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1 Units, orders of magnitude and constants

Units

symbol name unity

t,T time S second

r, T, T position m meter

Ar, Ar, Az, s | displacement m meter

v, U, ¢ speed, velocity, speed of light | meter per.second

D, P momentum kg kilogram - meter

per@econd

a, a acceleration 5 meter persquare second
m mass kg kilogram

F, F Force N Newton

A Area m? square meter

V Volume m? cubic meter

P pressure Pa Pascal

p density % kilogram per cubic meter
W, E, U, K, Q | Work, Energy, heat J Joule

P Power W Watt

T, v Temperature K,°C Kelvin, Celsius

f frequency Hz Hertz — second !

w, W angular velocity é rad per second

T, T torque Nm Newton - meter

L, L angular momentum kg mTQ kilogram - square meter

per second

I, 0 Inertia kgm? kilogram - square meter
Q, q charge C Coulomb

V voltage \Y% Volt

1 current A Ampere

R Resistance Q Ohm

C Capacitance F Farad

L inductance H Henry

B magnetic field T Tesla
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Orders of magnitude, multiplicators

name | symbol | multiplicator
Tera T 1012

Giga G -10°

Mega M .10

Kilo k 103 = -1000
Hecto h 102 = -100

Physical constants

name | symbol | multiplicator
deci d 1071 =01
centi c 1072 =-0.01
milli m 1073 = -0.001
micro L 1076

nano n 107

pico p 10712

Gravitational constant
Speed of light in vaccum

Acceleration of gravity on Earth

Electron rest mass
Proton rest mass

Neutron rest mass
Atomic mass unit

Elementary charge

Permeability of the vacuum

Permittivity of the vacuum

Solar constant

Hubble’s constant

normal pressure

normal temperature

normal volume of an ideal gas
Boltzmann’s constant
Avogadro’s constant

Molar gas constant

Planck’s constant

Dirac’s constant

Rydberg’s constant

Bohr atomic radius

G =6.67-107"! Nm?kg 2
c=2.998-10° ms!

g=98ms 2

me = 9.109 - 1073 kg
my = 1.6726 - 10727 kg
m, = 1.6749 - 10~%" kg
u = 1.6605 - 10727 kg
e=1602-107°C

po = 4w -107" Vs A~ tm™!

€=-—>=28854-10"2AsV'm!

Ho

S = 1360 Wm 2
Hy=70.8=44.0kms™! Mpc!

po = 1.013 - 10° Nm~2 = 1.013 bar
Ty, = 273.15K = 0°C

Vo = 22.414 - 1073 m® mol ™!

kg =1.38-1072 JK!

N4 = 6.022 - 10%% mol !
R=28.31Jmol "K'

h =6.626-1073* Js

h=4 =1.055-107%Js

Ry =1.097 -10"m™"

ag =529 -107"' m
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2 Mechanics

2.1 Kinetics of point-masses

» Position, velocity and acceleration:

derivate derivate
Position Velocity = change of position Acceleration = change of velocity
feex(t) per time interval per time interval
FEXAT) | e L b
Mean velocity between ¢, and #,: Mean acceleration between ¢, and #,:
unit: [x] =m
5= Ax(®) _ x(t)-x(t)  unit: = Av() _ v(t) - v(t) | wnit:
Assigns a unique At t,-t, [v] = % At f-t, [a] = %
position x(7) to an
object foreach | [ o
time ¢ Momentary velocity at time ¢: Momentary acceleration at time #:
2
o dx(z , v Av(®)_d x(¢
x(?) =jv(t) dr vi)=x ()= d_g) v(t) =|a(r)dt a(®=v'(t)=x (t)=—d£ ) dzz(f )
— integrate — > integrate —

» Principle of Superposition: motions in x, y and » - direction are independent

» More-dimensional motion:

position:
x(t)

() = | y(t)
z(t)

of each other (coupled via the time t).

velocity: acceleration:
Uz (1) a,(t)
5(t) = | v, (1) i(t) = | a,(0)
v,(t) a(t)

» Uniform motion and uniformly accelerated motion:

position velocity acceleration
a
! V= Ax_ constant I
) = 2
ion ¥
>t >t
. a
Uniformly t Ay
accelerated a=—= constant
motion
>t
Particular equations for the uniformly accelerated motion (zg = 0):
without ¢ : without a : particularly: vo = 0 (starting from rest)
v2—vy? 1 1 v 1
= x(t) =5 (v+w)t x(t) =5at?; T =5 x(t) =5 vt
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» Galileo Galilei:

e On Earth’s surface, all bodies fall with the same acceleration, provided the air resistance
ist neglected. The acceleration of gravity on the Earth’s surface is g = 9.85.

e The position coordinates behave like the squares of the times: x o ¢, precisely: x(t) =
1,42
30t

» Projectile motion

. . 0 e Uniform motion in z-direction and
Acceleration: |d = _ o V 4
-9 e uniformely accelerated motion in y-direction.
horizontal throw inclined throw
1 y v(l\' i
y Y a ymax & > a
< 0x v|£
N Vo / Vox \ Vix
"N " N
o
. > X
,x vti.\‘ xmax
#t) = Vog t . #t) = vo cos(a) t
= 7% gt position ~ \wpsin() t—%g 2
B(t) = Voz > 3(t) = v cos(a)
—gt velocity vosin(a)—gt
y(z) = —9_ .2 trajectory y(z) = tan(a) z — S R
2 12 parabola 2 v cos? ()
2 12 2 &
_ wp”sin®(«) _ wp”sin(2w)
ymaX - 2(/ Y xmax - q

» Circular motion: position, velocity and acceleration

Period 71" — time in s for one revolution.

Frequency f = number of revolutions

per time: | f :%
unit: 1 Hertz = 1Hz = %

e Angular velocity
_angle (radians!) _ A 2w
W= e w=3x=7F=2nf
e Velocity of a point on the circumference
_ circumference _ 2mr _
time (period) T

Radial (centripetal) acceleration
2
(IR:UT:T’LUQ ar L U,

= ap acts uniquely deflecting, |v| = constant.

(©Adrian Wetzel 5

Mechanics
Kinetics



2.2 Dynamics of point-masses

» Newton’s laws:

I Principle of inertia:

m V= constant
— o — o — — - = o — %
‘Fnet—EFi—O:U—constant:>(—0 7 -0
net
IT Principle of action: |force — mass - acceleration | mv ¥ ¥
Fog=m-a unit: [F] = 1 Newton = IN = 1kg 3 «=— &= &
° Elet E]et Elet
IIT Principle of reaction: N
For each acting force there is a counterforce F.,=-F,,
laction = reaction | n,@— ~—em,

» Mechanical forces:

my-m
FG:G 1,2 2

e Universal force of gravitation: -

2
Gravitational constant G = 6.67 - 107! %

r — distance between the centers of mass.

e Gravitational force: where g = 9.83 is
the acceleration of gravity on the Earth’s surface. — lo_'§ m
Compare table on p. 34 for other planets. '\/\/\/\A .
WWe—7rcs  [F
e Spring force: where k = % is the spring k s F,
constant or spring stiffness. Unit: [k] = % Ax
. . 11 1 —
Springs in series: = - + 7-| parallel: ’ktot =k + k’z‘
kt()t kl k? r
M
F,
22 B o
e Radial force: | [y = m - & = mrw? = 00 a
r ar A
I, = force necessary to keep a mass on a circular trajectory. |4
= Electrical and magnetic forces see p. 20 and 23. Planet masses see p. 34.

» Inclined plane, frictional force:

e Gravitational force: F; = ﬁl—i-ﬁu, with |]3G| =Fg=m-yg

F| = Fg - cos(a)

e Perpendicular component:

e Parallel component: ‘FH = F - sin(a)

e Frictional force: | Iy, = p- I}

s = Static friction
ur = Kinetic friction
ir = Rolling friction

coefficient of friction pu =

(©Adrian Wetzel

Hs > K > HR
= see table on p. 31.



» Torque 7: . enter of
7, :
e Torque — force - lever arm, |7 =F| -r=F-r, rotation
general: F=7xF unit: [7] = N-m F. r
r, r, KI F
e Law of the lever: ’Fl = Fy - 7’2‘ ’
» Equilibrium (statics):
Sum of all forces | Fl.. = > " = (| and sum of all torques | Thet = » 73 = 0

» Momentum p:
Momentum = mass - velocity, unit: [p] = kg- %

Without external forces, total momentum pi.; is conserved: Fey = 0 = Prot= constant.

» Angular momentum L:

- 2
=m7rxv, |Ll=mruvsin(a) unit: [L]:kg-m? I
.. . . . . = X
Rigid solids: rotational inertia I see p. 9. L =aFxy
is a conservational quantity: Tey = 0 = ‘= constant.

_ trajectory

Oy ’ 4

» Law of conservation of angular momentum:
Torque = change of angular moment with time:

= A _daL __ m—> -
T=%x =@ = L'(®) p=my

Rigid solids: |7 =1 - % = I - «a(t) | rot. inertia I see p. 9.

» Generalisation of F' = ma:

Force — change of momentum with time: | F' = ﬁ—]t) = % =p'(t)|or

F=m(t)d + m'(#)7 (product rule) for time-dependent masses (rockets).

» Collisions:

Mechanics
Collisions

Totally Partially Totally
elastic collision elastic collision inelastic collision
""" Vi VP Vv
)% ml ml 1 2 ml 1 2
I = before collision t— [ O I O
WA m, N
I = after collision O&Vy I <=0 - II w
m] -V, Wl w2
. -1 _ =1 -1 1 S N |
Momentum: DPiot = Prot Dot = Prot Ptot = Prot
I I ) ; -
Energy: E. =E, no E - conservation 'p! _pU _ iy (- vy)
e P ™ 20m, omy
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2.3 Hydrostatics, pressure, density

» Density = mass per volume | p =17

BN

» Pressure — force per area p=

. k
unit: [p] = m—% or %

table p. 30 ff.

unit: [p|] = 1 Pascal = 1Pa = 1 %,

1bar = 10° Pa
e Hydrostatic pressure: pressure of a column of height /: 17
‘p(h) =pp - g - h (for constant fluid density pg)
e Buoyant force, Archimede’s law: h
Buoyant force = weight of the suppressed fluid: o Vi
p

‘FB = prp - g - V7| with V; = immersed volume and

pr1 = density of the fluid.

Fluid, density Py,

e Barometric formula: Air pressure in altitude h above sea level: | p(h)

with po = 1.013 - 10° Pa and py = 1.293 % are the atmospheric pressure resp. density on

sea level (at Ty = 0°C) (normal conditions).

2.4 Hydrodynamics

> Continu:.lty equation: ‘pl c Al “U1 = pPg - A2 - U2

In words: (influent mass = effluent mass) per time.

—20 4p
= pU . e PO

» Bernoulli’s law: —I—% pv? 4+ pgh = constant | or
+% pvil+pghs =po+ % pva®+pghs
. . . AFH A
» Shear stress and viscosity: 7= <4 =7 A_Z

unit [7] = % (compare p.

n = Viscosity,

» Hagen Poiseuille’s law: Mean flow velocity v in a
cylindrical tube of radius r and pressure difference per length

v="T

l l

Volume AV flowing across
a section per time Af :

(©Adrian Wetzel
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Stoke’s friction force: For small v, resp. laminar flow (no turbulences)
Fp=6mnrov 1 = viscosity see p. 8, table on p. 30.

Friction force for turbulent flow: For large v turbulences may occur.
Then: | f}, = % cw A pv?

where A is the cross section area, p the density of the fluid and
cw = constant depending on the shape of the front surface.

2.5 Mechanics of rigid bodies

<V

n, P

» Law of center-of-mass: A rigid solid behaves in a way as if all external forces

act to its center-of-mass.
Center-of-mass:

= :m1F1+m2F2+...+mnf’n _ 1 im 7o
© mi+mo+...+mp Mot 14 k Tk Mot

ff’dm

mass-element dm = pdV = pdx dy dz (at 7). The integral is
calculated as sum over the entire volume.

» Rotational inertia: |7 = [ %dm = [r,2pdV = Y my, - 1)
k=1

where 7| (resp. ;) is the perpendicular distance of mass-
element dm (resp. my) from the rotational axis. The integral
is calculated as sum over the entire volume.

Simplified: The rotational inertia measures ”how much” mass
is located "how far” from the rotational axis.

Rotational inertia for particular solids:

Cuboid Cylinder Hollow cylinder Sphere
L)

Steiner’s law:

2 ) 1 2 2
I=m@+b)  I=qmr |[I.=m(5+L) |I=5

(©Adrian Wetzel 9
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» Elasticity of rigid solids:

e Stress — force per area (as pressure) | o = % =—p unit: [o] = %
F,
e Hooke’s law: Deformation Al = [ —Iy is proportional to the T N
stress o: % = % = € = strain. AL 1
Y = Young’s modulus, unit [Y] = %, table p. 30. b /
0
e Transversal contraction: An elongated (Al > 0) body lﬂ
will decrease in diameter by Ab = b — by < 0: % =—u % ¥ 1 1l
i = Poisson’s number, table p. 30. ¢ b
e Compression: Compression is proportional to.the applied stress:
ATV = = K = Bulk modulus ,  unit: [K] = %

Relation between £, pand K: | K =3 (11?2#) (hemogeneous, isotropic and elastic)

2
Energy density = energy per volume |w = QU_E

2.6 Work, energy, power
. . E
e Definition: Work = force - distance
‘W — F - 7=F -1 - cos(yp) ["(8calar product) A r B
unit: [W] = 1Joule = 1J = 1 N-m A
o B
B - o
e Generalisation for cutvilinear trajectories: | Wa_p = [ F(7)dr
U R - o
- () dr = v(r)dt
e Energy: ,stored” work, ability of performing work. H(t+dr)
» Mechanical work, energy:
e Potential energy: e Spring energy:
Ugay = mgy| y = vertical altitude Uspring = %ka spring stiffness k = %
e Kinetic energy: e Rotational energy:
Kirans = 3mv®| v = velocit L7 ? i
trans = 5 MU v = velocity Kot = 51w w = angular velocity

B
e Gravitational energy: Ux_p = [ Fu(r)dr=Gmyms (i — L)

TA B

TA

Work, necessary to bring m, from position A (r4) to position B (7).

(©Adrian Wetzel 10



» Energy conservation: The total energy of a system is conserved with time:

FE... = constant

dEtot — O

= at

For systems without friction:

» Kepler’s laws

I Planets move on elliptical orbits. The sun is located

Etot = Ugrav + Uspring + Ktrans + Krot = constant

in one of its focal points F;.

IT The area covered by the radius vector i per time
unit is constant: < L = m 7 X U = constant.

ITT The ratio of the squares of the periods T of any two
planets revolving about the sun is equal to the ratio

sun F,

m
of the cubes of their semimajor axes a: ’
5 planet _
o — @ for circular orbits: a ~ V
= 0P or circular orbits: a ~ 7. a
= Astronomical data see p. 34.
» Power:
Definition: Power = work per time P = =-| unit: [P| = 1 Watt = 1W = 12
= Electric power see p. 20.
» Efficiency:
Definition: Efficiency coefficient = usable energy _ _usable power
supplied energy — supplied power
_ Buse _ Puse
77 o Ein o Pin
2.7 Analogy translation - rotation
Translation Rotation
position / angle x(t) 0(t)
velocity / angular velocity v(t) w(t)
acceleration / angular acceleration a(t) a(t) = 52
mass / inertia m I
force / torque F(t) =mal(t) T(t) = T aft)
momentum / angular momentum p(t) = mo(t) L(t) = T w(t)
work Witans = F -1 - cosp | Wit =7 - 60 - cosp
energy Ktrans %mv2 Krot = % [w2
power Poaws=F -v-cosp | Po=T7T+ w:-cosp

(©Adrian Wetzel
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3 Oscillations

Oscillation = temporal periodic process.

» Harmonic oscillation: Restoring Force Fy is proportional to the elongation 1.

elongation: y(t) = A-cos(wt + )
velocity: v(t) =y (t) = — Aw sin(wt + ¢)
acceleration: |a(t) =y"(t) = —Aw? cos(wt+ p) = —w?y(t)

A = amplitude (max. elongation)

Ap 271

w = angular velocity |w = {7 =7 =27 f

27
wo

» Pendulum: Period |7 =

spring pendulum

© = phase

gravity pendulum

k m 6 small
y@®
Angular v. |wy = % wo & 4/
Force law  Fr=—k-y FR%—%y
Diff. eq. %%—%yzo %—i—%yzo

» Damped harmonic oscillation:
Assumption: Damping force Fjy is propor-
tional to the velocity v(t)s Fi, = —b - v.

ﬁof

With the angular velocity wg = 4/ -

the undamped oscillator, we find:

y(t) = Age™ 2t cos ( Wi — v

4m?2

-t+g0>

» Forced oscillation, resonance:

A damped harmonic oscillator is excited by
aforce I'(t) = Fy - cos(wt). After transcient y()f

effects, the elongation can be described by:
y(t) = A(w) - cos (wt + d(w))

with:

amplitude phase

o, Sk
m
F(f)

T=%

y
A/
=/ |
-A
® =number of periods in
the interval [0, 27]

physical pendulum

0 small

mga

wo

Q

Ic +ma?

TR~ —mgal

d?0 mga ~
dx? + Ic +ma? 0~0

A(®)
resonance
curves | —— L <M
2m 0

m<0)0

Alw) = & ;
m~\/(w—w0)2 + (%’)

2
d(w) = arctan(wowbw

quality factor: |Q =140
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4 Waves

Wave = spatial propagation of an oscillation. Energy is transported, but no mass.

» Harmonic wave: temporal and spatial periodic process. Wave equation:

transverse wave: ylc

y(z,t) = A-sin(wt £ kx + ) y A2t
y(z,t) = A-sin (2r (L %) +¢) A . y
»+" = wave propagating to the left (in —x direction). / \ \ X
.~ = wave propagating to the right (in +z direction). ¢ / IL;
Al Ly =g

e Wave number k = 2% unit: [k] = m™! k = number of periods in
the interval [0, 27]

where A\ = wavelength in m (= spatial period)
longitudinal wave: y|| ¢

e Propagation velocity ¢ = % =\ f= % “%b—}”"_’ ¢ ;
wy

» Propagation velocities of waves: (= table p. 30.)

e Pressure and sound waves

gases: ¢ = (5—5)% fluids: ¢ = % solids: ¢ = \/%
symbols see p. 17 K = bulk modulus, p. 10 ¢ = tension, p. 10
air at 20°C: ¢ = 340 = p = density, p. 8 p = density, p. 8
E ¢
E
e Electromagnetic wave: 0
- 1 vacuum (air): A x
'V o€ po pr e, =1land p, =1 B,

» Standing wave: Superposition of two identical

waves with opposite propagation direction: AJV yi(x, 0
Ures(&, 1) =Apsin(wt —kz)+ A-sin(wt+kx) /\\ 7 X
. C
Yres(T,t) = 2A - cos(k x)- sin(wt) y P,(x, 1)
A(z) N 7 N X
C

e Reflexion of waves: N

Y | anti- &
open en(i fixed en(i 2 l nodes J—2 V=V TV,

/ \—>| § [\ — %

< g — £ X

I A4

no phase shift phase shift of nodes

@=n=180°

(©Adrian Wetzel 13
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» Eigenfrequencies (condition for standing waves):

(, \ string .

e String: | f, = 57 L=n 5 onesided
order: n =1,2,3, ... g g open tube
first harmonic (fundamental): n = 1 :

anti-node
closed tube “_”=1 ;

e Open or closed tube: : =

i A & &
fan=1357n L=n-35 n=123.. I
e One-sided open tube: open tube
' A 2
fa=77 (2n-1) L=(2n-1)7 : ——
(=%
» Beats - Interference in time: y

Superposition of two oscillations with similar A y,(t) =4 sin(w,?)

requoncies 1 and f — i + A AR A AR A

e Resultant oscillation: | —— y(0) = Asin(a, 1)

Yres(t) = A - sin(w; t) + A - sin(ws t) ‘ !
Ures(t) = 2A - sin ((wl + %) t) - COS (% t) 24 by {T“(t) ....... y‘(t) T
A Pos] N /\ A\ /\ /\ M\ Nyt

e Frequency of beati (audible ch \/V \/ ““““ . AL \/ \LY

quency ng wave (audible change beating wave

in sound intensity): | fgeat = | fo — f1|

» Doppler effect:

vg = velocity of the source, vg = velocity of the receiver. Then:

_ C:‘:’UR .
fR_<c:FUS> fS

source receiver source receiver

@> =ra5 @ V“ fomfo S
4‘)'8'@ fR:fS.CchS @ VR fR=fS'c -

» Sound intensity:
For an acoustic source of power P emitting a sperical wave, the intensity /(r) depends on

the distance r as following: | I(r) = § = 25 unit: [I] = %%

sound level: | L = 10 - log (%) unit: dB (= Decibel)  Audible limit: fo = 1012 %%

(©Adrian Wetzel 14



5 Optics

Light can be considered either as particles (photons) or as electromagnetic wave. In vacuum
(air) the velocity of light is constant at co = 3 - 10% 2.

» Index of refraction: |n = c% , whereas c); is the velocity of light in the material M.

perpendicular
. . Jsin(@)  ng e incident partially
» Law of refraction(Snellius): | To= - = = = b D ected beam
Indices of refraction see p. 33. ol o
n
e total reflection: 5 = 3,4, = 90° surface : !
o ny,>n,
e Brewster angle: tan(ap) = - B
Reflected and refracted beam are perpendicular.
Then, the light of both beams is polarized. refracted
beam

» Imaging with lenses:

convex lens

e Focal length f: % —(n—1)- (R% + R%)

convex lens: f >0
concave lens: f < 0

Sl

e Concave mirror: f =

A‘ convex lens i
e Parallel beams of light travelling parallel to Gl § 7 optical axis

the lens axis.intersect in the focal point F.
object
e Beams crossing the center of the lens are not image | B
deflected. S e R
e Lens equation: |+ — + g L
q “If b g < g
. \ concave lens
real image: b > 0
virtual image: b < 0 G Pk .
TR b<0
. . . _ b _ _) < p! N
e Magnification: M = 7 = ; LA

(©Adrian Wetzel 15
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» Diffraction: Deflection of waves (light, water or sound waves) on an obstacle.

e Diffraction on a single slit:

Condition for
intensity /(o) minimal intensity:

/1= 2 min A=d-sin(a) =n-A

Order: n=0,1,2, ...

PR

incident plane wave

. A = optical path
difference

a

screen

e Diffraction on a grid resp. double slit:

grid . .
I e intensity 1et)
N . 2@ &y v n =2 max
l . .
) n =1 max Condition for
Q 3 . .
= maximal intensity:
3 \Y
E—L}Td"" ___________ G A=d-sin(a) =n-A\
Z Order: n=0,1,2, ...
g M =
= . L
2 optical path o n=1max
= difference 2
- n =2 max

(©Adrian Wetzel 16
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6 Thermodynamics

» Temperature 7T': — Measure for the mean kinetic energy K ., of the particles.
Unit: [T] = 1 Kelvin = 1K.

Celsius-Temperature ’19 =T —273.15 K‘ temperature difference: AY = AT =T, — T

» Linear thermal expansion Al =1, — [y = alyAT

a = coefficient of thermal expansion: table p. 31. V,

» Volume expansion: AV =V, -V, =V, AT “ > « -

v 22 3a coefficient of volume expansion: table p. 31.

T

72]
» Heat: @ (thermal energy) “_c o o _c RO~ 5
- O - 2 =
L _ _ H=| < O=| =T 7
unit: |Q)] = 1 Joule = 1J. . s 5% = $5% g
VP
N
» Heat transfer: AQ =mcAT > < < 3
Q
¢ = specific heat capacity, f oy ~ f
: __J_ I [
unit [¢] = ke K table p. 31 S & . S 2 S
m = mass in kg. Ty
>Q

» Latent heat of fusion: Q; = L; - m|

L; = specific latent heat of fusion,  unit: [L;] = kig table p. 31.

» Latent heat of vaporisation: Q, =L, - m|

L, = specific latent heat of vaporisation, unit: [L,] = kig table p. 31.

Ax

ion: | AQ AT

» Thermal conduction: ~ = kAR
W
K

k = thermal conductivity,  unit: [k] = — table p. 31

» Diffusion: 52— —DA XS] (Fick’s law)

2
D = diffusion constant, unit: [D] = mT ¢ = concentration

rms

» Mean kinetic energy: | Ky, = %kBT = %va With vpms = 1/ f - #8L

kp=1.38-10"23 % — Boltzmann’s constant.

monoatomic particles: f =3 (3 trans.)

J = number of degrees of freedom: { diatomic particles: f =5 (3 trans. & 2 rot.)

(©Adrian Wetzel 17
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» Stefan Boltzmann law: Radiant heat flux: i—? = c-0-A-T* | with
€ = emissivity, € = 1 for perfect blackbody
o=>567-10"8 ﬁ = Stefan-Boltzmann constant

A = surface area of emitting body of temperature 7.

» Entropy: = "Measure of the disorder of a system”  unit: [S] = %
e Thermodynamic: | AS = %
e Statistic: | S = kp In(P) P = number of states at constant total energy

and constant number of particles:

1. Law of thermodynamics (energy conservation):

The change in the internal energy of a closed thermodynamicSystem is equal to the sum of the
amount of heat energy supplied and the work.done on the system: AU = AQ + AW‘

Vo
Pressure-volume work: ‘AW =—p AV’ if p. = constant. General: AWy, = — [ p(V)dV
Vi

2. Law of thermodynamics (heat engines):

e Heat will never spontaneously flow from a colder to a warmer body.

e Heat can not be completely converted into mechanical work:
‘ AW = QSupply - QDump

e The maximum possible thermal efficiency of a heat engine is called
7—‘Low _ ‘QDHIII})|

_Tlligh - N ‘QSupplyl

» Thermal efficiency: ’Tiz— %
upply

» Ideal gas law:

Carnot cycle efficiency {7 = 1

(see also p. 11)

» p = pressure in Pa

» IV = volume in m?

prV_ _ pV. _pV, » 1" = temperature in K
L= GOSET S T, T, » Universal gas constant:
B B J see
R=kp -Na=83l b3
T = const p = const » n =77 — number of mol
P _ D> Vi v, m = mass in kg
pVi=pYV, = ==
P I, T, r, T, ]\4:1(nolarmassink—g1
(Boyle-Mariotte) (Amontons) (Gay-Lussac) mo

(©Adrian Wetzel 18



» Van der Waals gas (real gas): <p+ %2) (V—bn)=nRT

a, b = Van der Waals-constants, table p. 32.

» Adiabatic processes: No heat exchange: AQ = 0.

With C}, = molar heat capacity of a gas at constant pressure and Cy = heat capacity
at constant volume we have:

C,—Cy =R|and K :g—";, k =~ 1.4 for air. See table p. 32.

e Isobar: p = constant in the V — T chart. Adiabatic equation: ’T Vet = constJ

e Isotherm: 7" = constant in the p — V' chart. Adiabatic equation:|p V" = const.

e Isochor: V = constant in the p — T chart. Adiabatic equation: | 7 p! = = const.

» Carnot process:

1 — 2: Isothermal expansion: | Qsupply = 12 THigh In (%)

2 — 3: Adiabatic expansion: | AU = Cy (TiLow — Tiign)

3 — 4 : Isothermal compressionid Qrest = B 110w In (%)

4 — 1: Adiabatic compression: | AU = Cy (Tigh — TLow)

The maximum possible thermal efficiency of a heat engine is called

b T3 . |QDum)|
Carnot cycle efficienc =1-—Fowr — ] ==k
y yine THigh |QSupply |

(©Adrian Wetzel 19
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7 Electromagnetism

7.1 Electricity
» Electric charges Q:

e Electrons carry one negative elementary charge e = 1.602 - 10~ C.
Unit: [Q] = 1 Coulomb = 1C = {charge of 6.25 - 10'® electrons}.

e [n solid conductors, only electrons are mobile.

» Coulomb’s law:
Force I between two charges ¢ and @) at distance r:

Fo = ﬁ . % €p = 8.854 - 10712 V% — electric constant.

like charges repel, unlike charges attract.

» Electric field E:

electric field = force per charge:

Foe 1
E=1fc -~

q ~  4meg

Electric charges are the source of an electric field. Electric field
lines never intersect and are always perpendicular to the
conductor’s surface.

» Voltage, electric potential V:
Work W performed by the charge g:

voltage = work per charge:|V = % unit: [V] =1Volt =1V =12

e Direct voltage: V. = |, = constant (battery). V[V] alternating voltage

e Alternating voltage: |/ (¢t) = Vi sin(w -t — ¢) % amplitude = V',
(line‘voltage). /M 1\ A
1y = amplitude, w = 2% = angular velocity, \ \ o

= phase (see p. 12).

rms-voltage: Vi = % = value of the equivalent
direct voltage, that produces the same power dissi- & — angular . 2m
pation. period T yelocity T

v

phase ¢
. 1
| 1
-~
=

» Current /:
Charge AQ per time At flowing through the cross sectional area of an electrical conductor:

current — charge per time: | [ = % unit: [/] = 1 Ampere = 1A = 1€

e conventional direction of current:  — O. cross sectional area

. . . o—» o— i

e physical direction of current: ;
electrons flow from & — @. — e— o—> | —I—

o— o—

e DC = direct current, AC = alternating current.

(©Adrian Wetzel 20



» Electrolysis, ionic current:

Mass m deposited on an electrode due to an ionic

current in an electrolyte:

.k
M = molar mass in —&
mol

@ = I -t = total charge in C

M-Q .
= ——= z = ionic valence
z-Ny-e

N4 = 6.022-10% mol ™" = Avogadro’s const.
e =1.602 107 C = elementary charge

» Resistance R, Ohm’s law:

Resistance = voltage per current: | R = %

AV av

electrolyte

©anions  @cathions

unit: [R] =10hm =1Q =1%

Generalised definition: | R = {7 = 77 | = slope in the V-I-chart.

e Parallel resistors:

—1
Rtot:<Ril+RL2+...>

e Serial resistors:
‘Rtot:Rl+R2+~n‘

e Kirchhoff’s circuit laws:

» Specific resistance p:

parallel

Current law

Resistance R of a wire of length { [in m| and cross-

section A [in mm?]: | R = p %

p — specific resistance — matter constant (table p. 32).

» Electric power P and work WW:

power — voltage times current: P =V -1 ‘

e Other formulae: |P=R-I? = V?f

Voltage law

V=V+V

unit: [P =1Watt =1W =1V - A

(see also p. 11)

e Active power: | P4 = Vius - Irus - cos(p)

Work — power times time: |W =V -1 -

t]

= Efficiency see p. 11, 18

where ¢ = 5 — 1 = phase shift between

V(t) and I(t).

unit: [W] =1Joule =1W s
1kWh — 3.6 - 10°J

= Reactance, Impedance, AC and DC-Circuits see p. 25.

(©Adrian Wetzel
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» Capacity C, Capacitors (charge accumulators):

Capacity = charge per voltage: C

= % unit: [C]

e parallel-plate capacitor: |C = ¢ er-%

€ =28.85-107"2 &
¢, = electric constant (table p. 33.
¢, = 1 for air (vacuum).

e Electric field in a plate capacitor:

e Energy stored in a capacitor:

= 1Farad =1F =1

c
v

e Capacitors in series:

-1
Ctot:(oil+ci2+...)

+0
e
metal
+ + + +
E— % E_V dielectric ¢, d -0
C A J
e — ]
_1 ~ 72
E=5C-V
parallel C C in series

(same charge @ on all capacitors)

e Parallel capacitors: ‘C’tot =Ci+0Cy+... ‘

(same voltage V' on all capacitors)

= Reactance, Impedance, AC and DC-Circuits see p. 25.

(©Adrian Wetzel
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7.2 Magnetism

permanent magnet

» Magnetic filed 5:

A magnetic field causes a force on charges in motion and on
magnetic matter (mainly on ferromagnetic elements

Fe, Co and Ni).  Unit: [5] = 1 Tesla = 1T = 132

o Magnetic field lines are always closed.

e There are no magnetic monopoles.

. . . current through a wire
e Source of a magnetic field are currents (charges in motion). g

In the case of permanent magnets these are microscopic
circular currents within the material.

e Magnetic field at distance » of a wire with current I:

I
B(r) = po pir 5,7

e Permeability: |pg = 47 - 1077 X_ﬁl

1 = relative permeability, table p. 32.
- = 1 for vaccum (air).

e Magnetic field in the center of a‘circular current /

of radius r: | B(r) = po - %

e Magnetic field in a coil of N loops of length [ and

diameter d : | B = pg ft,- _\/%

» Lorentz force: Force £ actingon a charge ¢ in

horseshoe

motion with velocity ¢ in a B-field: | [, = q-7x B
magnet

e F;, | Band Fy 1 v =

e Magnitude:| F, =¢q-v- B -sin(a)], «=<(7,B).

e Lorentz-equation: F' =¢q- (E+ 7 x B) < s || o | charged
. . B g\ 5 | particle
» Biot-Savart force: Force F; acting on a current < F,
leading wire in a Bfield: | Fs =1-Lx B © U RN @
= —| current-
- . . . - F, leading
e [’ acts perpendicular to the direction of current L ' Y conductor

as well as perpendicular to the magnetic field B.

e Magnitude: Fz =1-L-B-sin(a), «o=<(L,B).

(©Adrian Wetzel 23
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horseshoe
» Magnetic flux: magnetic field times area. magnet
Comprehensive: ,Number” of magnetic field lines

crossing the area delimited by a wire. .
For a homogeneous magnetic field: Bl

dy=A-B=A-B-cos(a) a = <(A,B) lefq

unit: [®] = 1 Weber = 1Wb = 1V -s. Via /A%}_’

Particularly: (area A) L (magnetic field B) v

L Bl Acx=vaAr
A1 > [Bu= 1B B e

» Lenz’s law:

The induced voltage Vinq gives rise to a current whose magnetic field opposes the original
change in flux.

» Faraday’s law of induction:
(& = B-Feld points into

e Induction voltage — negative change of the magnetic flux the paper _
with time (Av;ithin a V\;i;e loop): 2 1 ® 3
Via = — "7t = T | A0 P
& Q@ <G |y
. . V.. L I T—>
e Induced voltage in a coil: " ® ¢
Vina = — Ag;tM N — numberof loops. - F)
K | & &
e Particularly: (area A) L (magnetic field 5): o
Vo= (1404 B3 s

» Inductors, inductance L, Self-inductance:

o Definition: L = N'}I)M unit: 1 Henry = 1H = 1%
e Inductance of a Selenoid of length [ and cross-section area A
N2A
L=popr- =7~

e Induced voltage V; due to change in current with time:

_ ar _ Al
Vi=-L- 7 =-L %

» Energy stored in a coil: Ey :%L[2

» Energy density of a magnetic field: (energy density = energy per volume)

__1 2 " _—
WM =g B unit: [wy] = =5

(©Adrian Wetzel 24



» Transformer (voltage converter):

) -V pri'mary segondary
Two magnetically coupled coils: Vs = o coil coil
. . o—— | ®
Energy-conservation of an ideal (lossless) transformer: S Y
nosEem Tk V.
l\—: e ) 2
‘/1'[1:‘/2'[2 H(_'t:' -y I )
= Coils see p. 23. 1, iron core 2

7.3 DC-Circuits
» RC-Circuit: charging and discharging capacitor

charging process discharging process
Vi V}C‘J
— ~ N
s
C
diff. eq.: R + £ =7 RE +2=0
charge: |(Q(t)=CV, (1 - eR;é> Q(t) = Qg ere
current: |I(t) =% emC I(t) = Q—OC eRC
voltage: |Vo(t) = Vp (1 - e%) Volt) = L ere
» RL-Circuit
connected battery disconnected battery
Ve V. Ve Vi
— —
I L I L
V.
+J.l||0. -
aitk
diff.eq.: (LY +1R=V, LY + TR=0
current: » | I(t) = & (1 — e%Rt> It) =% eT !
voltage: |Vi(t)=VoeT'! Vi(t) = Voez'!

(©Adrian Wetzel 25
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» RLC-Circuit: damped harmonic oscillator

D

Current:

I(t) = 20

1,0 I
0, 0,
t
0@
1(?)
2Q aQ Q _
WL +RFE +5=0
0 [R?<i) = [[(t)=-% <w2+4—22> exLlsin (wi)| | w= 5 /%%
I |R? > 4| = | [(t)=% (wQ—%> e2r !sinh (wt) w =51/ R?—

7.4 AC-Circuits
» Single devices R, L, C on AC-current source /(t) = [, sin (wt)

Voltage:

Reactance:

Avg. power:

Resistance R

©

203)

I(f)

Vo sin (wt)

V(t) =

(©Adrian Wetzel

Inductance L

g
F 20) Q
1))

Capacitance C

di C==
V(f)
kl(t) Zﬁ

Vc

26

t

=V} sin ( wt+ t) =V sin (w wt—7%
_ W _ _ W _ 1
o o=t




» RC and LC filters Vix(t) =V} sin (wt)

RC lowpass RC highpass LC lowpass LC highpass

T T v 5 T 10
Vin(@® c Vourr  Vin(® C Vour  Vix(® Vour  Vin@® C

VOUT(t)

.

Voour _ 1 Voour _ _wRC Voour _ 1 Voour _ _w?LC
Vo' =~ wRCH+1 Voin' ~ wRCH+1 Vorn' ~ w2LC+1 Voin' =~ w?LC+1
A VO ouT A VO ouT A VO ouT A VO ouT
1 \\ 1 / 1 \ N—— 4
A0 A0 40 »
» RLC-oscillator
RLC series circuit RLC parallel circuit
I(t) = I,cos(wt)
o C| L
s —l
k ——
2 2\~ 3
Impedance: " | Z(w) = \/R2 + (wL - %) Z(w) = (% + (& -w0) )
Voltage: V(t) = Vo(w) - cos (wt — d(w))
Current: I(t) = Ip(w) - cos (wt — Pp(w))
Amplitude: | [)(w) = Z‘(/?u) Vo(w) = Z(w) - I
Phase: ¢(w) = arctan (3 - (wL — ) ¢(w) = arctan (R - (Zf —wC))

= Resonance phenomenon is observable on RLC series and parallel circuit, the equivalent
to the mechanic resonance, see p. 12.

Condition for resonance: |w = wy = \/%70 resonance frequency: | fo = > 1

TV LC

(©Adrian Wetzel 27
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8 Quantum physics

» De Broglie relation: Equivalence of particle and wave: |p = %

p = mv = momentum, A = wave length, h = 6.63 - 1073* Js = Planck’s constant.

» Energy of a photon: E:h~f:h.w\ h= 4 =105-107% Js

27

» Heisenberg’s uncertainty principle:

e Position and momentum cannot have precise values at the same time: | Az - Ap > h

Ax, Ap = uncertainty in position resp. momentum.

e Energy and time cannot have precise values at the same time: | AE - At > h

AFE, At = uncertainty in energy resp. time.

2 dP9(a)
2m  dx?

» Schrodinger equation: +V(z) - ¥(x) = E - V()| (time independent)

» Bohr’s atomic model:

e Radius of electron orbit:

€0 h
Hydrogen: | R, = —~— -n? = ap - n?

ag =5.29 - 107" m= Bohr radius.

4716% K2 9
meqZ Z

In general: | R, ~

7/ = number of protons in nucleus.

¢ Binding energy:

4
) 0 _Mel 1 _ o 1
Hydrogen: E, = — 5575 P = Ey- 5
E; = —13.6 eV — lowest level
4 r72
B A MedeZ” 1 Elev] B -
In general: | F,, ~ S22 ERE 2 ol vacuum; IJ!:?(,:—f)*H. -
. -0.85 : : n=
n =1,2,3,... principal quantum nr. -1.7 | 0'4'3% n=3
ols -3.4 . n=2
e Frequency condition: opyd -
en
- (o] 1]
E, < E,, = absorption I I L = '
‘hf: |E77,_Em| . " . p = 5 % g l
FE, > E,, = emission % E £ & >
5 5 3 £ £
e Work function (work of emission): 5 5 % ks
Minimum energy required to remove an E é 5 § 5
. =5
electron from a solid (atom). n B
-13.6 Py n=1

O =hf-tme?|  (table p. 32)

= Elektromagnetic spectrum on p. 33.
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9 Special Theory of Relativity

» Inertial system (IS): Coordinate system, in which every object with mass keeps at rest
or in straight motion if there is no external force acting on it. In an intertial system, Newton’s
second law (see p. 6) holds unlimitedly. The intertial system assumes independence of space

and time.

» Galilei-transformation:
Transition from one inertial system to another:

T =x—0vt

Yy =y
2=z
t =t

(motion in z-direction)

y y
IS1 tIS 2
(at rest) V=S C
h'e x’

Any physical law is called Galilei-invariant, if its form is independent of the choice

of the inertial system.

» Einstein’s postulates:

e Fundamental physical laws have the same mathematical form in all inertial systems.

e In all inertial systems the velocity of light ¢ = 3 - 10% 2 is the same and is constant,
independent of direction and metion of the inertial system. ,

» Lorentz-transformation: Relativistic
transition from one inertial system to another:

Velocity v in x-direction:

1
1-32

‘

¥ =~(x—uvt)

y =

o 2l
t'=v(t=)

D
I
ol

e The ’space-time’ distance is Lorentz-invariant:
2+ P+ 2 — @ = af 4 yp + 2§ — At

Consequences:

e Length contraction:

“distances in motion become shorter”:

e Time dilation:

“clocks in motion run slower”:

Al' = LAl
Y

At =y At
» Mass, energy and momentum:

e Mass-energy relation:

¢ Relativistic momentum: |p =y muv

e Relativistic energy:

(©Adrian Wetzel
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Y
A
8+ _ 1
1 y_ P 2
1 e
41 classical relativistic
1 physics: physics
2tr=1
1
+ + >V
0 1-10° 2-10° 3-10° m
¢ 5
’
y y > At
)
<
Al A’ < Al
y
” )

X
IS 1 (at rest)

X
IS 2 (in motion)

Quantum
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10 Tables

Mechanic properties

Solids

p = density

Y = Young’s modulus
o = stress

1 = Poisson’s number

¢ = velocity
of sound

Fluids

p = density

K = bulk

modulus
n = viscosity (at 20°C)

¢ = velocity

of sound
Gases
p = density

(at normal conditions)

1 = viscosity
(at 0°C & p = 1bar)

¢ = velocity
of sound

(©Adrian Wetzel

Material p Y o L c
in III‘T% in % in % - in 2
Aluminum (Al) 2700 7.1-10%° 7.1-107 | 0.34 | 5240
Brass 8470 1.1-10" ]29-10%|0.35 | 3420
Copper (Cu) 8920 1.2-101 2.2-10% | 0.35 | 3900
Gold (Au) 19290 | 8.2 101 S 042 | 3240
Tron (Fe) 7860 | ~2.19.40" | 2.0-10° | 0.28 | 5170
Lead (Pb) 11340 | ~ 1.4-10!° - 04, | 1250
Nickel (Ni) 8900 | 2:14-101 | 44-10° | 0.31] -
Platinum (Pt) 21450 J¢ 1.7 - 10" ) 1.4 - 10® | 0.39 -
Quartz (SiO9) 2200 9.4-101° - 0.17 | = 5000
Silver (Ag) 10500 8 .40 1.6+10% | 0.37 -
Tin (Sn) 7290 | 40 10° - o33 -
Tungsten (W) 19300 4.1-10% - 0.29 | 5460
Zinc (Zn) 7140 - - 0.25 -
Water (icey; HoO) | 917 ~9.1,.40° - 0.33 | 3250
Material p K i c
in % in % in % in
Acetone (OC(CHs),) 791 - 3.06-107* | 1190
Benzéhe (CoHy) 879 | 11.25-10'° ; 1326
Bthanol (C,H;OH) 780 | 9.1-10° | 1.2-107% | 1170
Glycerol (CsHs(OH)s) | 1261 | 26.6-101° | 148 | 1923
Oil ~ 900 16 - 108
Petrol 850 - - -
Mercury (Hg) 13546 | 25310 | 1.55-1073 | 1430
Water (H,0) 998 | 2.2-10" | 1-107% | 1483
Material p n c
in % in % in 2
Air 1.293 | 1.86- 1077 | 344
Argon (Ar) 1.784 | 2.29-1077 | -
Butane (CH(CHjs)3) 2.732 | 7.5-107° -
Carbon dioxide (CO,) | 1.977 | 1.5-10°7 | 268
Freon 2.51 - -
Helium (He) 0.1785 - 1005
Hydrogen (H) 0.0899 - 1310
Methane (CHy) 0.717 | 1.12-1077 | 445
Neon (Ne) 0.9 - -
Nitrogen (Ng) 1.25 - 337
Oxygen (O2) 1.429 - 326
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Friction coeflicients:

Material is (static) | pg (kinetic) | pg (rolling)
wood on wood 0.6 0.4 -
steel on steel 0.15 0.1 ~ 0.002
rubber on tar (bitumen) 1.0 0.6 ~ 0.02
steel on ice 0.027 0.014 -

Thermal data
Solids

a = coefficient of linear thermal expansion
¢ = specific heat capacity
Typ = melting point (at normal pressure)

L = specific latent heat of fusion
k = thermal conductivity

Material « c Tvp Ly k

in % in kgiK in °C in kJ—g in %
Aluminum (Al) | 23.8-107%| 896 | 660.1 | 3.97 ~10° 239
Brass 181076 380 905 16 -10° 79
Copper (Cu) 16.8-107% | 383 1083 [2.05-10° 390
Gold (Au) 14.3-1076 129 1063 | 0.64%10° 312
Iron (Fe) 12.0-107% | 450 1535 | 2.77-10° 80
Lead (Pb) 31.3-10°6 129 |327.4 | 0.23-10° 34.8
Nickel (Ni) 12.8-1076 | 448 1453 | 3.03-10° 81
Platinum (Pt) 9.0-107 133 1769 | 1.11-10° 70.1
Quartz (SiO3) 4.5-107"7 710 1610 1.36
Silver (Ag) 19.7-10.6 235m1960.8 | 1.045 - 10° | 428
Tungsten (W) 4.3-1076 134 3380 | 1.92-10° 177
Tin (Sn) 27.0-1079 227 | 231.9 |0.596 - 10° 64
Water (ice HyO) | 37.0-107% | 2100 0 3.338 - 10° 2.2
Zinc (Zn) 26.3-107¢ | 385, | 419.5 | 1.11-10° 112

Fluids

v = coefficient of volume expansion

¢ = specific heat capacity

Tyip = melting point (at normal pressure)
Tgp = boiling point (at normal pressure)

L = specific latent heat of fusion
L, = specific latent heat of vaporisation
k = thermal conductivity

Material v c Tyvp Tep Ly L, k

in % in kgiK in °C | in °C in kig in kJ—g in %
Acetone (OC(CHs)z) | 1.49-1073 | 2160 |-94.86 | 56.25 9.8 -10% 5.25-10° | 0.162
Benzene (CgHp) 1.23-1073 | 1725 5.53 80.1 1.28-10° | 3.94-10° | 0.148
Ethanol (C3H5;0H) 1.1-1073 2430 | -114.5 | 78.33 | 1.08-10° 8.4-10° 0.165
Glycerol (C3Hs5(OH)3) | 5.0-1074 2390 18.4 290.5 | 2.01-10° | 8.54-10° | 0.285
Mercury (Hg) 1.84-1074 139 | -38.87 | 356.58 | 1.18-10* | 2.85-10° 8.2
Water (H20) 2.07-107% | 4182 0 100 | 3.338-10° | 2.256 - 10° | 0.598
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(GGases

¢, = specific heat capacity at p = constant Tgp = boiling point (at normal pressure)

C, = molar heat capacity at p = constant L = specific latent heat of fusion

K = % L, = specific latent heat of vaporisation

Tyip = melting point (at normal pressure) a,b = Van-der-Waals constants
Material Cp Cp K Tvp Tep a b

in kgLK in m(;]lK - in °C in °C | in lljlg;; in :ll—;

Argon (Ar) 523 20.9 1.305 | =777 —33.4 0.425 | 3.73-107°
Freon 502 60.7 1.14 | —158.2 —29(8 0.837 | 7.75-107°
Helium (He) 5230 20.9 1.63 - —268.94 | 0.0034 | 2.36-107°
Carbon dioxide (CO2) | 837 36.8 1.293 - —78.45 | 0.366 | 4.28-107°
Air 1005 29.1 1.402 - —191.4 ( 0.135 | 3.65-107°
Methane (CHy) 2219 35.6 1.402 - —191.47] 0.229 | 4.28-107°
Neon (Ne) 1031 20.8 1.64 | -248.61 | —246.06 | 0.0217 | 1.74-107°
Oxygen (O2) 917 29.3 1.398 {{—218.79 | £182.97 | 0.138 | 3.17-107°
Nitrogen (Ng) 1038 29.1 1.401 | =210.0¢| —195.82 |~0.137 | 3.87-107°
Water vapor (H20) 1863 33.6 1.33 0 100 0.553 | 3.04-107°
Hydrogen (H) 14320 28.9 1.41 | —259.2 | —252.77 | 0.0248 | 2.66 - 10~°

Electric, magnetic and. optical data

Electric conductors (metals)

p = specific resistance (at 20°C) [t = magnetic permeability

«a = temperature coefficient ® = work function
Material p « Ly P

in Jm in % - in eV

Aluminum (Al) | 2.82-107% | +3.9-107% | 1 4+ 2.1-107° (paramagnetic) | 4.2
Brag$ 7-1078 +2-1073 -
Caesium (Cs) 1.87
Germanium (Ge) 0.14 - - -
Copper (Cu) 1.7-107% | +3.9-107% | 1—6.4-107° (diamagnetic) | 4.84
Gold (Au) 22-107% | +4-107% | 1—3.4-107° (diamagnetic) | 4.83
Tron (Fe) 1-1077 +5-1073 ~ 5800 (ferromagnetic) -
Lead (Ph) 22-1077 | +3.9-1073 diamgnetic -
Potassium (K) - - - 2.15
Nickely(Ni) 78-107% | +6-107° ~ 1120 (ferromagnetic) 5.09
Platinum (Pt) 1-1077 | +3-107% | 1+ 2.8-107* (paramagnetic) | 5.3
Silver (Ag) 1.59 1078 | +3.8- 1072 - 4.43
Tungsten (W) | 5.3-10~° | +4.8.1073 ; 4.57
Zinc (Zn) 58-107% | +3.7-107? - 4.34
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Elektric insulators, transparent materials

p = specific resistance (at 20°C)

€, = permittivity (diele

ctric constant)

n = index of refraction (towards vacuum)

Material p €r n
in Q-m - -
Air - 1.0006 | 1.000272
Benzene (CgHg) - 2.3 1.49
Diamond (C) - 2.42
Ethanol (C,H;0H) ; ; 1.36
Glycerol (C3H5(OH)s3) - 1.47
Ice (H20) - 1.31
Mica 5-10% 7 -
Paraffin 3-10'6 2.1 -
Plexiglas 1-101 3.4 1.5
Quartz (SiOy 3-10" 4 1.46
Salt (NaCl) - 1.54
Silicium (Si, pure) 1.7-10% -
Teflon 1-10" 2 -
Water (H20) - 80 133
Electromagnetic spectrum
I =
visible 5
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= = E EE 2z ,.§ light z 3 'E rays
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radiowaves microwaves infrared Sll(t)l;:; X-rays, gamma
visible
spectrum
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Astronomical data

m = mass of the celestial body
r = radius of the celestial body
T = time of circulation
a bzw. R = semimajor axes
resp. radius of circulation

Trot = Time for one revolution
g = acceleration of fall
vp = escape velocity

Celestial m r Te a resp. R TRot g VR
body in kg in m in days in m in 5 | in kTm
Mercury | 3.31 -10% | 2.425 -10% | 87.969 | 5.79 -10'° | 58.65d | 3.63 4.2
Venus 4.87 -10%* | 6.070 - 10° | 224.701 | 1.082 - 10'* | 4243 d 8460 10.3
Earth | 5.98 -10%* | 6.378 - 10° | 365.256 | 1.496 - 10% | 23.93 h.{ 9.81 11.2
Mars 6.42 -10% | 3.395 - 10° | 686.98 | 2.279¢ 10 | 24.63 h™| 23.74 5.0
Jupiter | 1.90 - 10%" | 7.13 - 107 | 4332.57 | 7.783 - 10" |° 948 h | 25.9 61
Saturn | 5.69 - 10%° | 6.01 - 107 | 10759.22 |"1.429 -10* | 10.23 h 11.3 37
Uranus | 8.69 - 10%° | 2.56 - 107 | 30685.40 | 2.875 - 102 | 172 h 9.0 22
Neptun | 1.03 -10% | 2.43 - 107 60189% |nd.504 - 1012 [¥15.8 h 11.5 24
Moon 7.35 -10%2 | 1.74 - 10° 27.32 3.844 +108 1.622 | 2.38
Sun 1.99 - 10%° | 6.965010° - - - 273.98 | 617.7
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Index

acceleration, 4, 5 entropy, 17
active power, 20
adiabatic process, 18
alternating voltage, 19
Amontons, 18
amplitude, 12

angular momentum, 7

focal length, 15
force, 6, 23
frequency, 5
frictional force, 6

. Galilei-transformation, 26
angular velocity, 5, 12 Galileo Galilei, 5

atom, 25 gas constant, 18

Gay-Lussac, 18

barometric formula, 8
gravitational force, 6

beating wave, 13
Bernoulli’s law, 8
binding energy, 25
Biot-Savart force, 23
Bohr model, 25
Boltzmann-constant, 17
Boyle-Mariotte, 18
brewster angle, 15
buoyant force, 8

Hagen Poiseuille, 8

harmonic oscillation, 12

harmonic¢ wave, 13

heat, 17

Heisenberg uncertainty principle, 25
Hook’s law, 10

hydrodynmaics, 8

hydrestatic pressure, 8

capacitor, 21

celsius, 17
center-of-mass, 9
centripetal acceleration, 5
charge, electric, 19
circular movement, 5

coil, inductor, 24

ideal Gas law, 18
impedance, 20, 21, 24
inclined plane, 6

inductor, coil, 24

inertial system, 26

isobar, isotherm, isochor, 18

collisions, 7 kelvin, 17
compression, 10 Kepler’s laws, 11
concave, 15 kinematics, 4
continuity equation, 8 kinetic energy, 10
convex, 15 Kirchhoff’s circuit laws, 20
Coulomb’s law, 19
current, 19 latent heat of fusion, vaporisation, 17
current law, 20 law of induction, 24
law of the lever, 7
damped harmonic oscillation; 12 Laws of thermodynamics, 18
density, 8 lens equation, 15
diffraction, 16 Lenz’s law., 24
direct voltage, 19 light, speed of, 26
Doppler effect, 14 linear thermal expansion, 17

longitudinal wave, 13
Lorentz force, 23
Lorentz-transformation, 26

effective voltage, 19
efficiency, 11
eigenfrequencies, 14
Einstein’s postulates, 26
electric field, potential, 19
electrolysis, 20
electromagnetic wave, 13
elementary charge, 19
energy, 10, 25

energy conservation, 11 Newton’s laws, 6
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magnetic flux, 24
magnetism, 23
magnification, 15
momentum, 7
motion, 4



Ohm’s law, 20
optics, 15
oscillations, 12
oscillator, RLC, 22

parallel, 6, 20, 21
pendulum, 12
periodic time, 5, 12
phase, 12

photon, 25
position, 4

power, 11, 20
pressure, 8

quantum physics, 25

radial force, 6
refraction law, 15
relativity, 26
resistance, 20
resonance, 12, 22
rotational inertia, 9

Schrédinger equation, 25
series, 6, 20, 21

shear stress, 8

sound intensity, level, 14
specific resistance, 20
speed of light, 13, 26
speed of sound, 13
spring, 6

standing wave, 14
Steiner’s law, 9

stress, 10

temperature, 17
thermal eonduction; 17
thermal efficiency, 18
thermodynamics, 17
torque, 7

total refraction, 15
transformer, 22
transverse wave, 13

Van der Waals gas, 18
velocity, 4

velocity of light, 15
viscosity, 8

voltage, 19

volume expansion, 17

waves, 13
work, 10, 20
work of emission (workfunction), 25
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