Thermodynamics
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Conservation of energy
o Each part of a physics system has a certain amount of energy
o The total energy of an isolated system does not change with time
o Energy can move between different parts and take different forms
¢ In thermodynamics, we care about microscopic kinetic and potential energy of atoms/molecules
o When we heat/cool an object, we are adding/removing energy at the molecular level
o The size, volume and other macroscopic characters may slightly change

e Kelvin scale
o Defined by T=constant x pressure
= j.e.PisproportionaltoT
o T=273.16K at triple point of water
[ )

Thermal expansion

o Materials usually expand when heated due to higher atom energy, thus further distance between atoms
o Linear expansion: AL=aLyAT
o Volume expansion: AV = BV,AT, where B=3a for solids

= Water is a special example

Vg &
(3<o 'l'@
o Thermal expansion together with expansion/compression due to mechanical forces

g = Yi—j, Y is the Young's modulus, only valid when i—: is small.
F ) ' M_C‘FW‘?
e /™ Al
co r— " \ ‘ﬂ
2loshi vreven$ibld L

= Young's modulus is a basic property of a material. It only depends on material.
O The larger the Y value, the harder the material
o Thermal stress: forces on a material preventing expansion/contraction due to heating/cooling

. % = —YaAT (assuming zero change in length)

. Heat(Q): amount of energy transferred due to temperature differences.

o Specific heat (c, in ;;_—K ): energy required to heat 1 kg of material by 1 K

= Q =mCAT
o Molar specific heat(C in WILE): energy required to heat 1 mol of material by 1 K
= Q =nCAT

e Phase of matter

Critical point: little density changes

Macroscopic properties change dramatically across phase boundary

At transition temperature, transition occurs due to heat added/removed with no temperature change

O O O O

Latent heat (L in é): amount of heat required for transition per mass of material
= Q=mL
* Ly if the latent heat for freezing/melting
= [, if the latent heat for boiling/condensing

e Thermal conductivity
o Heat moves more quickly through some materials than others in response to a temperature gradient
o Poor thermal conductor is called insulator (e.g. plastic)
o Thermal conductivity determines heat current from temperature gradient
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He=kal —pq Tl
© - dx — L

= [k is the thermal conductivity. It is a basic property of a material

= Histhe heat currentin ﬁ

e Thermal resistance
o Measures the effectiveness of insulation layer

L
o R= z
e Heat transfer
o Convection: heat transfer via macroscopic motion of fluids
o Radiation: all objects give off electromagnetic radiation which carries energy away from the object
= Thermal radiation from an object is typically in IR/visible
= We can measure energy current at various wavelengths-spectrum
= Peak wavelength is inversely proportional to T
0 dnax = ?, b=2.9Kemm (Wien displacement law)
o Outer space peak at Imm, T=2.7K

rogidi

>\

= Total power from thermal radiation
o H=AesT*
¢ 0=567x10"8 ﬁv% (Stefan-Boltzmann constant)
¢ ¢ =1 for perfect absorber(black body)
¢ Emits the most thermal radiation for a given T
¢ ¢ = 0 for perfect reflector
® ¢ =

for other objects
Hplack body

o Equilibrium&no heat currente Hj, = Hyye
= Power per unit area (Intensity) at distance R from an object
H
"~ 47R w
o Solar constant I = 1367m

ol

o H;, = nr?(1 — a)l for an object at distance R from a radiation source with radius r
¢ ais the reflectal fraction
e First law of thermodynamics
o AU=Q-W
= (Q is the heat added to gas
= [V is the work done by gas

vy
o W =FAx = PAAx = PAV = f P(V)dVv
v

o Compression: W is negative
¢ |deal gas law
o Microscopic: P = const - %mvg,,g
= Nis the number of molecules
o Macroscopic:PV = nRT

*» R=8.31——
mol-K
e Energy and energy change of a gas
o AU = nC,AT

= [t only depends on initial and final state
= (, is the molar specific heat

3 . . 5 . . .
o C,= ER for ideal monatomic gases, ER for ideal diatomic gases

o Constant volume (isochoric)
T, P,

T, P
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= W=AV=0
= Q =AU =nC,AT
o Constant pressure (isobaric)
= Q=AU+ W =AU + PAV = AU + nRAT = n(R + C,)AT

o G =R+
o Constant temperature (isothermal)
= PV =P,
= AU=0
(%} VZ
= Q =W=f P(V)dV = nRTIn|—
V1 Vl
o Adiabatic
n Q =0
= AU=-W
Cp
= PVY = const,y = =—
Cy

= TVY"1 = const
e Heat engines

o Partially convert heat to work via cyclic process

. . w Qex
o Efficiencye=—=1—-——
y Qab Qab

o Internal combustion engine
= Step 1: adiabatic compression
= Step 2: combustion of gasoline (heating at constant volume)
= Step 3: adiabatic expansion
= Step 4: exhaust out
rr-1—1 1
n - — =1 -
ry-1 ry-1
o r is the compression ratio, higher efficiency for larger r, but gasoline will spontaneously ignite if r is too
large.r = Vmax & (8,10)
Vmin

S PN
Y

[ 1 > V
L] v
an';\ VM X
o Refrigerators (heat engine in reverse)
= (Can transfer heat from colder system to warmer system by doing work
= Step 1: constant temperature expansion
= Step 2: constant volume heating

= Step 3: constant temperature compression
= Step 4: constant volume cooling

PA
N

: —_— V
V"""h VM)(

e Entropy and second law of thermodynamics
o Energy is exchanged between nearby molecules via random process
o Entropy is a measure of many possible microscopic configurations there are for a specified set of macroscopic
configurations
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o Define entropy of a macroscopic configuration to be S = const X In N

dqQ
= dS=—-——
T
o dS = 0 for adiabatic process
o ds= d?Qfor isothermal

o AS(total change) = 0 for a closed cycle
= Entropy is a state variable and has additivity (S =5 +5+ )

A

Sincreases= Q > 0

W’k& S decreases= Q < 0
l // |
‘ >S

[ N

@/&“%;Wv\@{::ﬂfa ;mcia(é_

>S

o Second law of thermodynamics
= Total entropy of a system always increases, (probability of decrease is unimaginably small)

e Carnot cycle

T,

0 e=1—_max

Tmin

= |t is the maximum possible efficiency at a fixed Tjax and Tiyin

Ta
T 17,
TNN' //////

\ ; >§

~—
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Oscillations & Waves

2019568250 17:12

e Mechanical equilibrium occurs when forces (and torques) on each part of the system add to

zero

* Restoring force
o For a stable equilibrium configuration, a displacement in on direction leads to a net force in the
other direction
o Hooke's law: ideally F = —kAx . This applies to almost any system pertubed a small amount from

stable equilibrium

F

0

X

e Simple harmonic motion

2x k
o F=—klx=ma=>—-5=a=——x
dt? m

= Ax is always the total displacement from equilibrium point

o General function:
= x(t)=A cos(wt + (p)
= v(t) = —Awsin(wt + @)
k _2m

- w= |— 2
1) m=T nf

I

o Frequency:f =
= InHzors

o Work and energy
= Work done on the mass by spring W = %ksz

F
T —wW

X

1

= Potential energy of spring PE = %ksz

= Kinetic energy KE = %mvz
= Total energy for a horizontal system U = PE + KE = %ksz + %mvz is conserved

= Total energy for a vertical system U = PE + KE = mgh + éksz + %mvz is conserved

e Real oscillators
o Energy is lost becoming thermal energy

t
= Amplitude decreases with time by the same fraction A = Agr™ 7

o Forces that lead to damping
= Velocity dependent & opposite direction to velocity

L:d/f’f/\
swﬂ/"’f\ﬁ oV

7 V V <
= Vicious fluid drag: F, = —bv

o Velocity change is related to k, m, x, b, v
dv k b
L —=——x——V
dt m m
o Damped oscillations:

t
= x(t) = Age T cos(wt + )
2m

2
— valid for b < vV2km
When b = v2km, critical damping (pure exponential decay with no oscillation)

*

¢ When b > v2km, exponential decay slower to reach equilibrium than critical
damping

# To make a good shock absorber, b < v2km(responds faster)

o Quality factor:
0= 2m
- 1-— Ay :

Ao

= larger Q is smaller damping
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¢ Forced oscillations and resonance
o We can add in an oscillating force by hand
= F = Fycos(wot)
= Wy is the driving frequency controlled by hand
O Resonance

= Whenwy=w = Jg, amplitude will be the largest
Fo
max — wh
¢ Waves
o Travelling waves
= Transverse wave (slower): oscillations perpendicular to travelling directions

O Wave speed on astring: v = \E

¢ Fisthe tension force
# pis mass per unit length (linear mass density) of the string
= Longitudinal wave (faster): oscillations parallel to travelling directions

o Picture of waves
= Ataninstance:f(x) = Acos(kx + @),k = 277‘
= General formula:
O Moving to the right: f(x, t) = A cos(kx — wt)
O Moving to the left: f(x,t) = A cos(kx + wt)
2m 2m w
TRETV R
o Power and energy of waves
= Energy « A%(amplitude)

= Energy intensity decreases with distance for spherical or surface waves (< Tiz)

0O w=

= PowerofawaveP = %quwzv
o Standing waves (systems with boundaries)
= Nodes: at which the string never moves
= Antinodes: at which the amplitude of string motion is the greatest
= Longitudinal standing waves (Kundt's tube)
o Displacement node = pressure antinodes = nodes
= Standing waves in a tube with two open ends
O Pipe's end is always an antinode
o Frequency for nth harmonic (n nodes): f,, = nzlL

o Wavelength for nth harmonic: 1,,= Z—nL

Z"d Awm?:'f/ Jlﬂwf&

N pebmondes

= Standing waves in a tube with one open end
O Pipe's closed end is always a node
o Frequency: f, = nudd% (Moaqa = 1,357, ...)

o Wavelength: A,= A

;01 AMWN;C.
MW{Q nD&

= nthovertoneis n + 1th harmonic
O Beats
= Slightly mismatched frequencies cause audible beats
o In phase&interfere constructively&loud
o (half cycle)out of phasesinterfere destructively&soft
= General formulaif y; = Asin(w;t),y, = Asin(w,t)

w; — W w; + w.
o y:y1+y2:2Acos(——12 2t)sin( = —zt)

w1+wy

*

is the oscillation frequency (what we hear)
* %wz is the amplitude changing frequency

* Theat = %Tamp is the time for the sound to go from loud to soft to loud
® frea =fi—f2
o Superposition of waves
" Yeora (1) = y1(6, 1) + y2 (6, 0) + -
= If y1(x,t) = Acos(kx — wt) and y,(x, t) = A cos(kx + wt) then the resulting wave
o y = 2A4sin(kx) cos(wt)
o Isastandingwave, v = 0
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= Interference
0 Must have the same frequency
o Constructive
¢ Pathdifference:ry — 1, =mA(m=10,1,2...)
¢ Phase difference: kAx + Ap = 2nin (n =---,—-1,0,1,2,...)
o Destructive
¢ Path difference:ry — 1, = (m +%)/1 (m=012..)
¢ Phase difference: kAx + Ap = nn (n =---,—-3,—1,1,3,...)
e Light
m
o ¢=3x108 <
o Refraction
= Speed of lights are different in different media: v = %

= nis the refraction rate, in any medium other than vacuumn > 1
= Snell'slaw: n; sin#; = n, sin 6,

9.

o Reflection
= [tis due to the difference between refraction rates of two media
= When n; = ny, no reflection
= When n; > n,, wave will not be inverted

Lo sl 2
0"'?_"_"”/\_

___f\___../'\__-

= When n; < n,, wave will be inverted, adding a phase it

[ 2

resu t—inj —

o Double split interference
= r—1,=dsiné

R
- Ay:El

<!

le- R—=

o Thin film interference

MI /{‘-p\ )
i, T 4.
M3 |

= Constructive interference: kAx + Ap = 2nn (n = ---,—1,0,1,2, ...)
= Destructive interference:kAx + Ap =nm (n =---,-3,-1,1,3,...)

2m Aai . .
O Here Ax = 2t,k = ———, gy = ——, Ag is due to reflection
Afitm Nfitm
= No transmission&maximum reflectioneconstructive interference

= No reflection&maximum transmissionedestructive interference
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Electric circuits & components

2019568 26H 17:34
e Resistors:V = IR

e Capacitors
o *____I l___

o Q=CAV

= (inF(arad)
o Compare with batteries

Capacitors

Batteries

Not a source of potential (V changes
= | quickly)

Constant potential
difference

High voltage

Low voltage

No resistance

Internal resistance

o

Properties
® |n series

O Each capacitor has the same Q
1 1 N 1 N
0 — = — 4 —— 4 ...
Ceq Cl CZ
= |n parallel
O Each capacitor has the same AV

0 Coq = Cy+Cy+ -

o Energy stored in capacitors
102 1
L = —_—— - A 2
U T =32 CAV
e Inductors
L
o M
v L di
o) =—-L—
L dt
= [ istheinductance in H(enry)
N¢p

= [ = - N is the number of turns
o Properties

" |nseries
O Leq:L1+L2+"'
= |n parallel
1 1 + 1 4
0 — = — 4 — 4 ...
Leq L1 Ly

= Stores energy in a magnetic field
= Resists changes (currents cannot change immediately)
o Energy stored in inductors

1
= U==LI?
2

e Direct current (DC)circuits
o R-Ccircuits
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= Time constantt = RC
= Charging

t
O I(t) = Ioe_ﬁ
(1- )
o Q(t)=CV\1—e RC
= Discharging
t
O I(t) = Ioe_ﬁ

t
o Q(t) =CVe RC
o R-Lcircuits

= Time constantt = %
= charging

Ewl
L

Rt
o I(t) = Ipax (1 - e__f)
= Discharging

L R

_Rt
o I(t) =Iye L
o R-L-Ccircuits

= q(t) = qoe ™ cos(wt + @)
R

A=—
. 2L

1 R?
0 O= e ae
¢ When w > 0 oscillatory underdamped

¢ When w = 0 critically damped
¢ When w = a + bi overdampe(exponential decay)
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= Let R — 0, the circuit become an L-C circuit

_ 1
O w= T
o q(t) =qo cos(a)t + (p)

dq :
o I(t) = |ZE| = wq, sin(wt + @)

e Alternating Current (AC) circuit
o V(t) = Vyay sin(wt + @)
o I(t) = I;max sin(wt + @)
o In North America f = 60Hz
o Root mean square values
= This is what meters measure

vV
VRms = _\/3
1
" Ipms = _\/E

o Purely "R" resistive
= Reactance Xp =R
= Vin phase with I

V.
= I(t) = Esm(wt + (p)
o Purely "L" inductive
= Reactance X; = wlL
= | achieves its max after V,V leads |

I(t) = Y i ( t+ n)
—stm wt+ @ >
o Purely "C" capacitive

1

= Reactance X, = —

= [ achieves its max before V,V lags |

T
= I(t) = VwCsin(wt +o +§>
o R-L-Ccircuits

® |mpedance triangle

V=121 k= L(x.-Xe)
Vk-1R

O Total impedance Z = \/XRZ + (XL - XC)2

O It will rotate around the origin
| vV

O = —
max Z

o Power dissipation
= Power can only be dissipated in R

= Power dissipation in inductor/capacitor has both positive and negative

power in one cycle which cancel out
= When ¢ = 0,the average power dissipated inRis P = %Imameax =
IrmsVrms
= Otherwise,P = %Imaxvmax cos(¢) = IrusVrms cos(¢)

o cos((p) is the power factor
O Resonance in AC circuits
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SN (0 A A— is a function of w

1 . - V. .
= WhenX;, = wlL =X, = Z)E'R is the minimum, and I = 7S the maximum
o Treat parallel AC circuits as combined series AC circuits
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Electricity & magnetism

2019568 26H 17:35

e Coulomb's Law

|CI1||Qz |C||QZ|

| = elofe = o

1
k=——=9><109Nm
° 4me, /CZ

e Electric fields and superposition

F
o F=—
q

E KQi » -
0 Eper = —T;&ri is a vector sum
1A

E-field always points in the direction that a positive test charge would move
Field vectors are tangent to the field lines

Field line start on positive charges and ends on negative charges

Density of field lines show the field strength

Use integrals for charges on a ring or a bar

e Force and torque on a dipole

O O O O O

o Stable position

_ —>
. O E

_—

o pisthe dipole moment
o p=gq- d direction from - to +
o Torque:T=F x#=qEdsing =pEsing =p xE
o Potential energy Uz = —p - E = —-PE Ccos @
e Gauss's Law
o Benefits
= Easier for symmetry circumstances
= Better understanding of conductors in electrostatic equilibrium

= Valid for moving charges
o Electric flux passing through a surface ¢y = EAcos 6
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o Electric flux passing through a closed Gaussian surface

) =#E-dj=ffﬁ-ﬁd/1=%”—dﬁ‘i
E £

onCl -
\

o Gauss's Law:
= The net flux passing through a closed surface is proportional to the net
charge inside the surface.
= |t does not depend on the shape of the surface.
= Define flux passing out of the closed Gaussian surface to be positive

1
O Qrotar = E;(Q1 +0Q;+ )

o Applications of Gauss's Law

* Point charges:E :——qz—
4Trie

= inside a spherical conducting shell: E = 0
» |nside an insulator use integral to find Qepciosed

= Uniform line charge with charge density 1: E = A
2mreg

= Uniformly charged plane sheet with charge density o: E = E‘:—
0

O Between two opposite charged parallel plates:E = gi
0

¢ Conductors

o Materials in which charges are free to move
o Zero net charge, thus E = 0 inside a conductor.
o All excess charges are distributed over the surface (may be non-uniform)
= E.g.theinner surface has -5uC non-uniform charge distribution, the
outer surface has 5uC uniform charge distribution

ShC .

®

e Work and potential in electric fields
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| L

-

o W:qu:fﬁ-d? (in 3D)

o For process a—b
Wexe = Up — Uq
* Wi_fieta = —(Up — Uy)
Work is independent of path, all forces are conservative
o U is the potential energy
o Electric potential difference

AU S b,
. AV=——=ZdV=—ZE-dl=—f E -dl
q a
= Potential for a point charge V = kr—q (take infinity as zero potential)
* Fora collection of charges V = kX %
2

= Equipotential

O Equipotential surface is perpendicular to the electric field

O On aequipotential surface AV = 0
= Potential gradient

0 E=——
dr
v, v, vy

O In3—D,E=—VV=_5;l_5;]_Ek

= In general, IV is continuous
O Forasphere Viysige= sphere
o Ensemble of point charges
= The electrical potential energy of a system of fixed point charges is
equal to the work that must be done by an external agent to assemble
the system (bringing each charge from infinity to its final position)

» For3charges: U = k%92 4 1193 4§ 1203
T12 713 23

N N
aq; 1 qiqj
» ForNcharges:U =k —L=ck —L
rij 2 rij

i=1,j>i i=1j=1

Capacitance and capacitors
o Calculate the capacitance
= Calculate E due to charge using Gauss's Law

= (Calculate potential difference from E

= Calculate C = ZQ;

o Parallel plate capacitor
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_ du Q?
=TT 2k
o Dielectric
= Dielectric reduces the potential difference across the capacitor
= Adding an electric field make the molecule more polar and align with

the field
= Induced field is always smaller than original field E;,qycea = %‘l
e

= K. > 1isthe dielectric constant of the dielectric material

e Magnetic field
o There are no magnetic charges(monopoles)
o The most basic magnetic field is a dipole

= So ¢y = # B - d4 = 0 for closed surface

o Magnetic field lines are continuous
o Units for magnetic field: T(esla)

e Magnetic force on charged particle
o F=qbxB
o If an electric field is also present : F= qv X B+ qE(Lorentz Force Law)

e Electrons in magnetic fields
o Helical motion

- _— _ —
Viotal = V1 T )
— . .
= v, causes the circular motion
o Cyclotron motion

= Particles can go through the selector if and only if F,; = F_B)
= The selected velocity v = g

= Magnetic field separates particles by mass, the greater the mass, the
larger the radius
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mv
" qB

e Magnetic moment

It makes the closed circuit inside a magnetic field rotate
T =BIlAsing

A=14=IAR

Magnetic dipole momentZ = i X B

O

o

o O O O

Magnetic dipole potential U = —i - B
AL

5P

o

Application: direct current electric motor
= Remain the force/torque direction by switching the current direction
e Source of magnetic field
O Biot-Savart Law:
o opeldix?  pgIdlx#  pyIdlsing
"BELTT T 2 a1
O Uy = 4m X 10'7N/A2

= |t determines magnetic field dB produced at a distance from a current

element I dl

3T

. I
o Foralongwire B = Lol
21X

A

o For asolenoid B = ugynl, nis the number of turns per unit length

OO OOV
ALINYCLU

o Ampere's Law
" fﬁ -dl = polencr

= Closed path with an enclosed area of current
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= Requires symmetry

ol

e Faraday's Law

fﬁﬁ dl d¢ d BA
(@] = . = —_—_—— = — —
& dt dt COS(p

%
ﬂ,

o A changing magnetic flux creates an induced E-field and an induced EMF

o Lenz's law: The changing magnetic flux generates an induced current which
then creates and induces magnetic field which, in turn, tries to maintain the
status quo situation

o Induced E-field is a non-electrostatic field, unlike the field produced by
charges

e Displacement current
dog

© ldlSp =& 3 dt
o Fictitious current between two charged capacitor plates

ol B
|

__)‘L

Kl

Ty

o Apply this to Ampere's law: fﬁ dl = Holenct + Moo E;%
e Maxwell's equations

o f B.di = Jenct _ ATKQone
S €o

dt
o d)E:jE-dZ
o qu:fﬁ-dfT
1
© Hoto =73
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o Sisaclosed surface, C is closed curve, c is the speed of light
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Mechanics

20195E784H 17:09

e Statics

e Force and Moment

Forces and moments are vectors

Mo =#xF

I[M| = |F]||d|,d = rsin@

Moment about an axis: Moa = Tga - Mo
Wrench (where Fis parallel with m)

o O O O O

o Joint connections
= Cable

—

= Smooth surface

= Roller

1,,

= Ball and socket
F,

= Single journal bearing

M, T_
tr.

e
M, o F,

= Single journal bearing with square shaft
M:”_t‘“-

F,
M, X
) F -

Pl

= Single thrust bearing
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S AF,

M%/H

= Single smooth pin

MzT
Y
/I...e..

F, °M,
| A
= Single hinge

M,

Ir,
F,

z

M,
= Fixed support

M, J:

F;
e Impending motion
o Sliding f = ugN
= Angle of friction ¢ = arctan u

o TippingWx=Ph,x=%
W
|
J) —> P
{m
e Dynamics

* Projectile motion
o Trajectory equation: y(x) = a(x — xo)2 +b(x —x0) + ¥o

2v¢ cos? 0,
» p=tanb,

o\

e Circular motion
—
YH
=

KN

a

_ds
T dt

—

5
o U =7vU;V
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dv dv v? fz_-l-__z
—=v—,a, =—,a= |a:+a
dt ds’ " r not

= at distance s along the track after passing a point, given a; = ;SZ—

L -
o v(s)= - s? + (1707.')2
— S
ot= Tln(u+\/u2 + 1),u =—
VoT
= Attime t after passing a point

o s(t) = vyt sinh <£>
T

o v(t) = v, cosh <E>
T

. eX' - e_x ex _|_ e—x
o sinh(x) = — cosh(x) = —

- —_— —_—
O a = a;Us + AuUy,,ar =

o On acircular track

Curvilinear motion

Y

/ - TP
ov—ﬂ'-v—rd—e-‘l?_ v2_+_17_2
TTdr 0T Tar AT e
d?r  (do\’ d20 _drde S
C o=z ar) T aE a9

Dependent motion(Pulley)
o A has n strings and B has m strings, then nv, = mv,

Relative motion

O Vg =74 + Vg4
Force related to curvilinear motion (cylindrical
coordinates)

IFu,

EFyuy
A _

YFa,

r=1(0)

Tangent

(); L £ 8 |

PHYS Page 21



r
o tany = 5——
2 dr/
de
o Everything in curvilinear motion applies
o Tofind F and N, project a,.,, ag onto u; and u,, direction, then use F,,.; =
ma on the direction

e Work and energy

2 >

o Work: U1_2 = fT F - d?
1
T ! 2
o = -
2mv

1
o V=mgh +EkAx2
o Conservation of energy: 2Ty + XV + Uj_, = 2T, + 2V,
e Linear impulse and momentum

. . t

o Conservation of momentum of an object: mv, + ft 2Fdt = mv,
1

o Impact

“ Line of impact ;
jul

(Vah

Plane of contact

= Coefficient of restitution: e = (82=a)2

(wa)1—-(wB)1
= my(va), +mp(vp), = ma(va), + ms(vs),
o Only the normal velocity changes, the tangent velocity do not
change
0 Velocity has directions, "-"sign means opposite direction

e Angular momentum

O H0=F><m17

o 5(m) + [ :Zmdt ~ (),
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