) (08,03)  (b) (4.5, 1.3) (c) (2.1,1.2) (d)(3,6)
4kg 5
- m | x|y L
! - -1 1 I _2'kg
2 4 1 A .
3 2 _2 i2 -1 52 i
4 -1 2 g T o1
7 e eec et ts Sase é
v 3kg
= (IX-2)+2x4)+(3%x2)+(4x-1) 038
com ~ 142 +3+4 .
C(IX-D+@2xD)+(Bx-2)+(4x2) o
com 1+2+3+4 .

is located at (0.8, 0.3)




Q.3: A s shown, if the radius of the circle is 1m, and the masses are
m;=m,=m3z=m,=3kg, and if F;=2N, F,=5N, F;=1N and F,=8N. The

maghnitude of the acceleration of the center of mass is:
(a) 0.6i+0.9j (b) 1.1m/s? (c) 2.2m/s? (d) 3m/s?

Fa

F,

2c0s0i +2sin0j+0k=2i +0+0k
5¢0s30i +581n30]+0k 43i +2 5]+Ok

e TR
[l

lost+1smO]+0k 11+0]+0k
8c0s907 +8sin90 j +0k =0i + 8 + 0k

o3
[l

ZF=7.3N2+0.5N}
D m=3(4)=12kg

QY

Y F 73Ni+05Nj
" Ym  12kg

a. =+0.6+09>=1.1m/s’

=0.6i+09]




Q.4: In the previous question, the angle between x-axis and a_ is:
(@) 60°  (b) 56° (c) 30° (d) 100°

0 =tan™' b~ tan™ el 56°
a 0.6

X

Q.5 In the previous question, the acceleration of the center of mass

at the direction of x-axis is:
(@) 0.7m/s? (b) 3m/s?2 (c) 0.6m/s? (d) 5m/s?

> F =73Ni
Y m=3(4)=12kg




Q.6 In the previous question, the coordinate of the center of mass is:

(a) (0, 0) (b) (1, 1) (©) (2, 1) (d) (-1, 1)

Fo

0 -1 ) 30°

w w w w
—
o

F3

B :(3><0)+(3><1)+(3><0)+(3><—1):

com 3(4)
_BxDH+Bx0)+(Bx-1)+(3x0)

ycom_ 3(4) —

0

0

is located at (O, 0)




°1 A 2.00 kg particle has the xy coordinates (—1.20 m, 0.500 m),
and a 4.00 kg particle has the xy coordinates (0.600 m, —0.750 m).
Both lie on a horizontal plane. At what (a) x and (b) y coordinates
must you place a 3.00 kg particle such that the center of mass of the
three-particle system has the coordinates (—0.500 m, —0.700 m)?

(a) The x coordinate of the system’s center of mass is:

mpx, +myx, +myx, (200 kg)(=1.20 m)+(4.00 kg)(0.600 m)+(3.00 kg)x,

X
com m +m, +m, 2.00 kg +4.00 kg +3.00 kg

=-0.500 m.

Solving the equation yields x3 =—1.50 m.

(b) The y coordinate of the system’s center of mass is:

_myy, +myy, +myy,  (2.00kg)(0.500 m)+(4.00 kg)(-0.750 m)+(3.00 kg) y,
e m, +m, + m, 2.00 kg +4.00 kg+3.00 kg
=-0.700 m.

Solving the equation yields y; = —1.43 m.



Linear Momentum

® The linear momentum of a particle (p): is a vector quantity
P that is defined as:

p = my (linear momentum of a particle),| (1)

In which m is the mass of the particle, Vis its velocity
® Because m is +ve & scalar quantity > P & ¥ have the same direction
® The Sl unit for momentum is (kg.m/s)

e Newton 2™ |[aw in terms of momentum:

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
Foet = ——.
net dt (2)

= e The net external force on a particle changes its linear momentum

® The linear momentum can be changed only by a net external force

E, =fi—p=09 annot change (con
t

If there is no net external force,
dp d




The Linear Momentum of a
System of Particles

® For a system of n particles, each has its own mass, velocity, & linear
momentum, the total linear momentum of the system is the vector
sum of the individual particles’ linear momenta:

P=p +p,+ps+--+p,

= mV; + myv, + myv; + -+ m,V,.
Ed — . .
P=Mv linear momentum, system of particles),| (3)
com y p

The linear momentum of a system of particles is equal to the product of the total
mass M of the system and the velocity of the center of mass.

® By taking the time derivative of Eq.3

dP AV, - ~ dP
W =M 7 = Ma o= F;l ot = Fnet = W (system of particles), 4)

® The net external force on a particle changes its linear momentum

linear momentum can be changedq only by a net external
P .



Conservation of Linear Momentum

If F,=0for a system of particles (isolated system ) & no particles leave or
enter the system (closed system ), Eq. 4 becomes:
~ dP —

F = I =0 =| P = constant (closed, isolated system).

® Note: momentum unit is also N.s

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

e The law of conservation of linear momentum:
for a closed & isolated system,

P, = P; (5)

total linear momentum\ _ total linear momentum
at some initial time ¢ at some later time £,

® Note: the energy is not always conserved when the momentum is conserved




1

p,=prP (O

® EQ.5 is a vector equation - could be written in to 3 equations in xyz
coordinates

® The linear momentum might be conserved in one or two directions
but not in all directions

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.

® e.g., atossed grapefruit (projectile motion):
The only external force acting on it is the gravity F, (downward force)
y -

® The vertical component of the tossed
grapefruit linear momentum change

® The horizontal component of the tossed
grapefruit linear momentum is constant




Sample Problem

A 6kg ballot box slides with a speed of 4m/s across a frictionless
floor in the positive direction of an x axis. It suddenly exploded into
two pieces. One piece of mass 2kg moves with 8m/s in the positive x
axis. What is the velocity of the second one with mass m,?

P=D+D,

my =m\y, + m,v,
m,=m—m, =4
6(41)=2(8i)+4v,
24i =16i + 47,

8i =47,

v, =2i =|V,|=2m/s in the +ve direction of x-axis




Examples:

Q.1: A 2kg object is moving leftward with 20m/s. The object hits a
wall then returns back in the opposite direction with the same

velocity. The initial momentum of the ball is:
(a) -40 kg.m/s (b) -50 kg.m/s (c) 60 kg.m/s

p, =my, =2xX-20=-40kgm/s

Q.2: The final momentum of the ball in the previous question is:
(a) 40 kg.m/s (b) -50 kg.m/s (c) 60 kg.m/s

Q.3: The change in the momentum in the previous question is:
(a) 40 kg.m/s (b) 80 kg.m/s (c) 60 kg.m/s

Ap,=p,—p,=40+40=80kg.m/s



Q.4. A body of 2kg mass is moving with a kinetic energy of 25J. The
momentum of the body is:
(a) 10 kg.m/s (b) 15kg.m/s (c¢) 18 kg.m/s

k:%mv2:>25:v2:>v=5

p=mv=2xX5=10kg.m/s

Q.5: A 5kg body has a momentum of 20kg.m/s. The kinetic energy
of the body is:
(a) 50J (b) 40J (c) 20J

p=mv=20=5v=>v=4m/s

1 1
k=—m = —(5)(4%)=40J
;=5 )




*18 A 0.70 kg ball moving hori-
zontally at 5.0 m/s strikes a vertical
wall and rebounds with speed 2.0
m/s. What is the magnitude of the change in its linear momentum?

Ap = m‘vf — vl.‘ =0.7|-2-5|=0.7|-7|=4.9kg.m/ s




Problems for chapter 7

$,= 180°0—60° 4 F
«15 @ Figure 7-27 shows three forces applied to a trunk that =120° _---- /] Motion
moves leftward by 3.00 m over a frictionless floor. The force magni- i 7 \9 '
tudes are F; =5.00N, F, =9.00N, and F; = 3.00 N, and the indi- <—— S | — -
cated angle is # = 60.0°. During the displacement, (a) what is the net '
work done on the trunk by the three forces and (b) does the kinetic l%
energy of the trunk increase or decrease? fs

15. (a) The forces are constant, so the work done by any one of them is given by
W=F-d,where d is the displacement. Force F, is in the direction of the displacement,

SO
W, =Fdcos@ =(5.00N)(3.00m)cos0°=15.0 J.

Force F, makes an angle of 120° with the displacement, so
W, = F,dcos@, =(9.00N)(3.00m)cos120°=—-13.5 J.
Force 1’33 is perpendicular to the displacement, so
W3 = Fid cos ¢35 = 0 since cos 90° = 0.
The net work done by the three forces is

W=w+W,+W,=150J-13.5J+0=+1.50 J.

(b) If no other forces do work on the box, its kinetic energy increases by 1.50 J during the
displacement.



°45 ssm 1ILW A 100 kg block is pulled at a constant speed of 5.0
m/s across a horizontal floor by an applied force of 122 N directed
37° above the horizontal. What is the rate at which the force does
work on the block?

45. The power associated with force F is given by P = F - ¥, where ¥ is the velocity
of the object on which the force acts. Thus,

P=F-V=Fvcosg=(122 N)(5.0 m/s)cos37°=4.9x10> W.




