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ISQ Base Quantity Sl Base Unit
Length meter (m)
Mass kilogram (kg)
Time second (s)
Electrical current ampere (A)
Thermodynamic temperature | kelvin (K)
Amount of substance mole (mol)
Luminous intensity candela (cd)

Table 1.1 1SQ Base Quantities and Their SI Units
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Scalar Product (Dot Product)
The scalar product K . ]-i of two vectors K and ]-i is a number defined by the equation
K-ﬁ:ABcosga, 227

where g is the angle between the vectors (shown in Figure 2.27). The scalar product is also called the dot
product because of the dot notation that indicates it.
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Vector Product (Cross Product)

- =+ -+ =
The vector product of two vectors A and B is denoted by A X B and is often referred to as a cross
- -
product. The vector product is a vector that has its direction perpendicular to both vectors A and B. In

- -+
other words, vector A X Bis perpendicular to the plane that contains vectors A and ﬁ, as shown in Figure
2.29. The magnitude of the vector product is defined as

|K X §| = ABsin g, 2.35

where angle ¢, between the two vectors, is measured from vector A (first vector in the product) to vector ﬁ
(second vector in the product), as indicated in Figure 2.29, and is between 0° and 180°.
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Figure 2,27 The scalar product of two vectors, (a) The angle between the two vectors, (b) The orthogonal projection A [ of vector K AXB
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onto the direction of vector B. (c) The orthogonal projection Bl | of vector B onto the direction of vector A.
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Ax = X — X = +2.0m

T T
Xy X

15m 35m
Figure 3.3 A professor paces left and right while lecturing. Her position relative to Earth is given by x. The +2.0-m displacement of the

professor relative to Earth is represented by an arrow pointing to the right.

Displacement

Displacement Ax is the change in position of an object:
Ax = xf — xp, 3.1
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where Ax is displacement, x; is the final position, and x is the initial position.

€

Meaalhrai
Peocifedl
openstax
Average Velocity
If x; and x; are the positions of an object at times t; and t,, respectively, then
.. — _ Displacement between two points 3.3
Average velocity = U = Elapsed time between two poinls
= _ g _ xz—x|
= At T =ty

Takiz eftic a3 meaahrazinn getur oraiz neikvaedur, stefna vigurs 1 4-D
fer eftic formerki eina hnits hans ..

Skodum ‘nreﬁ%nﬁu

A sketch of Jill's movements is shown in Figure 3.4,
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Figure 3.4 Timeline of Jill's movements.
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Instantaneous Velocity

The instantaneous velocity of an object is the limit of the average velocity as the elapsed time approaches
zero, or the derivative of x with respectto t:
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Independence of Motion

In the kinematic description of motion, we are able to treat the horizontal and vertical components of
motion separately. In many cases, motion in the horizontal direction does not affect motion in the vertical
direction, and vice versa.
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Figure 4.10 A skier has an acceleration of 2.1 m/s? down a slope of 15°, The origin of the coordinate system is at the ski lodge.
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Centripetal Acceleration (m/s2 or factors of

Object 9
Earth around the Sun 5.93 x 1073
Moon around the Earth 273 x 1073
Satellite in geosynchronous orbit 0.233
Outer edge of a CD when playing 5.78
Jetin a barrel roll 2-39
Roller coaster 52
Etlectran orbiting a proton in a simple Bohr model of the 9.0 x 102
atom

Table 4.1 Typical Centripetal Accelerations
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Figure 4.26 The positions of particle Prelative to frames Sand S’ are ¥ p s and ?PS’ , respectively.

- - -

- - >
VPS = VPsl +VS’S

= -
aps = apgs

&
@ EXAMPLE 4.14

Flying a Plane in a Wind

A pilot must fly his plane due north to reach his destination. The plane can fly at 300 km/h in still air. A wind is
blowing out of the northeast at 90 km/h. (a) What is the speed of the plane relative to the ground? (b) In what
direction must the pilot head her plane to fly due north?
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Figure 1.1: Chronological roadmap of the parallel development of the Newtonian and Variational-principles

approaches to classical mechanics.
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Figure 5.3 (a) An overhead view of two ice skaters pushing on a third skater. Forces are vectors and add like other vectors, so the total

force on the third skater is in the direction shown. (b) A free-body diagram representing the forces acting on the third skater.

Figure 5.3(b) is our first example of a tlg_e_—licul_yidggglp, which is a sketch showing all external forces acting
on an object or system. The object or system is represented by a single isolated point (or free body), and only
those forces acting on it that originate outside of the object or system—that is, external forces—are shown.
(These forces are the only ones shown because only external forces acting on the free body affect its motion.
We can ignore any internal forces within the body.) The forces are represented by vectors extending outward

from the free body.

-N' o
Nz
o h—;,

(b) Box on an inclined plane

@

(a) Box at rest on a horizontal surface

Figure 5.4 In these free-body diagrams, l-V.' is the normal force, W is the weight of the object, and F is the friction,

oPens’rax
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Newton's First Law of Motion

A body at rest remains at rest or, if in motion, remains in motion at constant velocity unless acted on by a

net external force.

oPensfax

Treﬁauléﬁmélia

A Upward force of air

Puck
NN
Air flow m - S T~ —— Net vertical force = 0,
I 1\ e ) therefore friction = 0

Hole in air hockey table /

i Downward weight

openstax

©

Treaau‘cer?l

openstax

Inertial Reference Frame

A reference frame moving at constant velocity relative to an inertial frame is also inertial. A reference
frame accelerating relative to an inertial frame is not inertial.

Kerki sem sng st mMizas vis +rejaukerﬁ ec ekxki freﬂaukerﬁ

svo strangt tittekia er g@.rbora jaraar ek ﬁeﬂaukerﬁ, Ahrik pess sjdet
vel 1 veaurkerfum ..

Annaz Ic‘iﬂmél Newtons

Newton's Second Law of Motion

The acceleration of a system is directly proportional to and in the same direction as the net external force
acting on the system and is inversely proportion to its mass. In equation form, Newton’s second law is

-+
Fnel

-
a= R

m

5
where @ is the acceleration, Fye is the net force, and m is the mass. This is often written in the more
familiar form

- -

Foot = Z F = mi, 5.3

but the first equation gives more insight into what Newton's second law means. When only the magnitude
of force and acceleration are considered, this equation can be written in the simpler scalar form:

Fnet = ma. 5.4
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Weight

The gravitational force on a mass is its weight. We can write this in vector form, where W is weight and m is
mass, as

= W = mg. 5.8
ﬁ = dp = d (mV) In scalar form, we can write )
=2 net d f d f w = mg. 5.9
P, = 2P
net = ;-
dt veqna pﬂnﬁdat‘kt‘a@rs Newtons M
T (V) - c2
Fnet =m 1 = ma \\-:l _ G wM
. r2 - GM
openstax 3 2
o Q @)
prizgia I5grad Newtons

Newton's Third Law of Motion

Whenever one body exerts a force on a second body, the first body experiences a force that is equal in
o
magnitude and opposite in direction to the force that it exerts. Mathematically, if a body A exerts a force F
-
on body B, then B simultaneously exerts a force —F on A, or in vector equation form,

FAB =—ﬁBA. 5.10

System of interest .
— Free-body diagram

) TB—F
Fwall on feet
ifp—

L=

- o

Direction of F - l_=', :
acceleration wall on feet eet on wal
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us\nﬂ the pewtons laws @ ‘ A )

. . . System 1 Free-body diagram
Defining the “535’rem" in Mewtons thicd law openstax . System 2 SIS

N

‘- S

Si

System 1

A
N’
FE

prof

-

System 2

Figure 5.20 A professor pushes the cart with her demonstration equipment. The lengths of the arrows are proportional to the magnitudes
- -
d of the forces (except for f, because it is too small to drawn to scale). System 1 is appropriate for this example, because it asks for the
Runner pushes back F / Ground pushes forward ) ) ) - 2 _ =
acceleration of the entire group of objects. Only Fy,,, and f are external forces acting on System 1 along the line of motion. All other forces
and down on ground and up on runner —_—— . PO ‘
either cancel or act on the outside world. System 2 is chosen for the next example so that Fl,mf is an external force and enters into

(a) (b) OPens-l-aX Newton'’s second law. The free-body diagrams, which serve as the basis for Newton’s second law, vary with the system chosen.
@ The force on the chart (Ex. 544 <L| ]

Mass of professor M‘P = 65 Kq
Hass of chart Mo = R K Now the relevant system is ‘systern 2
Mass of equipment Mo = #£ -
izfgsr;ﬁi::f Loot on the Qocr ?— i ';ILY'_ " FE - F.—f o al Rugw i

w2 |SON et P
what is the acceleration of “system 4, (P + C + E)? FP = Fme+ + :c } Fud = (M ot Me_\ a

The only external force: F—V\d— = FF(_OO.' —-—5’ l:‘ _ (H gt MeBO\ + S—

G- fm  _ Fw b (o2 — zanN 24N = 3N

M- Mot Mo+ Me &H Key

She pushes with much larger force on the floor, than the chart, the difference
~ |l= M/sl goes into her own acceleration!




weight and normal force (punqd oq normalkrattur)

A

ﬁhand ‘

T IEm.

s

(a) (0)

T iEhand T N

openstax ? - t -
" "

Free-body diagrams

®

weight on an incline, (Ex. 542)

Free-body diagram

y -
\/; N
f
Fnd a € €=45 0 /./
W, \TV,,
W
25°
oPens‘rax

Figure 5.22 Since the acceleration is parallel to the slope and acting down the slope, it is most convenient to project all forces onto a
coordinate system where one axis is parallel to the slope and the other is perpendicular to it (axes shown to the left of the skier). Nis
perpendicular to the slope and fis parallel to the slope, but W has components along both axes, namely, wy and wy. Here, Whasa
squiggly line to show that it has been replaced by these components. The force I-V‘ is equal in magnitude to wy, so there is no acceleration

perpendicular to the slope, but fis less than w, so there is a downslope acceleration (along the axis parallel to the slope).

G

we find the components of W along the axes of the coordinate 535+em

= —\Wswm & 6-25

Wy
W, = —\U@BQ—

Y
@w@x = W, ~ %
(ch’r\y = \N}’ —i—N =O ) NG GCC,GLo\fj\/

V\/\:’60'l§g

~<

. - Wb + 4 = wmay

—WSwm b+ k(
WA

(E\ef

Ay = T332 W2

Tension - +oakra&"’rur

oPens’rax

£ the mass m is not accelerated
we have the condition

.4‘I

4

¥y

.?

Iy Free-body diagram

° Tie the tension in the rope, and
here we have

T=mg,o T=W




Tension in @ +1qh+roPe, (Ex. 543)

oPens’rax

H

L,

X

o‘oer\e.’rax
i 6 Free-body diagram
ATy
ATy y I
- ¢ — o
B =50 i, Tix \Tv‘ Thx x
:I:Rx i:‘nem:O;i:.nely:O
(\—m’b)\:_(i?\\ "(iLB :O

= Tr(c=S

-(), -

\/

a = T=wmb + T sSwbd - N,
Q = {TIn6-"W

V. R L S

6 - A O o u B

If M-—7O\e5

j=q3‘ s T = 240 N
g = S° but W = &7 \

100 ‘
view in a 3ra\o‘n, \
singularity 8

(properties of a rope) o

T/(mg)

40

20

6 (deg)

Possible usage, ¢ think about T, the rope, savety)

15 20

oPenstax

Figure 5.28 We can create a large tension in the chain—and potentially a big mess—by pushing on it perpendicular to its length, as shown.




Pseudo forces in noninertial frames
Gerfikrattar 1 ekk'\—’rrei:jauker?um

Sering force, (Hookes law)

@ A

F .= —kAx
M- = Coriolis forces - cen‘rr'tFU.ﬁal forces .. oeenatax
AR, | , -
| OPQOSJ@X
i
® i
A%, |
- |
\ % \ ‘A 1
© SN\
-
Spring constant; measure of stittness, Frestore = —KAX,

{\aaur&"asﬂ, 3orm?as’r't
exiaer'lmen’rai observation




prl‘tcaﬂons of Mewtons laws @
oPens’rax
Ex. 64 i Vu
—_— —_—
my 1 my T

) | N L 4
Mo £riction,
find @ and T, knowing -

ry My and g ﬂ 152 F "

- @ (b)

=
._\ (
N
4

_
5
Q

wél

= wi,d,

(ug) T+

)
T sy = e Oy

) &)
Tewma T MO0

le :_aﬂ}’ = U

Two linear equations with two unknowns, T and &, solve ’rog@ﬂw&r

@-@ 0 + MG = wma +wWm,a = (\M,W\A: a

ll

() = Wy —— q | Mﬁlw’z\%

@)

The stjs‘rem is accelerated

T = Al el T wq

(W,-\—Wla)

use the result for a in @)

Friction - vigndmakrattar

Direction of motion

-,. or attempted motion

Friction

Friction is a force that opposes relative motion between systems in contact.

oPens+ax

Static and Kinetic Friction

If two systems are in contact and stationary relative to one another, then the friction between them is called
static friction. If two systems are in contact and moving relative to one another, then the friction between
e e

them is called kinetic friction.

openstax

Magnitude of Static Friction
The magnitude of static friction fg is

l fs S usN, ] 6.1
where g is the coefficient of static friction and N is the magnitude of the normal force.

— = -
Magnitude of Kinetic Friction
The magnitude of kinetic friction fy is given by

where py is the coefficient of kinetic friction.
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System Static Friction g Kinetic Friction gy
Ri 1. .7
@ ubber on dry concrete 0 0 OP@_F\S"‘&X
} Rubber on wet concrete 0.5-0.7 0.3-0.5
!54 DG ploams s sie ute o i satea |
=gt Wood on wood 0.5 0.3
I
[
A } Waxed wood on wet snow 0.14 0.1
N N Motion \o :
—_— I Metal on wood 0.5 0.3
! fe= N
E ! Steel on steel (dry) 0.6 0.3
- - . fr— 0 : [
fg l f, I 0 @ Steel on steel (oiled) 0.05 0.03
Static region Kinetic region
1 ‘ |-— g _’l‘ g 'l Teflon on steel 0.04 0.04
- # Bone lubricated by synovial fluid | 0.016 0.015
() (b) (c) Shoes on wood 0.9 0.7
Impending motion Object moves
Shoes on ice 0.1 0.05
) ‘ ) o openstax Ice onice 0.1 0.03
Comparison of static and o\anamtc Lriction
Steel on ice 0.4 0.02
Ex. 640 p _ _&
I M. kg | P = QGO P-f=Max —— QA = =
Opensféx ™

(@)

L—

f

Fima

_ ) _ 20 - .
N =W = VB = dO-94R| 2"; ~196 N
f<pan - opeo-ten = 7N
§u= N = 06000146 = I8N

b =N
— ;%'—' -K)‘Q

<) P-roN s 2 laoN

d) P - 12O\

L

Ft =H8 “

a. - P-Se _ 24

Y
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Centripetal force - mizsdknarkraftur @

For s’readg circular motion we
had

2 2
qfl’r— - re

radial inward directed acceleration
needed to maintain the motion

oPens’rax

F_is parallel to a_since F, = ma,

— Fc - WOC_ Path

large r

Ex. 645 @

openstax N
Cor M =400 l?zcj
S50 w - \'OQ!LUS c e,
at S Ws

Find V\ee.éera\ s
-}:or Wo sLEJ(D

e
/

A

= M ’_U_:i. ‘“‘L———-—— - ,_i(_ﬁf
r _ —u.N = (f N\~
F = =uN =lugmg | .
2 < ) L\H\ j
= W o
. @ .
& 2s ove
Vs -._%_Ld - = = 013 0 ©
ST oo
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' NCo= 8
his is lower than usualy the real coefficient for tire and asphalt, so o, / -
but it is better so .. / [
The mass cancels! \ [
\\A\\
WA 3 "o W @
Banked curve, wh\f. r
\deal bér\ki.nﬂ ~__ 2
the needed Fc comes £rom — ‘l' O Q = /\--)—
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Pseudoforce -- cen’rr't?uqal force in noninertial S\jeﬁrems

=0
Merry-go-round's rotating frame of reference W OPQOS{BX
ro’raﬂnﬂ 535’&"0 inertial sgsdem
OPQnEd‘aX
Pseudoforce - Coriclis force (noninertial system) @
oPens’rax

\é Path relative :\vé Path relative to
» ? to the Earth f ? the merry-go-round

OPenS‘i'aX

)

o,

—— Low +——

N

/

(b)

‘/\

(©

(d)




Drag forces -- loftmotataza -- vakvamaotataza

EmP\r'lcalitj or btﬂ low order approximations to Quid dynamics it is known
that for large objects of h'}ﬂh seeed in not very dense Quids one has

Drag Force
-

Drag force Fpy is proportional to the square of the speed of the object. Mathematically,
1 2
p = EC pAUT,

where Cis the drag coefficient, A is the area of the object facing the fluid, and p is the density of the fluid.
T e ids rhet el

oPensfax

Fp is proportional fo v

Object C Object (o
Airfoil 0.05 Skydiver (horizontal) | 1.0
Toyota Camry 0.28 Circular flat plate 1.12
Ford Focus 0.32
Honda Civic 0.36
oPensﬂrax
Ferrari Testarossa 0.37

Dodge Ram Pickup 0.43

Sphere 0.45

Hummer H2 SUV 0.64

Skydiver (feet first) 0.70

Onlfj an approximation -- empirical fact -- retjnsluléﬂmél.... Bicycle 0.90
3
Terminal velocity - roarkhrasi 2
v = )
z - SC/A
(1
c we look at free Lall in ﬁrav‘ﬁa’r\or\al feld
D
T Wewtons second i mackhrazi - terminal veloc't’rtj
W\ a
2 - —
i mO\=m‘—i\—?ﬂ M3+]‘:1) -
Qe
9 ydiver
¥ the object reaches a constant velocity Cterminal velocity) M =25 3 o
o L
then 2
O‘-gl_z-— =0 = —wW + | _S:['Ql&—j/M%
|\ e . o~ Rwe
A = OAL wa T

C =072

i

350 k%r




Tor smal s.Eher'lcal o‘o\‘)ec’r at low seeed in dense fud @

Stokes’ Law

For a spherical object falling in a medium, the drag force is

Fg = 6xrnu, 6.6

where ris the radius of the object, rﬁt_@_v@g of the fluid, and vis the object’s velocity.

T, I8 proportional to v

Pﬁa'\n, an approximation to fuid dtjnamlcs -- emgirical law

Equation of motion —- 'thre&raJr'lon -- solution

A

<l

5

U\s‘lnﬂ the coordinat sxjsmm in the
Tqure:

Assuwes ;R: - bv

use the equation of motion

opensiax with variables + and v

sl ~ ey~

we can find the terminal veloc'ut\:j when dv/dt = o

q = WS_M‘\}

note how it increases with m and 9 \ncreas'\n& but decreases as b increases,
very plausible behavior,

We can use separation of variables

m AL = - by ma—b

only v and only +

constants

Initial values: v(t=o0) = o 3C’r=o) =0

+
we integrate v .
m SV =\ de
. V) 3 — b
S
0
_ M k/\/\ {W\E‘j _E'\J
O

Pr"me variables are
dumm3 1r\‘reﬂraﬂon
variables

Limits have to correspond




use (%) = \,\,\<o\\ ~ QD)

to obtain

take exponential of both sides

U O I S =V B
i M 3
W _N | =t
_ \r gq /U*"l
N _ _ Bt
\N‘ {/\ o ’\)Tl ; wA
we see two characteristic scalls:
o L = [ _
dirmensioniess.., ,UT_ , [’\J_a _ |: . T/\— \ V‘/‘_l — _I__
and indeed: @ "Position 1 — _ eC @
U(‘L) = o = !\JT /‘ - e/
NGy —> /\)T whew Jf___v\b;\_ ~~ 4
u 1
g L = ©o° __b't/w
1 IR dy = Ur D e ] Jt
09 | —
08 \n+e3ra+e » it \
0.7 \ r _sE A
gcl\/ - \JT\’\* e
-é_ 05 | raarkhrasi -
= 0.4 terrinal veloc‘nttj = o
03 | N
i | Dimensionless S
ZT - | variables on the axes 7-_ 0 = /UT 't + %’ e/ — ]
0
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and we note that the dimensions add up
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work == vinna

-_—

AW =TF -df = |f7"| |d¥| cos 6. 7.1

Then, we can add up the contributions for infinitesimal displacements, along a path between two positions, to
get the total work.

Work Done by a Force

The work done by a force is the integral of the force with respect to displacement along the path of the
displacement:

Wag = / F.dr.

path AB

7.2

The vectors involved in the definition of the work done by a force acting on a particle are illustrated in Figure
7.2

g only the component
Any force along the path matters
loner product
oPens’rax

work done by & force can be negative, o, positive

we wil see this corresponds to the force ’ra\dnﬁ energy out,
or suppl\j'\ns to the system

we ask about the work of any force, with no focus on the net force

Constant force (special case)

1CS &
W = S FdF = | (hdx + Edy + £ d2)
A ) Aﬁ .
- e B ES&? SAEARAVRS
g A + 5 (25‘741)

opens’rax

(b) (c)

The £riction force does negaﬂve work on the lawn mower
B B
-
Wfr=/ fk'di"=—fk/ ldr| = —fi 1l aBl
A A

It depends on the length of the total path
£ng {

Hoving & couch horiz

Path (b) B
Nt

Two paths:
Path (a) A > B, open eath
Path (&) A > B --> ) clozed.

im
¥ - 0.6
A " 3:1 7I\/.Path (a) r\ R

N = e

Figure 7.4 Top view of paths for moving a couch.

oPenshax




S
work done lbtj the £riction force O

06 (1Yo (2w 3 Aw ) = - 24 k3

be W :—O,@('Hc\\\}(iw*'lw +W5‘w~>

ad< W

42k

as the force of £riction is not conservative, ekki 5e3m'mn, S2e More S0

It s dissipative, takes energy out of the system
(open 535tem5)

@

Sheiv'lnﬂ a book

Constant force of 3“‘3"”3

fa woel on the book

p—

\MA‘& _Wﬂ(y& H7A>
= w305 So

Q

Path (a)
AGA

oPens’rax

Gravity is conservative force Cgeyminn); ont the endeoints of the path matter

&

Fodtin & Y = (OSM") xQ

variable force

_ A y(m)
F= ©)yL + (ofh)x] 2.2)
N N F(x, )
-ngyﬂow) yx)
N openstax
Parametrize the path (stika) (0,0) xm) ©°p
Figure 7.6 The parabolic path of a particle acted on by a given force.
F=(K1Y> = (X) G.SXQ) dy
Ql)/ = Y ) c&X

> Jdr = (dx, xclx)

e

2
dy = F-dF = 5ydx  10xxaly :%ng L 1030l

W = (g0 = (e

2
S %’quax;( -
o]

)

252 Nw — O
W ?@- wA 3337

By

work done by a sering

Y Y A i W
+ SN
If X,4=09 ) |= -
@ |
> Wspcwg,A& <O i
- | AR
—
SIS Fffore E = k0%
as s’rreJrch\nﬂ or comPresslnﬁ i
the s(ar'\nﬂ {rom the equilibrium (b) i
requires external work Aii
NI~ & = -
(c) ' O(aer\s’rax
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Hreyfiorka - kinetic enerqy

oPens,’rax

Kinetic Energy

work - Q“erﬂ:j

The net work done on a particle

The kinetic energy of a particle is one-half the product of the particle’s mass m and the square of its speed - T " -\: f= - d’\T
- cl\ld Vet Ee, °j ) et M ot
K= imuz. 7.6
2 Q\r_
_ . dF ~M=~I_u,>gt. "
At dt ot
P = wmA\ = —'G-
CndT-N - mue du
=z =
Motice seecially that the kinetic energy is always eositive and grows Wit Ag = S M OI'V = {W\}x A'U)& + \M\JfZ&'U\', -\-W"UZPle]
as the square of the velocity J A A S
2 6
|
—_M - L N
=24+, N, ) Wy IA
[\ 957 power to Fridion :l&)
O Ex. #42 £ v = 90 kmh
sl tang =65
Work-Energy Theorem 06 A=
The net work done on a particle equals the change in the particle’s kinetic energy: A
Whet = Kp— K4. 7.9 15% grade
Figure 7.15 We want to calculate the power needed to move a car up a hill at constant speed.
Power - af oPens’rax oPens’fax
e —— Constant v --> AK = o, power against gravity and £riction
Power . .
auwst (oLt
Power is defined as the rate of doing work, or the limit of the average power for time intervals approaching ?55-/0 ¢ 1‘ @ 03 % 7
ZET0, — -
= Cx - = M "\)gu"\ @—
po . P = wg-u = ma
dt
071S P - \,\Bq)$w\ Sacdow‘ (O,lg\l
> eneral equation even though
aw _F-dt = (df\ = J 3 (Lo i\ n (R.5%)
P=— = —F.[=)=F-¥% it may look as a earticular result _ 18 AR\ (36 ) W (&SE)
it di (dt J ¢ p- - = S kW
a7s —_—




Potential enerqy - enerqy conservation, stéauorka - orkuvaraveisia :

As the football falls toward Earth, the work done on the football is now positive, because the displacement and
the gravitational force both point vertically downward. The ball also speeds up, which indicates an increase in
kinetic energy. Therefore, energy is converted from gravitational potential energy back into kinetic energy.
3. At highest point,
kinetic energy is minimum,
potential energy is maximum

4. Ball descends,

/ kinetic energy increases,
= "

potential energy decreases

2. Ball ascends,
kinetic energy decreases,
potential energy increases

1. Kicker does work
on the ball, giving it
maximum kinetic energy,
potential energy is minimum
~ PN

5. Receiver catches the ball, ®
kinetic energy equals maximum, ‘g
potential energy is minimum i

Figure 8.2 As a football starts its descent toward the wide receiver, gravitational potential energy is converted back into kinetic energy.

Based on this scenario, we can define the difference of potential energy from point A to point B as the negative
Hne nesative
of the work done:

openerax i

Define potential energy Lunction U(F)

with reference point [T, stezuorkufal - maettisorka - maettisorkutall

I no £riction or air resistance, (closed system)

valiid for a Sﬂsfem of

Different ’rﬁpes of potential energy
Par-t‘tcles

Gravitational
Electrical
Spr'mﬂ

€

Typical scaks of enerqy of Phenomenas

@

Conservative and nonconservative forces - geymnic og é9eymnic kraftar

Object/phenomenon Energy in joules Object/phenomenon Energy in joules
Big Bang 1068 Single electron ina TV tube beam 40 x 1078
Annual world energy use 4.0 % 1020 Energy to break one DNA strand 1071
Large fusion bomb (9 megaton) 3.8 x 1016 Table 8.1 Energy of Various Objects and Phenomena
Hiroshima-size fission bomb (10 kiloton) | 4.2 x 1013
. 0 R
1 barrel crude oil 5.9 x 10 Power in \celand (oY)
1 metric ton TNT 42 x 10°
H\jdroPower stations 4984 Muw
1 gallon of gasoline 12 x 108
Geothermal 665 Hw
Daily adult food intake (recommended) 1.2 x 10 Tuel 43 Hw
1000-kg car at 90 km/h 31 x 10°
Tennis ball at 100 km/h 22
Mosquito (1072 g at 0.5 m/s) 13 x 1076

O(oens’rax

Conservative Force

The work done by a conservative force is independent of the path; in other words, the work done by a
conservative force is the same for any path connecting two points:

WAB,path-l = Feons - dr = WAB,path-?. = Feons - dr. 8.8
AB,path-1 AB path-2
The work done by a non-conservative force depends on the path taken.
Equivalently, a force is conservative if the work it does around any closed path is zero:
-
Welosed path = Feons - dr=0. 8.9

openstax

Globally stated Locally stated (in 2D) Fudr = Falx + K ciy

has to be exact differencial
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Potential enerja can Oﬂlg ke found for conservative forces

we defined the increase in potential energy as the neﬂahve work done bﬂ
the force

—_—

dU = — F «dl =-F 4

R LA

F=-k(x.y)

- @0

Potential bowl, quantum dot

=)

F = —CX

b)f:qli Q\Mé—) Sk - way
( x ' < ( *‘3\ AV X o &U hiutafleiza
. A 44 partial derivative ..
QU—'; _ zay . )(/ N —lB- - & ‘)Y{‘ Cowse tualtve Sréd'len+,
= X b For 2D we thus have L S U a : Stigul
A\ TE = ( df, _ _O‘XQZ E =\ 3ox 37/
) k= X2y \/Q \A )y) 57 B @+ \/1)2 wand of course i
2
df; ay <X ‘{ ok . U
(o) T =~ GE Comsrsies A
@ ©
Check Conservation of enerqy
l 2 D
U = ;7[ k X E = - —é%' - \‘QX S\ngle particle at the moment
Hookes law Conservation of Energy

The mechanical energy E of a particle stays constant unless forces outside the system or non-conservative
forces do work on it, in which case, the change in the mechanical energy is equal to the work done by the

non-conservative forces:
—_

Wieap = AK+U)gp = AEyp. 8.12

External conservative forces can add energy to, or extraxt energy £rom
a system by the work done on it, positive or negative. In & closed system
with no external forces the energy is conserved,
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Figure 8.10 The potential energy graph for an object in vertical free fall, with various quantities indicated.
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Q’rlaﬂ - impulse, skrigpungi - momentum

Momentum

The momentum p of an object is the product of its mass and its velocity:

= -
P = mv.

9.1

Figure 8.3 This su)

‘smally velocity. (credit: modification of

baea

ansequence, it takes a long fime for a force to changa its (camparatively

MASSIN M o9 hrazinn

v skipta mali pegar skrigpunginn
er reknazur

@:.\MT)

Hﬂaﬂ - impulse E Ap
_P
2
Ll

oPens’rax

Impulse
Let f‘(t) be the force applied to an object over some differential time interval dt (Figure 9.6). The resulting

impulse on the object is defined as

openstax
T\ = wm AV
T o 2
J= dJ or J = F(t)dt
Ei i
openstax Impulse-Momentum Theorem
+ -F An impulse applied to a system changes the system’s momentum, and that change of momentum is exactly
equal to the impulse that was applied:
F - —\ Fe)dt
e AN
ensta
t'+ + + op X
Fal simg, Ex. W4
= U
=W QH) A-t —M At Clt Simi £elur Gr ktjrrs’réau, h = 4.5m, hvaza kraftar verka & hann!
t; te Exki bara w = ™g, hvas 3e+um vig sajr urn kratt ﬂét?s‘tns & hann?
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Newton’s Second Law of Motion in Terms of Momentum

The net external force on a system is equal to the rate of change of the momentum of that system caused by

the force:

ope natax
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Law of Conservation of Momentum

The total momentum of a closed system is conserved:
tofal momentum C zonserved

J=1

N
Z ﬁj = constant.

Before

netF = 0 System
of interest

System

After of interest

By B = By
< v <
\ l L
—_—
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_ Q_IS _ O‘ g _‘6_0\'( Q\G - ro\e = O openstax
= - 2 (6) = 2 oY = e

oH okt alt at S )
L/\B w

=0 R

w
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Hornhraaun Ql Q\ﬂé-
m = _(-’g_- = Z
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Snertihraaun openstax @
O\ — (a) Rotation rate (b) Rotation rate
* counterclockwise counterclockwise
and increasing and decreasing
B
Q'Jc — Figure 10.7 The rotation is counterclockwise in both (a) and (b) with the angular velocity in the same direction. (a) The angular
acceleration is in the same direction as the angular velocity, which increases the rotation rate. (b) The angular acceleration is in the
opposite direction to the angular velocity, which decreases the rotation rate.
\ V£
X
openstax

(a)

(b)

Figure 10.8 (a) The angular acceleration is the positive z-direction and produces a tangential acceleration in a counterclockwise sense.

(b) The angular acceleration is in the negative z-direction and produces a tangential acceleration in the clockwise sense.
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Angular displacement from average angular velocity O = 6y + @t

@f = wg + af \

0 = 6y + wot + %aﬁ\

Angular velocity from angular acceleration

Angular displacement from angular velocity and angular acceleration

Angular velocity from angular displacement and angular acceleration

w? = wy® + 2a(A6) \

L
Table 10.1 Kinematic Equations
Rotational Translational
openstax 0 = B+ _ _
= wt X =xp+0t
© Linear  Rotational £ o+ o+
wp = wy + at v = vp +at
Position X a r 0 f 0
0 =0y + gt + Lar® | x; =xg +vpt + 2ar®
: _ dx _ d0 F=0ptwol+ 3 f=X0 vt + 5
Velocity v="r o=
o o w? = o} + 2a(A0) v? = v} + 2a(Ax)
Acceleration | a = @ =

Table 10.2 Rotational and Translational Kinematic Equations

Hre\:j@\orka i hr'\nﬂhreﬂﬁnﬂu -- rotational kinetic energy
Hveré‘ﬁreaaa -~ moment of inertia
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Figure 10.20 Values of rotational inertia for common shapes of objects.
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Parallel-Axis Theorem

Let m be the mass of an object and let d be the distance from an axis through the object’s center of mass to
a new axis. Then we have

10.20

2
center of mass T md-.

Iparallcl—axis =

o\oensfax Hutﬁens - Steiner




Vaﬂ.ﬂ‘n - +orque

O

Torque

-
When a force F is applied to a point Pwhose position is F relative to O (Figure 10.32), the torque # around O

1S

T=fxF 10.22
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Newton's Second Law for Rotation

If more than one torque acts on a rigid body about a fixed axis, then the sum of the torques equals the
moment of inertia times the angular acceleration:

10.25
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Work-Energy Theorem for Rotation

The work-energy theorem for a rigid body rotating around a fixed axis is

Wap=Kp— Ky 10.29

where
1
K= I’
2
and the rotational work done by a net force rotating a body from point A to point Bis

op
Wap = f (E r,) do. 10.30
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Hveckipungi - angular momentum

Tis perpendicular
to the xy-plane
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Angular Momentum of a Particle L——
. )
The angular momentum T of a particle is defined as the cross-product of ¥ and i)', and is perpendicular to ¥ and p are
the plane containing ¥ and p : X in the xy-plane . = ?
1=%x B. 115 O(aQﬂS‘l‘éx = [ x¥r =
Hreufiiatna fyric hverfipunga
Taknum N J 9
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Law of Conservation of Angular Momentum

The angular momentum of a system of particles around a point in a fixed inertial reference frame is
conserved if there is no net external torque around that point:

11.10
or

-
+ -+ + 1y = constant.

11.11
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o O o L ¢ o Density
¢ / [ PY z ° The average density of a substance or object is defined as its mass per unit volume,
o % o ’
/ 14.1
. ) .
e o . — .
T 9 / where the Greek letter p (rho) is the symbol for density, mis the mass, and Vis the volume.
9
- N ')
Solids Liquids Gases
S (0.0°C) (0.0°C) (0.0°C, 101.3 kPa)
(a) (b) (c)
Substance 3 Substance 3 Substance 3
Figure 14.2 (a) Atoms in a solid are always in close contact with neighboring atoms, held in place by forces represented here by springs. p(kg/m ) p(kgjm ) p(kglm )
(b) Atoms in a liquid are also in close contact but can slide over one another. Forces between the atoms wmmi&’_ 3 2 0
L SANCL DVET ONE anbnet- . .
compress the atoms. (c) Atoms in a gas move about freely and are separated by large distances. A gas must be held in a closed container to Aluminum 270 x 10 Benzene 879 x 10 Air 1.29 x 10
ust be held in a closed cont
prevent it from expanding freely and escaping.
Bone 1.90 x 10* | Blood 1.05 x 10* | Carbon dioxide 1.98 x 10°
Brass 8.44 x 10% | Ethyl alcohol | 8.06 x 10> = Carbon monoxide | 1.25 x 10°
openstax
Solids Liquids Gases . .. , . . @
0.0°C) {0.0°C) (0.0°C, 101.3 kPa) Getur veria m\Pﬂ has h\fashﬂl _ ) )
Getur veriy breghleg’r i
Concrete 2.40 x 10° | Gasoline 6.80 x 10*  Helium 1.80 x 107! N "
cubst . misle itum vdkva
Copper 892 % 10° | Glycerin 126 x 105 | Hydrogen 9.00 x 1072 ubstance plkg/m)
Cork 2.40 x 10> | Mercury 1.36 x 10  Methane 7.20 x 1072 Ice (0°C) 9.17 x 10?
Earth’s crust | 3,30 x 10% | Olive oil 9.20 x 10 | Nitrogen 1.25 x 10° Water (0°C) 9.998 x 102
Glass 2.60 x 10° Nitrous oxide 1.98 x 10° Water (4°C) 1.000 x 10°
Gold 1.93 x 10° Oxygen 143 x 109
Water (20°C) 9.982 x 102 (Aﬂ)
Granite 270 x 103 Wi
- Water (100°C) 9.584 x 10° i
Iron 7.86 x 10 11y ."1‘_1"} (ﬂ)
o 2 2 AV )2
Lend 13 % 108 Steam (100°C, 101.3kPa) | 1.670 x 10 (am) 12y
vl s
Oalk 710 x 102 Sea water (0°C) 1,030 x 103 NI
Pine 3.73 x 10? Table 14.2 Densities of Water )
Figure 14.4 Density may vary throughout a heterogeneous mixture. Local density at a point is obtained from dividing mass by volume in a
Platinum 2.14 x 10* smallvolume around a given point
Local density can be obtained by a limiting process, based on the average density in a small volume around the
Polystyrene 1.00 x 10° point in question, taking the limit where the size of the volume approaches zero,
Tungsten 1.93 x 10* . .  Am
- . Density of material p=lim o 142
Uranium 1.87 x 1007 L‘{ —‘—-—-—Spelelc graVIty = D ity of wat
OPeﬂg‘t’ax ensl y Of water where p is the density, mis the mass, and Vis the volume.

Table 14.1 Densities of Some Common Substances
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Pressure
Volume = Ah
Pressure (p) is defined as the normal force F per unit area A over which the force is applied, or
A
F ‘J\-
p=—. 143
A
To define the pressure at a specific point, the pressure is defined as the force dF exerted by a fluid over an R _‘7
infinitesimal element of area dA containing the point, resulting in ‘mﬂ h
) | \ i l
Al y \’\ enst.
L opeNSTax
Figure 14.6 The bottom of this container supports the entire weight of the fluid in it. The vertical sides cannot exert an upward force on
Force the fluid (since it cannot withstand a shearing force), so the bottom must support it all.
Eorce ’J-_ Large area i ,—f— Small area . o ——’ ) ) o
— = = A o\ﬁpa h vequr vokvasiian bvi er prgstingur & o\\jg h
Small Large
pressure pressure
W= = feV ey =foab oy ol <R+ 2
@ (®) openstax P = Po
@
openstax prystingur vekva 1 jafnvaeql | fsstum pyngdarkratti
Pressure at a Depth for a Fluid of Constant Density @
The pressure at a depth in a fluid of constant density is equal to the pressure of the atmosphere plus the Open 1o OPQnSJ@x
pressure due to the weight of the fluid, or atmosphere
p=po + phg, 14.4
Where pis the pressure at a particular depth, pg is the pressure of the atmosphere, pis the densityof the | | e 0
fluid, gis the acceleration due to gravity, and h is the depth. T
h PO POM
_ e}g _ _ é_ Ay — :L ‘ Fluid Am
L = S00wm Meda L ‘ptys‘ku,‘ wi & 30( Am
Ex, 44 — pt / et
h = 20,0 w Area, A Ply + Ay)A
<ps =< WS 33 = 4G m (\@E—W;S(‘(K) ‘%B
= PU T AA Y (amyg Yamg

5392410 AL
wﬁ-

F = <pSA :<\n>§3A
= 157.10%\

Figure 14.8 Forces on a mass element inside a fluid. The weight of the element itself is shown in the free-body diagram.
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Net buoyant force

(@) (b)
Figure 14.10 (a) Pressure inside this tire exerts forces perpendicular to all surfaces it contacts. The arrows represent directions and
magnitudes of the forces exerted at various points. (b) Pressure is exerted perpendicular to all sides of this swimmer, since the water would
flow into the space he occupies if he were not there. The arrows represent the directions and magnitudes of the forces exerted at various
points on the swimmer. Note that the forces are larger underneath, due to greater depth, giving a net upward or buoyant force. The net
vertical force on the swimmer is equal to the sum of the buoyant force and the weight of the swimmer.
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Absolute Pressure

The absolute pressure, or total pressure, is the sum of gauge pressure and atmospheric pressure:
etk b

Pabs = Pg t+ Patm 14,11
where pyp is absolute pressure, p, is gauge pressure, and pyy is atmospheric pressure.
Open to Open to Open to
atmosphere atmosphere atmosphere
'5 I’ 'f Meter 'f Meter Vacuum
~_~ Meter ~ stick ~ stick
stick | —r p P
h H
4 Pa=heg h  py=—hpg ( )
Fa_ L P —
|| Pavs = Pam * PG “Paps = Pam — hPg “‘*ﬁ
| =
@ (b) (©

Figure 14.12 An open-tube manometer has one side open to the atmosphere. (a) Fluid depth must be the same on both sides, or the
pressure each side exerts at the bottom will be unequal and liquid will flow from the deeper side. (b) A positive gauge pressure py = hpg
transmitted to one side of the manometer can support a column of fluid of height h. (c) Similarly, atmospheric pressure is greater than a

negative gauge pressure py by an amount hpg. The jar’s rigidity prevents atmospheric pressure from being transmitted to the peanuts.

Unit

Definition

Slunit: the Pascal

English unit: pounds per square inch (Ib/in.2 or psi)

1Pa =1 Nim®

I psi=6.895 x 107 Pa

Misraunandi e‘ur\'lnjar

Other units of pressure

latm =760 mmHg
=1013 x 10° Pa
=14.7psi
= 29.91inches of Hg
= 1013 mbar

I'bar = 10° Pa

ltorr = 1 mmHg = 1333 Pa

Table 14.3 Summary of the Units of Pressure

OPQ[\S‘l‘éX o LVacuum (py,, = 0)

P, _ -
i Paps = hpg = Pam

Ly

| %

Hg

Figure 14.13 A mercury barometer measures atmospheric pressure. The pressure due to the mercury's weight, hpg, equals atmospheric

pressure. The atmosphere is able to force mercury in the tube to a height h because the pressure above the mercury is zero.
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C «
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h h
Prottom il
@ (b)

Figure 14.15 Pressure in a fluid changes when the fluid is compressed. (a) The pressure at the top layer of the fluid is different from

pressure at the bottom layer. (b) The increase in pressure by adding weight to the piston is the same everywhere, for example,
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Fotkraftar - buoyant forces

(b)
(a) Even objects that sink, like this anchor, are partly supported by water when submerged. (b) Submarines have adjustable
density (ballast tanks) so that they may float or sink as desired. (c) Helium-filled balloons tug upward on their strings, demonstrating air's
buoyant effect. (credit b: modification of work by Allied Navy; credit c: modification of work by “Crystl”/Flickr)

(©

Figure 14.19

oPensfax

Buoyant Force

The buoyant force is the upward force on any object in any fluid.

Fluid of
density p

oPensfax
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Archimedes' Principle

The buoyant force on an object equals the weight of the fluid it displaces. In equation form, Archimedes'
principle is

Fa = oA = hypgA

where Fy is the buoyant force and wy is the weight of the fluid displaced by the object.

This principle is named after the Greek mathematician and inventor Archimedes (ca. 287-212 BCE), who
stated this principle long before concepts of force were well established.

Free-body
diagram
t FB
L] |
= M Fa Wy
wﬂb}

(@)

Figure 14.21 (a) An object submerged in a fluid experiences a buoyant force Fy. If Fy is greater than the weight of the object, the object

(b)
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6sampdaﬂoanleﬁur vokvi - incompressible fuid
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(a) Laminar Flow (b) Turbulent Flow OPQF\S‘l'aK L:/ OPQF\S+3X

Figure 14.25 (a) Laminar flow can be thought of as layers of fluid moving in parallel, regular paths. (b) In turbulent flow, regions of fluid
move in irregular, colliding paths, resulting in mixing and swirling. Q4 = Q 2
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Figure 14.30 The geometry used for the derivation of Bernoulli's equation.
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(a) (b) (c) (d)
Figure 14.31 Entrainment devices use increased fluid speed to create low pressures, which then entrain one fluid into another. (a) A
Bunsen burner uses an adjustable gas nozzle, entraining air for proper combustion. (b) An atomizer uses a squeeze bulb to create a jet of air
that entrains drops of perfume. Paint sprayers and carburetors use very similar techniques to move their respective liquids. (c) A common
aspirator uses a high-speed stream of water to create a region of lower pressure. Aspirators may be used as suction pumps in dental and
surgical situations or for draining a flooded basement or producing a reduced pressure in a vessel. (d) The chimney of a water heater is
designed to entrain air into the pipe leading through the ceiling.
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(a) (b)

Figure 14.32 Measurement of fluid speed based on Bernoulli’s principle. (a) A manometer is connected to two tubes that are close
—_——

together and small enough not to disturb the flow. Tube 1 is open at the end facing the flow. A dead spot having zero speed is created there.
Tube 2 has an opening on the side, so the fluid has a speed vacross the opening; thus, pressure there drops. The difference in pressure at
e < T1a> afl opening on he side,

the manometer is %pug, so his proportional to %pb‘%. (b) This type of velocity measuring device is a Prandtl tube, also known as a pitot
tube.

ope natax

Ex. 143

h =10 wm
Slanga d = &80 ew .

Sthtur dy= 2,00 <™ 7

P, =162:0% 1z
O = 4o it/s

10m
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Figure 14.33 Pressure in the nozzle of this fire hose is less than at ground level for two reasons: The water has to go uphill to get to the
nozzle, and speed increases in the nozzle. In spite of its lowered pressure, the water can exert a large force on anything it strikes by virtue

of its kinetic energy. Pressure in the water stream becomes equal to atmospheric pressure once it emerges into the air.
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Friction between layers

(@ (b)
Figure 14.34 (a) Laminar flow occurs in layers without mixing. Notice that viscosity causes drag between layers as well as with the fixed

surface. The speed near the bottom of the flow (u4,) is less than speed near the top (v;) because in this case, the surface of the containing

vessel is at the bottom. (b) An obstruction in the vessel causes turbulent flow. Turbulent flow mixes the fluid. There is more interaction,

greater heating, and more resistance than in laminar flow.
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Viscosity @

. Temperature
Fluid
OPQHS‘}aX ui e nx103
o] 0.0171
Al 20 0.0181
Se 92 i
1T T
40 0.0190
100 0.0218
B Ammonia 20 0.00974
N Temperature Viscosity
Fluid °C) I
F ’U A ( " Carbon dioxide 20 0.0147
- PR
1.81
rz 20 810 Helium 20 0.0196
Blood plasma
37 1.257
° Hydrogen 0 0.0090
Ethyl alcohal 20 1.20 .
Mercury 20 0.0450
- = Methanol 20 0.584 - -
Oxygen 20 0.0203
il (heavy machine) | 20 660
Steam 100 0.0130
Qil (motor, SAE10) | 30 200
o] 1.792
Qil (olive) 20 138 I
[ i _ | 20 1.002
I? T' [_ Glycerin 20 1500 T
Liguid water 37 0.6947
Honey 20 2000-10000
E- - p S 40 0.653
bt Maple syrup 20 2000-3000 T
at V‘3 q 100 0.282
Milk 20 3.0
20 3.015
Oil (corn) 20 65 Whole blood T
37 2.084

Table 14.4 Coefficients of Viscosity of Various Fluids
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Figure 1.2 If thermometer A is in thermal equilibrium with object B, and B is in thermal equilibrium with C, then A is in thermal

equilibrium with C. Therefore, the reading on A stays the same when A is moved over to make contact with C.
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Boiling point
opensta
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Figure 1.4 Relationships between the Fahrenheit, Celsius, and Kelvin temperature scales are shown. The relative sizes of the scales are

also shown.
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Hitapensia - thermal expansion

S

Material Coefficient of Linear Coefficient of Volume @
Expansion « (1/°C) Expansion £ (1/°C)

Solids

. Moterial Coefficient of Linear Coefficient of Volume
OPQHS*&K Aluminum 25 x 106 75 x 10~% Expansion a(1/°C) Expansion §(1/°C)

Brass 19 x 1076 56 1076 Airand most ather gases at 3400 x 10°6

Linear Thermal Expansion Copper 17 % 106 X 10" pressure

According to experiments, the dependence of thermal expansion on temperature, substance, and original Gold [t % 106 42 % 1076

initial length is summarized in the equation Iron or steel 12 x 1076 35 % 10-5

E =al 11 Invar (nickel-iron alloy) 09 x 1075 27 x 1076 []
daT Lead 20 % 1076 87 x 10°6

where % is the instantaneous change in length per temperature, L is the length, and « is the coefficient of Silver 18 % 1076 54 % 1076

linear expansion, a material property that varies slightly with temperature. As « is nearly constant and Glass (ordinary) 9 x 1076 27 x 1076

also very small, for practical purposes, we use the linear approximation: Glass (Pyrex®) 3% 106 9% 1076 To

1.2 Quartz 04 % 1076 1% 1078

where AL is the change in length and AT is the change in temperature. Concrete, brick 12 % 1070 36 x 1076
Marble (average) 25 % 107° 75 x 107°
Liquids L]

., B . j . . o o, . Ether [ 1650 x 10~¢ (a) (b)

Linulega ndlgunin Se’rur 903 Qanr smd bil i hﬁ'éSfSI, i raun ﬁe’rur a veris —— o0 10

fokiz fal af T Gasoline 950 x 10°¢ Mismunapensla
Glycerin 500 x 1076
Merecury 180 x 1076
Water 210 x 1076 OPQ\"\S“‘&)(




Thermal Expansion in Two Dimensions
—_—

For small temperature changes, the change in area A A is given by
AA =2aAAT 1.3

Deemi um Lléknari heﬂaun

where A A is the change in area A, AT is the change in temperature, and « is the coefficient of linear Density Of Fresh water
expansion, which varies slightly with temperature. (The derivation of this equation is analogous to that of
the more important equation for three dimensions, below.) 1.00000
N~ i ~___ A 0.99990
) i ‘ i ’
1 M| —
V i i i Tk 21 =~
i i 1 i L i % L
! P i R : S 0.99980 -
i i ! [ 1 [=]
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| b b | i @ 0.99970 -
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openstax -
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Figure 1.7 In general, objects expand in all directions as temperature increases. In these drawings, the original boundaries of the objects
are shown with solid lines, and the expanded boundaries with dashed lines. (a) Area increases because both length and width increase. The 0.99950 T T T T T L
area of a circular plug also increases. (b) If the plug is removed, the hole it leaves becomes larger with increasing temperature, just as if the 0 2 4 6 8 10 12
expanding plug were still in place. (c) Volume also increases, because all three dimensions increase. Temperature (°C)
Thermal Expansion in Three Dimensions OPQHS?&X
e ————
The relationship between volume and temperature % is given by % = fV, where f is the coefficient of
volume expansion. As you can show in Exercise 1.60, # = 3a. This equation is usually written as
14
Note that the values of f#in Table 1.2 are equal to 3a except for rounding. Sk\P'hr miklu mali 'cﬂrlr ke 03 ANNUT e
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Heat Transfer and Temperature Change

A practical approximation for the relationship between heat transfer and temperature change is:

QO = mcAT, 15

where Qis the symbol for heat transfer (“quantity of heat”), m is the mass of the substance, and AT is the
change in temperature. The symbol ¢ stands for the specific heat (also called “specific heat capacity”) and
depends on the material and phase. The specific heat is numerically equal to the amount of heat necessary
to change the temperature of 1.00 kg of mass by 1.00 °C. The SI unit for specific heat is J/(kg x K) or

J/(kg x °C). (Recall that the temperature change AT is the same in units of kelvin and degrees Celsius.)

Edlisvarmargmd % par sem C er varmaru;mo\ hiutar mes massa m

()

i raun 3e+ur c veria fokiz fall af hi’ras’r'\g'l T = =




Substances Specific Heat (d

<D

Solids Jkg  °C kealrkg - °C12) Substances Specific Heat (¢} T:aS a'br e +| naar
Aluminum 700 0218 Steam (100 °C) ‘ 1520 (2020) | 0.363 (0.482) .
Asbestos 800 0.19 I vékvi
Concrete, granite (average) 840 0.20 H o o 4‘65.'. e_cn]
Capper 387 0.0924
- e 20 openstex ’ Critical point v ﬁu‘(:a “ges
Gold 129 0.0308 'B‘_éanun P L e e Lt ) I HarkPUnkmr
Human body (average at 37 °C) 3500 0.83 Mel"n I
Ice {average, —50 °C to 0 °C) 2090 0.50 _ | A !;2 g\_. :
Iron, steel 452 0.108 C ( \ ) = VV\ Cﬂ—[— - N :
Lead 128 0.0305 g I
—— o |
Silver 235 0.0562 bl | o
"2 - QPR T, E e Suza
g ! !
Liguids a : I
Benzene 1740 0.415 Q ( \;Z—Tl) = A C (.T) A ‘ E 0.006 ____S____ : v :
Ethanol 2450 0.586 a - :Triple : : . L . .
Giycorin 2a10 0576 ! point : ! bripunktur, eini e T-punkturinn sem vakvi,
Mercury 139 0.0333 j_‘. Sublimation s E i i 3“‘?(3 03 e 3&1‘6 Ve 'l\\a-gr\v&ﬂl i)
Water (15.0 °C) 4186 1.000 I I |
t t t
P ) ) ‘ . _ burrgu@un 0 o001 100 374
PR 721 ao1s) | a2 oaem bvi eru nakveemar maellngar acCh mMiq Temperature, T (°C)
Ammonia 1670 (2190) | 0.399 (0.523) m-\k“\/&ﬂar- b&r 3&4‘& uPP'EjS;Inﬂar urn Tasaritiy er mun Qéknéra p@.gar b&'H' er
e - e inort orku e€na, fasabreutingar .. vz 83rum kristalageraum s
Nitrogen 739 4 L1177 (0,24 S —
opensta
Oxygen 651 (913) 0.156 (0.218) P ><
) I ND) | | )
—7 X — 7 Tasabreytngar - hamskictavarmi, Phase changes - latent heat
: : OPe nsatax 120
8 Vaporization - Steam
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openstax oPens,’rax Ly L,
Limits of motion
Substance | Melting Point (°C) | kJ/kg kcal/kg Boiling Point (°C) @ klJ/kg kcal/kg
Energy
input @ Y Helium(! | —272.2 (0.95K) 523 | 1.25 —268.9(4.2K) 20.9 4.99
S l
Evaporate ) Hydrogen | —259.3(13.9K) 58.6 | 14.0 —252.9(20.2K) 452 108
—Q Nitrogen —210.0(63.2 K) 25.5 6.09 —195.8(77.4K) 201 48.0
Condense
9 Oxygen —218.8(544K) 13.8 | 3.30 —183.0(90.2K) 213 50.9
Energy
output Ethanol ~114 104 | 249 78.3 854 204
Solid Liquid Gas
@) ®) Ammonia | -75 332 79.3 -33.4 1370 327
Mercury -38.9 11.8 2.82 357 272 65.0
_ L . _ Water 0.00 334 | 79.8 100.0 2256081 | 5391
Q = mMLf braznun/ &fjs’“ﬂj
Sulfur 119 38.1 9.10 444.6 326 77.9
Q P VAV l_ v suaa/péﬁ'lr\s Lead 327 245 | 5.85 1750 871 208
Antimony | 631 165 39.4 1440 561 134
. e Material having ( E )
varmaﬂu’mmgur varmaleizni thermal conductivity k
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Thermal Conductivity k (W/m - °C)

Diamond

2000

Silver

420

Copper

390

Gold

318

Aluminum

220

Steel iron

80

Steel (stainless)
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Figure 1.33  The greenhouse effect is the name given to the increase of Earth’s temperature due to absorption of radiation in the
atmosphere. The atmosphere is transparent to incoming visible radiation and most of the Sun’s infrared. The Earth absorbs that energy and
re-emits it. Since Earth's temperature is much lower than the Sun's, it re-emits the energy at much longer wavelengths, in the infrared. The
atmosphere absorbs much of that infrared radiation and radiates about half of the energy back down, keeping Earth warmer than it would
otherwise be. The amount of trapping depends on concentrations of trace gases such as carbon dioxide, and an increase in the

cancentration of these gases increases Earth's surface temperature,
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Figure 2.3 (a) When air is pumped into a deflated tire, its volume first increases without much increase in pressure. (b) When the tire is

(@)

filled to a certain point, the tire walls resist further expansion, and the pressure increases with more air. (c) Once the tire is inflated, its

pressure increases with temperature.
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Figure 2.4 Robert Boyle and his assistant found that volume and pressure are inversely proportional. Here their data are plotted as V

versus 1/p; the linearity of the graph shows the inverse proportionality. The number shown as the volume is actually the height in inches of
air in a cylindrical glass tube. The actual volume was that height multiplied by the cross-sectional area of the tube, which Boyle did not

publish. The data are from Boyle's book A Defence of the Doctrine Touching the Spring and Weight of the Air..., p. 60.
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Ideal Gas Law
The ideal gas law states that ﬁsi-ands\')a?na
pV = NkBT, 21

where p is the absolute pressure of a gas, Vis the volume it occupies, N is the number of molecules in the
gas, and Tis its absolute temperature.

The constant kg is called the Boltzmann constant in honor of the Austrian physicist Ludwig Boltzmann
(1844-1906) and has the value

/™
kg =1.38 x 1073 /K. \
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Note that n = N/N is the number of moles. We define the universal gas constant as R = N kg, and obtain
the ideal gas law in terms of moles.
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Ideal Gas Law (in terms of moles)

In terms of number of moles n, the ideal gas law is written as
pV =nRT.

) J
— — 23 -1 -23 —
R = Npkp = (6.02 x 10 mol™") (1.38 x 10 ) 831 ——.

Qs’rano\s\')a%a 3

In SI units,

In other units,

cal L atm
= 0.0821 ol K-

R=199

mol -

You can use whichever value of R is most convenient for a particular problem.
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Figure 2.7 pVdiagram for a Van der Waals gas at various lemperatures. The red curves are calculated at temperatures above the critical
Van der Waals SImparat 2 hocies
Ywe and the blue curves at temperatures below it. The blue curves have an oscillation in which volume (V) increases with

increasing pressure (F), an impossible situation, so they must be corrected as in Figure 2.8, (credit: “Eman”/Wikimedia Commons)
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Figure 2.8 pVdiagrams. (a) Each curve (isotherm) represents the relationship between p and Vat a fixed temperature; the upper curves
are at higher temperatures. The lower curves are not hyperbolas because the gas is no longer an ideal gas. (b) An expanded portion of the

pVdiagram for low temperatures, where the phase can change from a gas to a liquid. The term “vapor” refers to the gas phase when it

exists at a temperature below the boiling temperature.
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RMS Speed of a Molecule

einsdta The root-mean-square (rms) speed of a molecule, or the square root of the average of the square of the
speedv?, is
2
F o Nwm™D p_F__NM<\J‘>_Nu4\r Ve
N > 7 = - = .
34 A AL =V
- [ — w
\ 2 on ¢ \N - Nk T Td N, 0 20°C.  —= Ae = SI WA
P\, = g NM <M > J h'ka P & T a s Wave front of sound
astandsjatnan N o 09 ne. . o
=T e 9030 g -
P’ b T g0 0
Average Kinetic Energy per Molecule = "0' o 1. . o - o )
— 2 . " O s
The average kinetic energy of a molecule is directly proportional to its absolute temperature: 92 oo ‘ ° = Bl o o?c el -
26 ‘e o e B e
. e 0® - e” O~ 0 R
openstax ~—a% = — Tt o
j “: (a) (b)
Figure 2.11 (a) In an ordinary gas, so many molecules move so fast that they collide billions of times every second. (b) Individual
1nnr| Orka k\‘PrﬂaSS"' E‘.\ld- KT) = N<K> = %ﬂRT oPenS‘]’ax mwasmallamuumcmme,butdisturbanr.esll:esoundwavesaretransmlnedatspeeds related to the
molecular speeds.
@ T(°C) Vapor Pressure (Pa) ) @
Hutprgstingur . o Rakastig
i 787 RH = Partial pressure of water vapor at T 100%
» Partial pressure is the pressure a gee would create i€ it existed alone 5 872.3 = T Vapor pressure of water at T X o
» Dalfons law states that the total pressure is the sum of the eartial 5 e
pressures of all of the geses present P P
® For any two gases (labeled 4 and 2) in equilibrium in & container T Hezalspslur - mean free path 6:
i —
v, Py e X Mezalspdiur er meazal vegaienﬁd milli arekstra
I Rt sameinda
¢ vapor pressure is the partial pressure of & vapor at which it is in equilisrium 20 | 2338 A \ ke U
t.u\‘r: :‘ne. Igulo\ (or solid, in the case of sublimation) phase of the same 23 | 2809 Hyzm e =N 4@ P
substanc 25 3167
Mezaltimi (meaalaevi)
H|u+pr95ﬁngur vatng 1 lofti er altaf laegri en 3u$upr95ﬂn3ur pess 30 | 4243 —_—
35 5623 1
R
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Table 2.2 Vapor Pressure of Water at Various Temperatures
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Eguieurtition Theorem

The energy of a thermodynamic system in equilibrium is partitioned equally among its degrees of
freedom. Accordingly, the molar heat capacity of an ideal gas is proportional to its number of degrees of

freedom, d:
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Figure 2.13 The molar heat capacity of hydrogen as a function of temperature (on a logarithmic scale). The three “steps” or “plateaus”
show different numbers of degrees of freedom that the typical energies of molecules must achieve to activate. Translational kinetic energy

corresponds to three degrees of freedom, rotational to another two, and vibrational to yet another two.
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Maxwell-Boltzmann Distribution of Speeds

The distribution function for speeds of particles in an ideal gas at temperature Tis

2.15

o)

T,>T,

ﬁ:/ vf(v)dv=\/§kB—T=V§E.
0 T m T M

raezahrazion

Probability

Speed v (m/s)

i The Maxwell-Boltzmann distribution is shifted to higher speeds and broadened at higher temperatures.
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Figure 3.2 (a) A system, which can include any relevant process or value, is self-contained in an area. The surroundings may also have

relevant information; however, the surroundings are important to study only if the situation is an open system. (b) The burning gasoline in

the cylinder of a car engine is an example of a thermodynamic system.
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Figure 3.4 The work done by a confined gas in moving a piston a distance dx is given by dW = Fdx = pdV.

TN, T) =¢V-vRT=0
AW = Fdx = pA dx
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When a gas expands slowly from ¥] to V3, the work done by the system is represented by the shaded area under the pV curve.
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Wig = p y Lo
A& d«\l - P 2— V\ The paths ABC, AC, and ADC represent three different quasi-static transitions between the equilibrium states Aand C.
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First Law of Thermodynamics
Associated with every equilibrium state of a system is its internal energy Ej,. The change in Ej; for any
e e

transition between two equilibrium states is

AE,=0-W 3.7
where Qand Wrepresent, respectively, the heat exchanged by the system and the work done by or on the

system.

dELmi- = O[Q - OL\’\J




Thermodynamic Sign Conventions for Heat and Work

Process Convention —
Atw\t = @ - \N
Heat added to system Q>0
Heat removed from system 0<0 (.8‘-](- ez & B -——>Cvarw = 0,
Work done by system W >0 en ekkert var Séﬂ+ um Q@
Work done on system W <0

Table 3.1
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Figure 3.7 Different thermodynamic paths taken by a system in going from state A ta state 8. For all transitions, the change in the internal
energy of the system A iy = Q — W is the same,

Often the first law is used in its differential form, which is
dEiy = dQ —dW. 3.8

Here d Ej;, is an infinitesimal change in internal energy when an infinitesimal amount of heat dQ is exchanged
with the system and an infinitesimal amount of work dWis done by (positive in sign) or on (negative in sign)
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Figure 3.8 Quasi-static and non-quasi-static processes between states A and B of a gas. In a quasi-static process, the path of the process
between A and B can be drawn in a state diagram since all the states that the system goes through are known. In a non-quasi-static
process, the states between A and B are not known, and hence no path can be drawn. It may follow the dashed line as shown in the figure

or take a very different path.
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Figure 3.10 An isothermal expansion from a state labeled A to another state labeled B on a pVdiagram. The curve represents the relation

the system.
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between pressure and volume in an ideal gas at constant temperature.
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Molar Heat Capacities of Dilute Ideal Gases at Room Temperature
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Final equilibrium state
n the left chamber expands freely into the right chamber when the membrane is punctured.
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Figure 3.14 When sand is removed from the piston one grain at a time, the gas expands adi ically and quasi-statically in the insulated

vessel.
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Figure 4.2 A gas expanding from half of a container to the entire container (a) before and (b) after the wall in the middle is removed.
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Spontaneous heat flow from an object at higher temperature T5 to another at lower temperature T}

Second Law of Thermodynamics (Clausius statement)

Heat never flows spontaneously from a colder object to a hotter object.
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Second Law of Thermodynamics (Kelvin statement)

It is impossible to convert the heat from a single source into work without any other effect.

Ty T
Perfect Perfect
heat engine Q refrigerator Q
W @
. =w Exki fil

Exki i : B
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Figure 4.8 (a) A “perfect heat engine” converts all input heat into work. (b) A “perfect refrigerator” transports heat from a cold reservoir
to a hot reservoir without work input. Neither of these devices is achievable in reality.
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Combining a perfect refrigerator and a real heat engine yields a perfect heat engine because W = AQ.
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Figure 4.10 (a) Two uncoupled engines D and E working between the same reservoirs. (b) The coupled engines, with D working in reverse.
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Figure 4.11 The four processes of the Carnot cycle. The working substance is assumed to be an ideal gas whose thermodynamic

path MNOF is represented in Figure 4,12,
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Figure 4.12 The total work done by the gas in the Carnot cycle is shown and given by the area enclosed by the loop MNOPM.
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Carnot’s Principle
No engine working between two reservoirs at constant temperatures can have a greater efficiency than a
reversible engine.
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Second Law of Thermodynamics (Entropy statement)
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The entropy of a closed system and the entire universe never decreases.
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Figure 5.31 Three typical electric field diagrams. (a) A dipole. (b) Two identical charges. (c) Two charges with opposite signs and different
magnitudes. Can you tell from the diagram which charge has the larger magnitude? OPQT\%‘I’@X
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Figure 5.32 A dipole in an external electric field. (a) The net force on the dipole is zero, but the net torque is not. As a result, the dipole
rotates, becoming aligned with the external field. (b) The dipole moment is a convenient way to characterize this effect. The ;:l' points in the
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(a) Neutral atom

A dipole is induced in a neutral atom by an external electric field. The induced dipole moment is aligned with the external

(b) Induced dipole
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Figure 5.34 The net electric field is the vector sum of the field of the dipole plus the external field.
Recall that we found the electric field of a dipole in Equation 5.7, If we rewrite it in terms of the dipole moment

we get:
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Figure 6.8 A surface is divided into patches to find the flux,
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Figure 6.15 Understanding the flux in terms of field lines. (a) The electric flux through a closed surface due to a charge outside that
surface is zero. (b) Charges are enclosed, but because the net charge included is zero, the net flux through the closed surface is also zero.
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(c) The shape and size of the surfaces that enclose a charge does not matter because all surfaces enclosing the same charge have the same

flux.

Gauss'’s Law

The flux @ of the electric field E through any closed surface S (a Gaussian surface) is equal to the net
charge enclosed (genc) divided by the permittivity of free space (eq) :
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Electric Potential

The electric potential energy per unit charge is

7.4

Electric Potential Difference

The electric potential difference between points A and B, Vg — V4, is defined to be the change in
potential energy of a charge g moved from A to B, divided by the charge. Units of potential difference are
joules per coulomb, given the name volt (V) after Alessandro Volta.

1V=1J/C

Potential Difference and Electrical Potential Energy

The relationship between potential difference (or voltage) and electrical potential energy is given by

AU
AV = T or AU = ¢qAV. 7.5
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Electron-Volt

On the submicroscopic scale, it is more convenient to define an energy unit called the electron-volt (eV),
which is the energy given to a fundamental charge accelerated through a potential difference of 1 V. In
equation form,

leV=(1.60 x 1072 O)1V)=(1.60 x 1079 C)Q I/C) = 1.60 x 10719 1.
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Relationship between Voltage and Uniform Electric Field

In equation form, the relationship between voltage and uniform electric field is

AV
E=——
As
where As is the distance over which the change in potential AV takes place. The minus sign tells us that E
points in the direction of decreasing potential. The electric field is said to be the gradient (as in grade or

slope) of the electric potential.
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Figure 8.20 A dielectric with polar molecules: (a) In the absence of an external electrical field; (b) in the presence of an external electrical
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Electrical Current

The average electrical current I is the rate at which charge flows,

AQ
At’
where AQ is the amount of net charge passing through a given cross-sectional area in time Af¢ (Figure 9.2).
The SI unit for current is the ampere (A), named for the French physicist André-Marie Ampere
AQ

(1775-1836). Since I = A We see that an ampere is defined as one coulomb of charge passing through a

9.1

Tave =

given area per second:
1A = 12. 9.2
s

The instantaneous electrical current, or simply the electrical current, is the time derivative of the charge
that flows and is found by taking the limit of the average electrical current as At — 0:

{ . AQ dO
A:TO At dt 93
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Resistance

The ratio of the voltage to the current is defined as the resistance R: Léma‘ ohms

9.8

The resistance of a cylindrical segment of a conductor is equal to the resistivity of the material times the
length divided by the area:

R= % = p%. 9.9
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Figure 9.29 The SQUID (superconducting guantum interference device) uses a superconducting current loop and two Josephson
junctions to detect magnetic fields as low as 1014 T (Earth’s magnet field is on the order of 0.3 x 107 T).
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Biot-Savart law

The magnetic field ii due to an element d_f of a current-carrying wire is given by
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Ampeére's law

Over an arbitrary closed path,

12.23

where Iis the total current passing through any open surface S whose perimeter is the path of integration.
Only currents inside the path of integration need be considered.
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Paramagnetic Materials X Diamagnetic Materials X

Aluminum 2.2 x 107 | Bismuth ~1.7 x 1073
Calcium 1.4 x 107 | Carbon (diamond) —22 x 1073
Chromium 3.1 x 107* | Copper -9.7 x 1076
Magnesium 1.2 x 1075 | Lead -1.8 x 107°
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Tungsten 6.8 x 1077 | Nitrogen gas (1 atm) —6.7 x 107°
Air (1 atm) 3.6 x 1077 | Water -9.1 x 1076
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Table 12.2 Magnetic Susceptibilities *Note: Unless otherwise specified, values given are for room
temperature.
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Figure 12.27 Comparison of the magnetic fields of a finite solenocid and a bar magnet.

Seﬂuls.vlasl’mumar enda 9 b:ﬂa hverS\ -- seﬂuﬁv’us\cau‘r

Spum'tqqar - samanburaur

Hatum IOSmél Coulombs o9 Qtjﬂr ptjnﬁdarkra{-’ﬂm

_ =~ (M
Flae B3 -Gl

Sama Iéﬂmél, umn baza kraftana 3“0\1(‘ léﬂmél Gaul >
Hvar er sequipattur pﬁnﬂdavs\;\as\ns?.

A 2?’%; ' /’ ﬁ.gzﬁ G ¢ Fﬂ"“@*”’] )
= .= |
- =0 | “
AV = . I‘ { ﬁ s = @) /
VX-‘E— :_é—%B u vx\j_:—%b
— — — ™ | :/.7-7——7' -
V%H=3+BED :‘ ‘\ ﬁ&E:_Hnga*éz%Eﬂ
G-€ek / | z -
\ H - —;JTE l‘ SQ()LLL [A—l-ﬂ—l";](i bc_jijov SIS
E-= 91—7(_5_:*_@_6@_7—5 G P - )
o ‘ -
-E' oL CJL{L‘L/\K Pﬂi{ﬁciow mlj‘) N~ 7




