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1 Units, orders of magnitude and constants

Units

symbol name unity

t,T time g second

r, T, T position I meter

Ar, Ar, Ar, s | displacement m meter

v, ¥, C speed, velocity, speed of light = meter per second

j T momentim ko = kilogram - meter

per second

a, d, g acceleration = meter per square seconcd
m ITASS ke kilogram

F, F Force N Newton

A Area m? square meter

V Volume m? cul ic . ter

P pressure Pa FPaadl

P density :”— kile, = per cubic meter
W, E, U, K, () | Work, Energy, heal J ‘ole

P Power W Watt

T, ¢ Temperature  YC Kelvin, Celsius

f f1 eque Hz Hertz = second ™!

W, @ angu ar - ocily % rad per second

T, T I Nm Newton - meter

L, L ngular momentium ko %ﬁ kilogram - square meter

per second

I, 8 Inertia kgm? kilogram - square meter
Q. g charge C Coulomb

V voltage V Volt

1 current A Ampere

R Resistance 0 Ohm

C Capacitance I Farad

L inductance H Henry

B magnetic field T Tesla
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Orders of magnitude, multiplicators

—— name | symbol | multiplicator
name | symbol | multiplicator - T
" deci il 107 = 0.1
Tera T -10 . e ——
centl § 1077 = 0.
Giga G 107 o
milli Im
Mega M -108 ‘ s
i 8 micro Lt -10
Kilo k -10° = 1000 .
. nano I 10~
Hecto h -10% = 100 .
pico p 10-12

Physical constants

1073 = -0.001

Gravitational constant
Speed of light in vaccum
Acceleration of graviiv on Earth

Electron rest mass

Proton rest mass

Neutron rest mass

Atomic mass unit
Elementary che se
Permeahility ol ]
Permittivity of the vacuw |
Solar constant

Hubble's constant

normal pressure

normal temperature

normal volume ol 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 =667 107" Nm2kg?
c=2998-10° ms™?
g=98ms>

me =9.100 - 107 ' g

mp = 1672, 107 o

m. =1 749 - 0¥}

w= 660 10 < kg
=1 22-100"®(
: po=4r-107"T Vs A lm™
€0 = ;:_1-:-'? = 8854 - 1072 AsVim™!
S = 1360 Wm2
Hy =708+ 4.0 kms—! Mpe—!
pp = 1.013 - 10° Nm~2 = 1.013 bar
T, = 273.15K = 0°C

Vo = 22.414 - 107 m* mol ™
kg =1.38.107% JK?

Ng = 6.022 - 10% mol !

R =831 Jmol ' K~!
h=6626-10"% ]Js

— —34 ;
hi=LE =1055-1074 Js
Ry =1.097 - 107 m™1

ag = 520 - 1071 m
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2 Mechanics

2.1 Kinetics of point-masses

» Position, velocity and acceleration

differentiate
..--"'"'-'-F.-._._.— H""‘

differentiate
..-"""'-'-r._.-._.- _-_‘_H-H-H"‘i

Position

f—xi1)
unit: [x] =m

Velocity = change of position
per time interval

Acceleration = change of velocity
per time interval

Mean velocity between , and #:

Mean acceleration between f, and #:

_ _ SoAx) _ xg)-x(t,) | eait: =_Av(d) _ yity -vit)) | wmit
Assigns a unigue At ty =1, [v] =2 Af b - 1 o] =5
position x(f) to an * *

object for each - — - oo
time ¢ Momentary velocity at time r: Momentary acceleration at time f:
x
’ e . e AWty _d
x(r) =jv{l}d1 Wi =x {ﬂ=d—f.ﬂ vir) = |aif)ds alf)=vi=x {ﬂ=%=f
“"""—-—..________ inIE'HI'E‘l“.' ’_._._______..--"'"" ‘H‘-H_""'—-—._ ; ‘L'Hr':‘l'ﬁ' e e
Principle of Superposition: motions in =, ¥y av.a - - d ctiou independent
of each other | apled ‘a  » time £).

More-dimensional motion:

position:
( TU"J\
Ft) - |l
Y

Joe, o acceleration:
;o) g (t)
vl kvym a(t) = | ay,(t)
vz t) a(t)

» Uniform motion and uniformly accelerated motion

position velocity acceleration
¥ [x(h=vi+x,] b Ax Y
a =1
motion % a _—N
w | ' [
=174
X | x(f) =gat’+v,t+x, p (V) =atty, a
Uniformly + Ap
accelerated Ax Av a=—= constant
motion ; Af
1"II
X, B\ .t | .t .t

Particular equations for the uniformly accelerated motion (xg

without £ :

2 .2
T :1_. —p
Za

without a :

z(t) = 3 (v +vo) t

particularly: vy =0

2
I[t]Z%ﬂtz; IZE—G;
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p» Galileo Galilel

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 = 9.83.

e The position coordinates behave like the squares of the times: z oc 2, r(t) = %gtﬂ

» Projectile motion

» Circular motion: position, velocity and acceleration

¢ Period T = time in s for one revolution.

~ 0 e Uniform motion in r-direction and
Acceleration: a =
—4 e uniformely accelerated motion in y-direction.
horizontal throw inclined throw
y
. . V
yIII.HI _____ ) lix H\
ﬂ\
» X
..I l’ﬂ IMI
7
- oz L 3 vpcos(a)t
Fit) = 1 i = . gV
(t) (—%gt”) ‘ positinn _L \ %o sin(a) t—%gtg D
g ‘ | v cos( o) -
— _ T . — — ] _
o= (—9 ) | . % B (vu sin(a) —g t) ‘ y=
| S
; _ _—4 .ajectory _ Np_ 8 2
AR y(r) = tan(a)z o cond [a] ©
A Dupd ™ parabola 2upcos?(a) U_':I
_uptsint(a) _ vp?sin(2a) i -
Ymex =g~ Tmex =g —
QL
>
=
D
 —

¢ Frequency f = number of revolutions
per time: f = T
unit: 1 Hertz = 1 Hz = 1

=]
e Angular velocity
_ angle (radians!) _Af_ 2m_ |
w= time m_ﬂE_T_Eﬂf

¢ Velocity of a point on the circumference
» — circumference y = 2mr [

time {period) — T YT

Radial (centripetal) acceleration

2

il —
ag =?=-rr*wz arp L 7,

= ag acts uniquely deflecting, |v| = constant.
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2.2 Dynamics of point-masses
» Newton’s laws
I Principle of inertia:
|Fm =Y F =0 = ¥=_constant = ﬁ'={_j|

II Principle of action: net force = mass - .*u't'vh'mliun|

unit: [F| =

| P = m - I Newton = 1N = 1kg 2

IIT Principle of reaction:
For each acting force there is a counterforce
action

reaction

» Mechanical forces

¢ Universal force of gravitation: Fz; =G Elﬂ—mﬂ ‘

2
Gravitational constant G = 6.67- 1071 %—

r — distance between the centers of mass.

¢ Gravitational force:

Fa=m-g | where g = 9.8- s

the acceleration of gravity on the Eartl®  urfac
Compare table on p. 34 for other ; "nets.

m V= constant
__ﬁ-
=0

15

77 7
- o— o—
E, F. £,

F.I-.:='F:J
ml h- —.mt

e Spring force: Fs=1 :ﬂ ere = & s the spring
constant or spring, “Fne.a. Lnitaikl = %
: : T 1 P |
Sproigs in series: ’—7% Tl parallel: | ke = by + ke

2
v 4rimr
sree: Fr=m- — . =mrw’ = —T

¢ Radial

Fr = force necessary to keep a mass on a circular trajectory.

= Electrical and magnetic forces see p. 20 and 23. Planet masses see p. 34.

» Inclined plane, frictional force

¢ Gravitational force: I:'"G = F n +F]|, with |F':;| =Fz=m-g

¢ Perpendicular component: F, = Fs - cﬂsl[a-]ll

¢ Parallel component: | Fj = Fi - s1n|[c1]||

¢ Frictional force: | Fopp=p-F| |

tg = Static friction
g = Kinetic friction
tr = Rolling friction

coeflicient. of friction p =

(c)Adrian Wetzel il
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» Torque 7

enter of

¢ Torque = force - lever arm, 7=F, -r=F-r) rotation

general: T=7 x F[ unit: [7] = N-m F. B T
r] ri i};
¢ Law of the lever:|F, -ri = F5 -7 :

» Equilibrium (statics)

Sum of all forces | Fio, =% F, = 0| and sum of all torques T = YT = ﬁ|
- :

i

p Momentum p
Momentum = mass - velocity, pF=m-vU| unit: [p] =kg- %

Without external forces, total momentum @, is conserved: FEK =0 = @, = constant.

—

» Angular momentum L

- - 2
L=mvx Er'|._ |L| = mrovsin(a) unit: [L] = kg-% $
- . 17 ] . . . x
Rigid solids: L = I-w/| rotational inertia I see p. 9. i Lo mrxy
I is a conservational quantity: Tee = 0 = L = constant. y = trajectory
.. -’ . -"-\.H-h\-% ';i
» Law of conservation of angular mome ‘um T
Torque = change of angular moment with o ’ =3
L_ AL _ dL _ 7, T om .
T—E_E_Lm‘ p=mv
1_{.. T _ ﬂ.i.u'_' ; : i F r
igid solids: 7= I'E_ i tﬂ I . ine. a1 seep. 9.
» Generalis: CE S ma
Force = change of mom atum with time: F= % = % = p'(t) | or

F= mit)a + m" v (product rule) for time-dependent masses (rockets).

» Collisions:

Totally elastic Partially elastic Totally inelastic
collision collision collision
My
o7 ¥, ¥ 5, v
1= before TB m, "1 2 my; ¥y 2
v, I I::H- [ —-1
collision * —_ !
1.r -h.:-:r
ﬁ;] ﬁ] my Ty
Il = after v, I | "'Gi - -
colhswon -~ = Wy Wy W
) =1 _ =1I =1 _ =1II =1 _ =1I
Momentum: Dot = Dot Diogt = jﬂmt| Piot = Pt |
Kin. E - K1 KU E-conservati .HI K u _ My mg (v —a)?
in. Energy: K, =K ___ no E-conservation brans — Herans = 3 [, mg)
(c)Adrian Wetzel T
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2.3 Hydrostatics, pressure, density

» Density = mass per volume  p= ;—” unit: [p] = % or % table p. 30 fT.

» Pressure — force per area  p= %\ unit: [p| = 1 Pascal = 1Pa = 1 %

1 bar = 10° Pa
- ‘._.‘

¢ Hydrostatic pressure: pressure of a column of height h: F,

|p|[h] =pm - g - h| (for constant fluid density pg)
¢« Buovant force, Archimede’s law: h .

Buoyant force = weight of the suppressed fluid: Y,

Fg=pm - g - Vi|with Vi = immersed volume and )

B=pmn - g - Vr|with ¥y : ' : Fluid
ppy = density of the fuid. density Pp

. . : . —£o
¢ Barometric formula: Air pressure in altitude i above sea level: p(h) =py-e Fo b

with p; = 1.013 - 10° Pa and p, = 1.203 n%% are ' o atmos phe  pressure resp. density on
sea level (at Ty = 0°C) (normal conditions).

2.4 Hydrodynamics

» Continuity equation: p; - 4,- =ps 51

In words: (influent mass Aue. mas. ner

» Beri mlli's law: p pv®+ pgh = constant | or
: 1 2 . 1 2
Pitg Pt +pghi=pa+ 5 pu +P§hz[
AF) Av

» Shear stress and viscosity: |t = 24 =13y

unit [7] = % (compare p. 10)

1 = Viscosity,  unit: [] = %E—, table p. 30.

» Hagen Poiseuille’s law: Mean flow velocity 7 in a
eylindrical tube of radins r» and pressure difference per length

i_." M Pl — _."._--' rﬂ

I = 1 V=TT "8y
Volume AV flowing across Ay U
a section per time Af : At [ 8p

(c)Adrian Wetzel 8



» Stoke’s friction force: For small v, resp. laminar flow (no turbulences)

Fr=6rnrv n = viscosity see p. 8, table on p. 30.

» Friction force for turbulent flow: For large v turbulences may occur.

Then: Fa= L o Apo? v
en: Py =5 cw Apuv M, P
b

where A is the cross section area, p the density of the fluid and

ow = constant depending on the shape of the front surface.
2.5 Mechanics of rigid bodies
» Law of center-of-mass: A rigid solid behaves like if all external forces

act to its center-of-mass C.
n points of mass solid (continuous mass distribution)

PO

L mqm+mar 4.4 my '
'r' — N = =
& M- ma-Fr.. - h T

—

L= ﬁ [7dm

- L ?niﬂFk
“ k=1

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

I=Y% my-m’ I=f-rfdm=f-rfpd1"
k=1

o,
p
©

Q@
o

.
-
©
o

2,

=
o
>
O
-
O
-

Mass dm = pdV = pdxdydz at
position ¥ at a perpendicular distance
r to the rotational axis.

7y 15 the perpendicular distance of mass my
to the rotational axis.

Rotational inertia I for particular solids:

Cuboid Cylinder Hollow cylinder | Sphere Steiners’s law

4 .

1] ]
T 17 r,'r
ma+ %) | g m(5+8) | dmeied) | 3w

(©)Adrian Wetzel 9




» Elasticity of rigid solids

2.6

AFpy .

Stress — force per area (as pressure) ¢ =—7f3 = —p unit: 7] = %

_-.
Hooke’s law: Deformation Al = [ — I is proportional to the F N
stress o ‘ % = % == £ = strain. A
E = Young's modulus, unit [E] = %, table p. 30. _ A

o |/

Transversal contraction: An elongated (Al > 0) body |
will decrease in diameter by Ab=b — by < 0: % = —u % 4
p = Poisson’s number, table p. 30.
Compression: Compression is proportional to the applied stress:
% = % B = Bulk modulus ,  unit: [B] = n%—
Relation between E, pand B: |B = ﬁ homoge weor | isotropic and elastic)

Energy density = energy per volume w =53

Work, energy, pc  °r

Defi-ution: Wk - ‘g st ance

\i Fo=— F_ r - u_aupj\ (scalar product)

unit: [W] =1 ule = 1J = 1 N-m

rg —
Wa_p = [ F(F)dF

Ta

for curvilinear trajectories:

Energy: .stored” work, ability of performing work.

» Mechanical work, energy

Potential energy: * Spring energy:
| UEIE?-' = miq y‘| y = vertical altitude UEPTJJ:I«E = %k1:2| spring stiffness k = %
Kinetic energy: * Rotational energy:

. —_— 1 |2 N om— W ¥ v r 1

trans = 7 MV v = velocity Ko = %I W w= angular velocity

ro
sy o Fo) 1 1
Gravitational energy: Us_.p =rf Fe(r) dr = G my ma (u — rﬂ)
A

Work, necessary to bring my from position A (r4) to position B (rg).

(c) Adrian Wetzel 10



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

Ei = constant = %ﬂi=[}

For systems without friction: Eiot = Ugar + Uspring + Kirans + Krot = constant

» Kepler’s laws

I Planets move on elliptical orbits. The sun is located
in one of its focal points Fy.

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

IIT The ratio of the squares of the periods T of any two
planets revolving about the sun is equal to the ratio
of the cubes of their semimajor axes a:

TE 3 . ]
T.rl;r = %E_ for circular orbits: a = r.
2

= Astronomical data see p. 34.

» Power
Definition: Power = work per time ‘ P= E| w [P 1 = 1W =13

= Electric power see p. 20.

» Efficiency

‘s o sab. ener 1sable power
Definition: "ilcien -y ¢ fficw g _ _usable]

~ ¢ pplied energy  supplied power

I
"~ FBu = Pu |

2.7 Analogy translation - rotation

Translation Rotation

T(i) position / angle A(t)
v(t) velocity / angular velocity w(t)
alt) acceleration / angular acceleration alt) = i—‘;’

m mass / inertia I
F(t) =mal(t) force / torque T(t) = I aft)
pl(t) =mu(t) momentum / angular momentum Lit) = Tw(t)

Wirans = F - r - cos work Wt =7 -8 - cosy

Kirans = 302 energy Ko =21w?

FPaans=F - v - cos power Pt =7 -w - cosy

(c)Adrian Wetzel 11
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3 Oscillations

Oscillation = temporal periodic process.

» Harmonic oscillation: Restoring Force Fg is proportional to the elongation y.

elongation: y(t) = A-cos(wt + c,::}l[
velocity: vit) =y [t) = — Aw sinjwt + ) |
acceleration:

a(t) = y'(t) = —Aw? eos(wt+ p) = —wy(t),

A = amplitude (max. elongation)

Eﬂ E?rf|

= phase

2

i

w = angular velocity w = E}'E
» Pendulum: Period |T =
spring pendulu
k m
i
Angular v. wp=,/E&
Force law Fr=-k-y
Diff. eq. j—i"-}+i*u=L

» Dan red harmur iC

Assun

m

tional to the velo ity o(t): Fp = —b -

With the . guiar velocity wy = % of
the undamped oscillator, we find:
b
y(t) = Age =" . cos ( wa — ;’:2 . t-+t,5')

gravity pendulum

f small

'sclaation:
Lo foree Fy is prnpnr-

¥
A/
o

o = number of periods in
the interval [0, 2x)

physical pendulum

8 small
=

mga
Ic +ma?

whp =

Tr = —mgat

mga
d:l:"" + Io+mas

Enﬂ{]‘

» Forced oscillation, resonance:

k
A damped harmonic oscillator is excited by ®
a force F(t) = Fy-cos(wt). After transcient ¥
effects, the elongation can be described by: F(r)
y(t) = A(w) - cos (wt + d(w))| with:
amplitude phase
3 2
_ % — !
m\/w—wnﬂ+l[“';b : r:'Mu"ljl_Em:m'ﬂ']:l( wh )
=
quality factor: |() = ﬂ%‘"'l z
-

(c) Adrian

Wetzel




4 Waves

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

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

| ylx,t)= A sinfwt+kxr+ )
y(x,t) = A-sin [E:rr (% + f) +¢,::')

-+ = wave propagating to the left (in —x direction).

n

— = wave propagating to the right (in +z direction).

¢ Wave number k= i—“‘ unit: [k] = m™1

where A = wavelength in m (= spatial period)

¢ Propagation velocity c= % = A-

=%

A

transverse wave: J.lc
¥y _i=
AT

_.-'.. . L l / l'|~'|

[ I
\V// =
—~—p(f) T

4
=X

k = number of periods in
the interval [0, 2x]

» Propagation velocities of waves: (= table p. . 1)

¢ Pressure and sound waves

€= [%]% Ao s t

gases:

Vs
a

symbols see p. 17

air at 20°C': - - 340 & = e sy, p. 8

longitudinal wave: y|| ¢

|____Ii- e
¥

solids:

e=,/%
Vi

1k 1 .uc_mlmsf 1) o = tension, p. 10

p — density, p. 8

E g
E
¢ Electromagnetic w: e: o
i 1 | vacuum (air):
—\ e pops er =1and g, =1 fi.r
; N
» Standing wave: Superposition of two identical ,
waves with opposite propagation direction: A‘a’ ¥, (% 0
Uresl T,t) = A -sin (wit—kz)+ A-sin(wit+ k) /’\\ :/a\-.r.‘.l:
' c L
Yres| T, 1) =§A - ﬂzs[k :’El sin(wt) 4] ¥,(x, 1)
Alz) /H\‘ . x
C ™~
¢ Reflexion of waves: "
open end fixed end ' J :ﬂ;s 2 Ly =rty,
le s o TN 24
phanl g .
IN—yi T x
no phase shift phase shift of I I

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

i string

e String: f.= 57 ?1| L=n-3 i > _ onesided
order:n =1,2,3,... % ﬂ=1.-::. :::xﬁn=l % open tube
first harmonic (fundamental): n =1 - A

closed tube

¢ Open or closed tube:
‘fﬂ=ﬁn‘ LG-% n=1,23,..

apou
apou

¢ One-sided open tube:
fa=qp@n—1)| |L=@n-1)

e 5

» Beats - Interference in time:

Superposition of two oscillations with similar j‘E ¥, = A sin{w, 1)
iy Wi Wi Wi iy

frequencies f; and fo = fi + Af. 'ﬂ' o u.'f Wit .P,u.ﬂu“ 7 If'.v.'n,u Ulhlv FRYAL
¢ Resultant oscillation: A Lol = A simi, 1)

Yrealt) = A - sinfwy £) + A - sin(wa t) ARV ]"{— VAV VAVEVEVVE

i kY - F d +
reo(t) = 24 sin (1 + 42)t) - cos (32¢) | - 2ay ety 1,0
= = _'||_I . . ; '
: A1 . W T A AL

* Frequency of beating wave ‘I[arl_ L]T{:! ch. =e L beating wave .

in sound intensity): fpeat =! F — | - g

» Doppler =ffect:
vg = loecity of tae £ vr = velocity of the receiver. Then: | fr = (i::'t:—:’;‘) -fs
source Iver Souroe receiver

@ @ I R fimh S
<@ @ st @ r=r "

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

the distance r as following: I(r) =% =_£ unit: [I] = =%

A d7r2

mﬁ

sound level: |L = 10 - log (Iin) unit: dB (= Decibel) Audible limit: Ty = 10712 %

(c)Adrian Wetzel 14



5 Optics

Light can be considered either as particles (photons) or as electromagnetic wave. In vacoum
(air) the velocity of light is constant at ¢g = 3 - 10° =,

p Index of refraction: n= ﬁ:'; \ , whereas car is the velocity of light in the material M.

perpendicular
. . , simla)  ong oo incident partially
» Law of refraction(Snellius): Zm — = = 2 e Bl R
Indices of refraction see p. 33. o
(]
¢ total reflection: 8 = (3, = 90° surface = !
fig Ry ny
¢ Brewster angle: tan(ag) = Ty ﬂ
Reflected and refracted beam are perpendicular.
Then, the light of both beams is polarized. refracted
beam

» Imaging with lenses:

+‘ convex lens
n

e Focal length f: % n—1)- (%1 ' ;ﬁl)

convex lens: f =0

concave lens: f < 0

fo
e Concave m ror: f == ¢ | b
N convex lens

e Parallel beams of ligh travelling parallel to G} F F optical axis

the lens axis 1 orsec. in the focal point F. object

. image | B

¢ Beams crossing the center of the lens are not

deflected.
¢ Lens equation: 1-1, l[ —i

f b g _ 1 concave lens
real image: b > 0 G
virtual image: b < 0 ’
b=l
e Magnification: M = % é‘ ! f
q

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

¢ Diffraction on a single slit:

Condition for
intensity fig) minimal intensity:

A=d-sin(a) = (2n—1) -}
Order: n=1,2, ...

intensity distribution:

I(ﬂjl:.!r .55.112[:%:]
S (3

with

&
2

incident plane wave
v

=] 4

optical path
difference

$la) = AL -d sin()

¢ Diffraction on a grid resp. double slit:

erid

Ihqw et intensit 'cL)
Y

Condition for

EE g \ maximal intensity:
E_T, r E.ﬂ ____________ &=d-sin(a-]=n-,l|
::' &Jﬁﬁlﬁ\’ e _ Order: n=10,1,2,...

% "R optical path £

£ difference 2

(c)Adrian Wetzel 16
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Thermodynamics

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

Celsins-Temperature |# =T — 27315 K temperature difference: Ad = AT =T, - T,

Linear expansion: Al=1 —ly = aly AT

[
o = coeflicient of thermal expansion: table p. 31. T <T
Volume expansion: AV =V; —Vp =15 AT| @
[, I, Al

~ = 3a coefficient of volume expansion: table p. 31.

T -
HE:'a.t: ¢ (thermal energy) ‘E s g - ‘g E_ E ;
unit: || = 1Joule = 1.1 . s |53 E | ¢ w3 =
. ¥ ._,..-""
Heat transfer: AQ =meAT| ['-é " y. " E
¢ = specific heat capacity, f . b - =
. . J i Il )
~ l:llic!n—kgﬁﬁ table p. 31. T %@7_ Pz Y, o %
— + N JdF
ri - .,.Q
Latent heat of fusici: ;= - -n
L = specific atent heat of Tisi unit: [Lg] = é table p. 31.
Latent heat . v o1 .tion:|Q,=L, - m|
L, = specific lat- ot heut of vaporisation,  unit: [Ly] = é table p. 31.
. TAQ AT X
Thermal conduction: = = —kA 3= heat figw
W AQ
k = thermal conductivity, — unit: [k] = 5  table p. 31
X
Ax

Diffusion: i—T —DA% (Fick’s law)

b
D = diffusion constant, unit: [D] = %~ ¢ = concentration

Mean kinetic energy: Kians = %.ﬁ:ﬂ = %m v

1ass |
'.r
with tms = yff-%

kp=1.38-107% % = Boltzmann’s constant.

(3 trans.)
(3 trans. & 2 rot.)

monoatomic particles:

f = number of degrees of freedom: : . :
diatomic particles:

() Adrian Wetzel 17
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p Stefan Boltzmann law: Radiant heat flux: =z — £-6-A- T | with
£ = emissivity, £ = 1 for perfect blackbody
= 5.67- 10~® m;‘ =z = Stefan-Boltzmann constant

T
A = surface area of emitting body of temperature T'.
p Entropy: = "Measure of the disorder of a system”  unit: [S] = %

¢ Thermodynamic: AS = %—Q[

s Statistic: S = kg 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 thermodynamic system is equal to the sum of the
amount of heat energy supplied and the work done on the systeo AT = ACQ + AW |

Va
Pressure-volume work: | AW = —p AV |if p = conste. . Ge ral: AW = — [p(V)dV
¥

2. Law of thermodynamics (he * eng nes’ .

e Heat will never spontans ' sly - w e aco  rtoa warmer body.
e Heat can hot be cor. letel, onve  od into mechanical work: - "

AP = Ogupniy T ¥ mech.

(Jsupply Q_ —| W ork
e The .. . o oo ' le thermal efficiency of a heat engine is called iy
» . T |QDum |
arno. evele o ficiency =1—Flew = ] - —E T
C eney ?TG .THiE;h |Q5u'p]:-l}'| R
» Thermal efficiency: n= Sus=sul — H}HU“*"J = _,f”—“‘“l (see also p. 11)
Qsupply Supply Supply

» Ideal gas law: » p = pressure in Pa
» IV = volume in m?
Vv % % _
FT= nR=constant <« fL1_F:172 » ' = temperature in K
T] Tl .
particularly: » Universal gas constant:
r// Il ‘\_\\N : J aoo
R=hky N, =831 —3_
T=const k| . 3
pV,=p.V, b_P LA > 1 =% — number of mol
I, T, I, T " = massink
= 5

(Boyle-Mariotte) (Amontons) (Gav-Lussac)

_ o i KE
M = molar mass in p—

(c) Adrian Wetzel 18




» Van der Waals gas (real gas): ‘ (p+ ‘;;f) (V—bn)=nRT

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

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

With €, = molar heai capacity of a gas at constant pressure and Cy- = heat capacity
at constant volume we have:

[
Cp—Cy = R|and & =ﬁ, K == 1.4 for air. See table p. 32,

e Isobaric: p = constant in the V — T chart. Adiabatic equation: | T'V*~! = const.

¢ Isothermal: 7' = constant in the p — V chart. Adiabatic equation: |p V'* = const.

¢ Isochoric: V' = constant in the p — T chart. Adiabatic equation: | T" p=* = const.

» Carnot process:

1

1 — 2: lsothermal expansion: Qﬂmply = RTH]-gh In (r—,i) ‘ | 1

2 — 3 Adiabatic expansion: | AU =Cy (T1ow — 11 1IJ \\
|

4 T N T
3 — 4 : Isothermal compression: Grax= ?Tro n (%,.a High E‘
. | ot Lo
4 — 1: Adiabatic ¢, npression: A7 = 5, (*ngh — TI__:,“]I| 2] i = g
Qhump _E 5
=

The maximum possible  eral efficiency of a heat engine is called

TL,-:hw —1_ |QDump|
THign |zupply |

Carnot cycle el ciency 1o = 1—

(c)Adrian Wetzel 19



7 Electromagnetism

7.1 Electricity

. AT = , N, = mumber of positive
» Electric charge: Q= (N, — N_)-e| with { N_— number of negative } charges.

e Unit: [Q] = 1 Coulomb = 1C = {charge of 6.25 - 10'® electrons}.
¢ Elementary charge: e=1.602-100"" C  Charge of one electron: g = —¢

e In solid conductors, only electrons are mobile.

» Coulomb’s law:
Force F between two charges g and @ at distance r:

Fo = 4:&.3 ' IG;;-?I o = 8.854 - 1012 % = electric constant.

like charges repel, unlike charges attract.

» Electric field E:

electric field = force per charge: E = %
Electric charges are the source of an electric eld. b ¢t feld
lines never intersect and are alwav, | pend. lart the

conductor’s surface.

» Voltage, =lectric ote ial
Work " pertorm ! e » cha ¢ q:

volta, ne charge: V = % \ unit: [V]=1Volt =1V =13

¢ Direct volta: ¢: V' = 1| = constant (battery). V] alternating voltage
e Alternating voltage: V(t) =V -sin(w -t — ) v, amplitude = ¥,
(line voltage). ,/h\ /N g b
L
Vo = amplitude, w = % = angular velocity, \ \ 2

o = phase (see p. 12).

rms-voltage: Vg = E% = value of the equivalent

direct voltage, that produces the same power dissi- % : angular
]'JEI.“IDT'I. period T velocity

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

phase @
)

=i
T

current — charge per time: | = %‘ unit: [I]=1Ampere=14 =12
¢ conventional direction of current: & — o=, cross sectional area

¢ physical direction of current: &— -
electrons flow from & — $©. — e ~ ; _I_
e e—

¢ DC = direct current, AC = alternating current.

(c)Adrian Wetzel 20



» Electrolysis, ionic current:
Mass m deposited on an electrode due to an ionic

+
[ "'-41

I
ANE
current in an electrolyte:
M = molar mass in —£ L S @~ ﬁ
)
) = I-t=total charge in C = — e |=
S| Ly, | SLo® |3
M=y z = ionic valence = @
Ny =6.022 - 102 mol~! = Avogadro’s const. | — | e e
e = 1.602- 107" C = elementary charge electrolyte

) Sanions  @cathions
» Resistance H, Ohm'’s law:

Resistance — voltage per curreni: R = %‘ unit: [R] = 10hm =10 =17
Generalised definition: | B = ﬂ—T}r = % = slope in the V-I-chart.
¢ Parallel resistors: parallel series
—1 — - R
_ (1 1 i
. . = ; L=
¢ Serial resistors: — FL . = VIR,
= F i 3 I
Rit =R+ Ra+...| Pia L ; |
¢ Kirchhoff’s rules: innct: 1 rule woop rule
L =0 3 T_*J V=V+1
» Specific resistance p- |
Resistance H ol a wire o leng. 1 |in | and cross-
section A |in R /] '——| P

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

» Electric power P and work W:
power — voltage times current: P=V .1 | unit: [Pl =1Watt =1W =1V A

¢ Other formulae: |P = R-I? =% (see also p. 11)

e Active power: | Py = Vime - fms - cos(ip) | where @ = 2 — o1 = phase shift between
Vit) and T(t).

Work = power times time: W =V -I-¢| unit: [W] = LJoule = 1W s
1kWh = 3.6 - 10°]

= Efficiency see p. 11, 18

= Reactance, Impedance, AC and DC-Circuits see p. 25.
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» Capacity C, Capacitors (charge accumulators):

Capacity — charge per voltage: €' = %‘ unit: [€'] = 1Farad = 1F = 15,
¢ parallel-plate capacitor: |C' = g, Er-%‘

€ = 8.85 - 10712 =
e = electric constant (table p. 33.)
e = 1 for air (vacuum).

+-
¢ Electric field in a plate capacitor: E = %\

e Energy stored in a capacitor: E =% c-v?

—1
e Capacitors in series: | Ui = (c% + % + .. )

parallel C Cin series
. |
(same charge ¢ on all capacitors) J_ _T_ C, -IJ_ c, |
V= —I— —_ V= 3
¢ Capacitors in parallel: Ciyy = C) +Ca+ ... | -[ _T :

(same voltage V' on all capacitors)

= Reactance, Impedance, AC and DC-Circuit ee p.
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7.2 DMagnetism

permanent magnet

» Magnetic filed B:

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

Fe, Co and Ni).  Unit: [B] = 1 Tesla = 1T = 122

e Magnetic field lines are always closed. 3
e There are no magnetic monopoles.

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

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

o Magnetic field at distance v of a wire with current I

B(r) = po pr- g5

it | g — -7 Vs
e Permeability: | po = 4w - 107"

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

e Magnetic field in the center of a cirenlar ¢ ent J

of radius r: B(r) = pp p,- %

e Magnetic field i+ a coil of & oops Tlen oo [ and
: N
diameter ¢ = B = pio pr- — 7= [
i e

» Lorentz force: Fore Fy acting on a charge g in

horseshoe
magnet

motion with velocity 7 in a B-field: | Fp=q-7x EI

. .:ELJ_E-'ELIIH }:_:5 T

e Magnitude: | Fp =¢q-v- B sinfa)| o= <7, Ej

e Lorentz-equation: F=gq-(E +7 x B |
d U ( jl < | charged
. - B —. | particle
» Biot-Savart force: Force Fg acting on a current F,
leading wire in a B-field: Fg=1-I x §| - i
I Ny F —| current=-
e Fy acts perpendicular to the direction of current L o L?:;:E' or

as well as perpendicular to the magnetic field B.

e Magnitude: |Fg=1-L-B-sinfa)| a= *:I(E,E]l-

(©)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:

Byy=A-BE=A-B-cosla)| a=«(4,DB)
unit: [®] = 1 Weber = 1Wh = 1V -5 Vind

Particularly: (area A) L (magnetic field B)
= A|B = [®,=A-B

» Lenz's law:

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

» Faraday’s law of induction:
(5] =i—F¢l|:| points into

¢ Induction voltage — negative change of the ma  etic  x thepaper
with time (within a wire loop): ® ! ®
Vo= S0 _ s [a0] * 5l
@ | @ Q8.
& VJ:IH' L II _.'
¢ Induced voltage in a coul: e | 8 |3
Vipa = —N ‘5‘—;&1 N nml of I ps. B i
_ ®@ ., ®
e Partculary: {1 vea o '_ﬂ nevic field B): lemm
Vi meiifA Sl 4048) X AemvAt
» Inductors, inductance L, Self-inductance:
e Definition: L= g‘“’h[ unit: 1 Henry = 1 H = 1%
{
¢ Inductance of a Solenoid of length [ and cross-section area A AVANANAY,
T3 I. : LT
L=|H'D|“TIJ"|II£;1 |1II 'I*.-:.:.
I
— I_,.l'i___,-'

e Induced voltage Vi due to change in current with time:
I ar _ .4l
I'L—_L'di—_L At ‘

» Energy stored in a coil: Ey =%LF

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

— 1 EE

oy
= Zopiy unit: [war| = ==

Why
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» Transformer (voltage converter):

. . ¥,
Two magnetically coupled coils: r; =1

Energy-conservation of an ideal (lossless) transformer:

Vi-I =Va- I

= Coils see p. 23.

7.3 DC-Circuits

prim secondary
coil coil
._E-.r i ! .
¥y i: n, n, : ¥,
‘h_
jr1 I!
iron core

» RC-Circuit: charging and discharging capacitor

charging process

diff. eq.:

charge: |Q(t)=0C1 (1 — E—H‘)[

current: |[I(t)="1 e ot

voltage: |V t) =1V (l » k U

» RL-Circuit

connected battery

i W,
il
)i
diff. eq: |LEL +TR= v.a|
current: |[I(t)=12 (1 — g—r‘)
voltage: |Vp(t)=Vpe L?

() Adrian Wetzel

discharging process

RIWE =1

1 U
l;:_ I:lll::l T
() - g5 Ao

disconnected battery

V. W

——
I L
L% +IR=0|
I(t)= —%e 1t

Vi(t) = Voe T

charging process

discharging process
1V

s

(7)

connected battery

Inductors,
Circuits




» RLC-Circuit: damped harmonic oscillator

113

dt?

Differential equation: L2 + R92 4 9 —p ‘ Current: | I(t) = 23

(1] E=0 = I{t)=—Qow sinl[wt]l| w= /%
[ |RP<Z = It)=-2 (m2+§g) e~ 35 tsin (mt]‘ w= /15
m [B>%] = 1t)=% (- &) Etsinh ()| w= /2

7.4 AC-Circuits

» Single devices R, L, C on A

Resistance *

Voltage:

Reactance: (Xg= t =RH)

Avg. power: P=RI; = %RL}E

(c)Adrian Wetzel

cur: nt ource [(t) = [ sin (wt)

Tucte e L

Capacitance C

V(d) Fir)
I I
I(9 I(z)
¥ ¥
¢=-+00°
V(o) y V)] K =-90°

AL

r

Vit) =V sin(wt+ I)

_ Yo _,
Xy =P =wL

g
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» RC and LC filters Vy(t) = Vi sin(wt)

RC lowpass RC highpass LC lowpass LC highpass

x L
V| Vo) Va € Vould Ve T | Vou(®

Voour _ 1 . Voour _ wRC . Voour _ 1 Voourr _ wLC
Vo =~ wROH1 Vorw =~ whRO41 Vorw ~ wtLO+1 Vorw ~ wLO+1

F FI OUT ' F- OUT Y l'Jrl OUT Frlrl'll:'i
] Fl ™ F- K 1 P'"_.,I J @M

1 //_ ]
>0 1] > D \me

» RLC-oscillator

RLC series circuit

@

10 pey=V,cos(w) ‘

Impedance: Z(w)= y/RE + (wL— ﬁ}g

Voltage: (see schematic) Vit) = Volw) -cos(wi — d(w)) |

Current: | I[t) = Ip(w) - cos (wt — ¢lw)) | (see schematic)

Amplitude: [iw) = E‘EEJ]

Va(w) = Z(w) - Io|

Phase: | ¢(w) = arctan (£ - (w L — —L5)) | d(w) = arctan (R - [ — w ) |

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

el | 1
Condition for resonance: w =w, = JiC resonance frequency:
Lo -

_ 1
f”‘ﬂwELc‘

(©)Adrian Wetzel 27

AC and DC
Circuits



8 Quantum physics

» De Broglie relation: Equivalence of particle and wave: |p = %
p=muv = momentum, A = wave length, h = 6.63- 1073 J5 = Planck’s constant.

» Energy of a photon: E=h.-f=h-w| &= % =1.05-107* Js

» Heisenberg’s uncertainty principle:

e Position and momentum cannot have precise values at the same time: Azx-Ap = &
Ar, Ap = uncertainty in position resp. momentim.

¢ Energy and time cannot have precise values at the same time: AE - At = R
AE, At = uncertainty in energy resp. time.

» Schrédinger equation: 3% - T | V(z) . ¥(x) = E - U(z) | (time independent)

» Bohr’s atomic model:

¢ Radius of electron orbit:

ﬁ_ﬂ
Hydrogen: | R, = Triﬁﬂe—'? n®=ag-n? |
L=

g = 5.29 - 107 m = Bobr 1. ius.

Megs £

2 g2
In general: | R, ~ dmeg P *ﬁJ

7 = number ol rotor  in racleus.

* BiJ. i nerEyY

m.qd 1 1
Hydrozen: B, = — spagm mr =B

Ey = —13.6 eV = lowest level

= E eV
In general: | B, = — ﬁfﬁ . # ...[ I vacuum: E, = 0
i ks T T
n=1,2,3,.. principal quantum nr. -1.7 LIH n=3
‘s -3.4 =2
¢ Frequency condition: aprd . !
— 4 i
E.. = absorption I I . M
hf=|E,—E,|| o5 0m= absom ST
E, > E;, = emission 1 -
J: IE =1 —E
¢ Work function (work of emission): E E E g i
Minimum energy required to remove an E § E g =
-9
electron from a solid (atom). 13.6 1Ll 1
m] ¥ l E "=

$=hf— %mvg

(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 il 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: Y Y
' N . . IS1 IS 2
=1 — vt (motion in z-direction)
¥y =y (at rest) L 4
r=z »
t =t * *

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

» Einstein’s postulates:

¢ Fundamental physical laws have the same mathem . o [0 ain o ' 7o ctial systems.
e In all inertial systems the velocity of light ¢ = - 10° = e same and is constant,
independent of direction and motion of th nertia  vste ..,
» Lorentz-transformation: Ri tivis. 8t =1
transition from or. inertial 88 cm 1 notoers T 1_%}* |
Velocity v in c-direction. 67
' =~ —1. 41 classical relativistic
— 1 physics: physics
y: Y | = 1ty =1
&£ =z | ' 1 — % .
t’="f|{t—1‘—§] - : : : : : .V
0 1-10* 210" 30" m
)
o The space-time’ distance is Lorentz-invariant: y i
1%+ + 2% — M =2+ Y5 + 25 — P Y ﬁf} Y _!,.’l:‘!fx_}m
Consequences: [ 7 (L3
Sy M
¢ Length contraction: ?
. o o Aw AL, 2l <Al
distances in motion become shorter™ Al' = ;&E
I!‘
¢ Time dilation: | X d x’
"elocks in motion run slower™ At =~y .f}.t| IS 1 (at rest) IS 2 (in motion)
s
» Mass, energy and momentum: =
m -
¢ Mass-energy relation: E =me?| a E

¢ Relativistic momentum: p=~ym t=|

¢ Relativistic energy: E= y -rnr:3|
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10 Tables

Mechanic properties

Solids

p = density

E = Young's modulus
7 = siress

= Poisson’s number

e = velocity
of sound

Flmds

p = density

B = hulk
moc ias

1 = viscoo
c = velocity

of sound

Gases

p = density

(at normal conditions)

1 = viscosity

(at 0°C & p = 1bar)

¢ = velocity
of sound

(c) Adrian Wetzel
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Material e E T T c
in %‘% in nifg- in I—I;g - in =
Aluminum (Al) | 2700 | 7.1-10" | 7.1-107 | 0.34 | 5240
Brass 8470 1.1 - 101! 2.9-10° 0.35 3420
Copper (Cu) 8920 12104 1 2.2-10% [ 0.35 | 3900
Gold (Au) 19290 8.2 - 1010 - 0.42 3240
Iron (Fe) 7860 | ~2.19-10M | 2.0-10° | 0.28 | 5170
Lead (Ph) 11340 =~1.4-10% - (.44 1250
Nickel (Ni) 8000 | 2.14-10" | 4.4-10° | 0.31 -
Platinum (Pt) 21450  1.7-10'10  1.4-10% (.39 -
Quartz (SiOsz) 2200 | 9.4 .10 - 0.17 | = 5000
Silver (Ag) 10500 & 101" 1.6-10% (.37 -
Tin (Sn) 7290 4.0 -10° : 0.33 -
Tungsten (W) 19300 4.1-10" - (.29 5460
Zinc (Zn) 7140 - | - 0.25 -
Water (ice, HoQ) 917 SO - 0.33 3250
Material " B n c
it %% in % in % in =
A one C(C L)) 791 - 3.06 - 1074 | 1190
Ber. ne (. Hg 870 | 11.25 - 101 - 1326
tha, ! (C.HsOH) 789 | 9.1-10% | 1.2-107% | 1170
veerol (CeHg(OH)g) | 1261 | 26.6 - 1017 1.48 1923
, Oil =000 | 16107
Petrol 850 - - -
| Mercury (Hg) 13546 | 253-10'" | 1.55 . 1072 | 1430
Water (Ha()) 098 | 2.2.10M 1-107% | 1483
Material P n c
in ﬁ% in nﬂj in =
Air 1.293 | 1.86- 1077 | 344
Argon (Ar) 1.784 | 2291077 -
Butane (CH(CHg)a) 2.732 | T5-10°° -
Carbon dioxide (CO3)  1.977 | 1.5-10-7 268
Freon 301 - -
Helinm (He) 0.1785 - 1005
Hydrogen (H) 0.0899 - 1310
Methane (CH,) 0.717 | 1.12-1077 445
Neon (Ne) 0.9 - -
Nitrogen (Na) 1.25 - 337
Oxvgen (Og) 1.429 - 326
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Friction coefficients:

Material

ts (static)

tr (kinetic)

tr (rolling)

stee]l on ice

wood on woodd
stee] on steel
rubber on tar (bitumen

0.6
0.15
1.0
0.027

(0.4

0.1

0.6
0.014

== 0.002

== (.02

Thermal data

Solids

a = coefficient of linear thermal expansion

¢ = specific heat capacity

Tye = melting point (at normal pressure)

Material ] i T].,-[p L_f k
in in ]{ELH in °C in é in
Aluminum (Al) | 238107 | 896 |660.1 | 3.97-10° | 239
Brass 18-10—% 380 905  1.6-10% 7
Copper (Cu) 16.8-10~% | 383 | 1083 | 2.05-10° aly|
Gold (Au) 143-10~% 129 1063 064-107 .
[ron (Fe) 12.0-107% | 450 | 1535 | 277 10° | &
Lead (Ph) 31.3-100% 129 3274 023 O° 1,
Nickel (Ni) 12.8-107% | 448 | 1453 | t03-1 " | 8l
Platinum (Pt) 90-10% 133 1. 9 11-16 . 70.1
Quartz (Si0s) 45-1077 | 710 ! 160 | 136
Silver (Ag) 107-100° 35 960.  1.045-10° 428
Tungsten (W) | 43-10 [ .t | .580 | 1.92-10° | 177
Tin (Sn) TS 90y 2319 0.596-10° 64
Water (ice HyO) | 3e0-1 ® 2100 | 0 |[3.338-10%| 2.2
Zine (Zn) 26.3-1,% 385 419.5 1.11-10° 112

Fluids

~ = coeflicient of volume expansion
¢ = specific heat capacity

Typ = melting point (at normal pressure)
Tge = boiling point {(at normal pressure)

L = specific latent heat of fusion
k = thermal conductivity

Ly = specific latent heat of fusion

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

Materia‘ Y (i TMP TEP Lt-' Iii:

in 3 in ]{ELH in °C | in °C in é in ﬁ in
Acetone (OC(CHa)2) | 1.49-107% | 2160 |-94.86 | 56.25 | 9.8-10' | 525-10° | 0.162
Benzene (CgHg) 1.23-107% | 1725 553  80.1  1.28-10° | 3.94-10° (.148
Ethanol (CaHsOH) 1.1-107% | 2430 |-114.5| 78.33 | 1.08-10° | 8.4-10° | 0.165
Glycerol (CsHs(OH)s) 5.0-107% | 2390 184 2005 2.01-10° | 854-10° (0.285
Mercury (Hg) 1.84-107*| 139 |-38.87 | 356.58 | 1.18-10* | 2.85.10° | 8.2
Water (Hz0) 2.07- 1074 | 4182 0 100 3.338-10° | 2.256- 10°  (.598
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Gases

Cp = specific heat capacity at p = constant Ter = boiling point (at normal pressure)
CP = molar heat capacity at p = constant Lf = F_.;I':..Eg':iﬁn latent heat of fusion
K= g”— L, = specific latent heat of vaporisation

V
Twre = melting point (at normal pressure) a,b = Van-der-Waals constants

Material Cp Cy K Tup Tgsp i b
in ﬁ in —te - in °C in °C |in i_—ﬁ; in ;%

Argon (Ar) 523 209 | 1.305 | —77.7 | —334 | 0.425 |3.73-10°°
Freon 502 60.7 1.4 —1582 —298 0.837 T7.75-107°
Helium (He) 5230 | 209 | 1.63 - —268.94 | 0.0034 | 2.36 - 105
Carbon dioxide (COz) 837 36.8 1.293 - —T78.45 0366 4.28-10°°
Air 1005 29.1 1.402 - —191.4 | 0.135 | 3.65-10°°
Methane (CHy) 2219 35.6  1.402 - —191.4 0229 4.28.10°°
Neon (Ne) 1031 | 208 | 1.64 | -248.61 | —246.06 | 0.0217 | 1.74 - 10"
Oxygen (Og) 917 | 293 1398 —218.79 —18297 0.138 3.17-107°
Nitrogen (Nz) 1038 | 29.1 | 1.401 | —2100 | —'0582 | 0.137 |3.87-107°
Water vapor (Hz0) 1863 | 336  1.33 ) 1, 0.553 3.04.107"
Hydrogen (H) 14320 258.9 141 | — 2.2 | 252.77 | 0.0248 | 2.66 - 10~°

Electric, magnetic and o} ‘ical 'ate

Electric conductors (n cal:

p = specific res’stance (ar 1°C) L = magnetic permeability

a = temp rature cor ' cied ¢ = work function
Materi: . ' ' o Ly fil

| in {2-m in & - in eV

Aluminum ( 1) | 2.82-107% | 43.9-107% | 1+ 2.1 - 1075 (paramagnetic) | 4.2
Brass 71078 +2 . 1073 -
Caesium (Cs) 1.87
Germanium (Ge) .14 - - -
Copper {Cu) 1.7-107% | +3.0-107* | 1 —6.4-107° (diamagnetic) | 4.84
Gold (Au) 22.107%  44.107  1-34-107% (diamagnetic)  4.83
Iron (Fe) 1-1007 | +5-107° 7= 5800 (ferromagnetic) -
Lead (Ph) 22-1007 4+3.9-107% diamgnetic -
Potassium (K) - - - 2.15
Nickel (Ni) 7.8-10-% +6- 103 = 1120 (ferromagnetic) .09
Platinum (Pt) 1-10-7 | +3-10=* | 1+ 2810~ (paramagnetic) | 5.3
Silver (Ag) 1.59-10% +3.8-1073 - 4.43
Tungsten (W) 5.3-107% | +4.8 1073 - 4.57
Zinc (Zn) 58-107% 4+3.7-1073 - 4.34
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Elektric insulators, transparent materials

p = specific resistance (at 20°C)

e : . n = index of refraction (towards vacunm)
£ = permittivity [clmlr-r:t.rlr: constant )

Material i £y n
in {2-m -

Alr - L0006 | 1.000272

Benzene (CgHg) - 2.3 1.49

Diamond (C) - 2.42

Ethanol (C2HsOH) - - 1.36

Glyeerol {CsHg(OH)s) - 1.47

Iee (Ha20) - 1.31

Mica 5. 104 7

Paraffin 3.-10"% 21

Plexiglas 1- 1012 3.4 1.5

Quartz (SiO2 3.10' 4 1.46

Salt (NaCl) - 1.54

Silicium (Si, pure) 1.7- 10

Teflon 1- 1043 2

Water (H20) - 80 1 3

Electroma mnetie sprct. o m

! | visible % L
k - lisht =Fays
==f=s - u = E
E ; E - = %.E -E “ 3 g f
; ; ; } g: } ; ..E J _5 _: h: “: } } p—pp
w B U T = = e . % | A& A [Hz
] = - L] ] | - - - e L | - - - — |
E E E
5 E E E
%
s i . R R W e [m]
ZUER. 2 SBs = SRcspcls = SHERE <
o - ~ L "y ) - - ) L] ) -
. ultra-
radiowaves microwaves infrared violet X-rays, gamma
visible
specirum ; :
T50  T00 600 500 400 wave length [nm|
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Astronomical data

m = mass of the celestial body

r = radius of the celestial body Thot = Time for one revolution
T = time of cireulation g = acceleration of fall
a bzw. H = semimajor axes vp = escape velocity

resp. radius of cireulation

Celestial m r Te a resp. R Thot q Up

body in kg in m in days in m in | in km

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° 224701 1.082 - 101! 243 d 8.60 10.3

Earth | 598 -10* [ 6.378 - 10°% | 365.256 | 1.496 - 101 | 2393 h | 9.81 11.2

Mars 6.42 -10% 3.395 -10° G86.98 2.279 -10" 2463 h  3.74 2.0
Jupiter | 1.90 -10%7 | 7.13 - 107 | 433257 | 7.783 - 101 | 9.48 h 25.9 61

Saturn  5.60 -10%®  6.01 - 107 1075922 1.4 -102 10 L h 11.3 3T

Uranus | 8.60 -10% | 2.56 - 107 | 30685.40 | 2875 102" 17.21 | 9.0 22
Neptun 1.03 -10% 243 .10°7 6018, 450 -1 2 158h 115 24

Moon | 7.35 -1022 | 1.74 . 108 ! 2 | 184 - 108 1.622 | 2.38
Sun 1.090 -10%° 6050 108 - - 273.98 617.7
Perso. ' tng
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Index

acceleration, 4, 5
active power, 21
adiabatic process, 19
alternating voltage, 20
Amontons, 18
amplitude, 12, 27
angular momentum, 7
angular velocity, 5, 12
atom, 28

harometrie formula, 8
beating wave, 14
Bernoulli's law, 8
binding energy, 28
Biot-Savart force, 23
Bohr maodel, 28
Boltzmann’s constant, 17
Boyle-Mariotte, 18
brewster angle, 15
buoyant force, 8

capacitance, 26
capacitor, 22

carnot process, 19
celsins, 17
center-of-mass, 9
centripetal acce’ cation. 5
charge, electric, -
circular movement, 5
coil, inductor, 24
collisions, 7
compression, 10
concave, 15
continuity equation, 8
convex, 19

Coulomb’s law, 20
current, 20

current law, 21

damped harmonic oscillation, 12
density, 8

diffraction, 16

diffusion, 17

direct voltage, 20

Daoppler effect, 14

efficiency, 11
eigenflrequencies, 14
Einstein’s postulates, 29
electric field, potential, 20
() Adrian Wetzel

electrolysis, 21
electromagnetic wave, 13
elementary charge, 20
energy, 10, 28

energy conservation, 11
entropy, 18

filter, 27

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

Galilei-transformation, 29
Galileo Galilei, 5

gas constant, 18
Gay-Lusse 18
gravitation.  force 7

Hapen Pooon . 8
har onic ¢ il on, 12
harne ic wioe, 13

eat, |

iwenbe - uncertainty principle, 28

Hook's lew, 10
hydrodynmaics, 8
hydrostatic pressure, 8

ideal Gas law, 18
impedance, 27

inclined plane, 6
inductance, 26

inductor, coil, 24

inertial system, 29

isobar, isotherm, isochor, 19

kelvin, 17

Kepler's laws, 11
kinematics, 4

kinetic energy, 10
Kirchhoff's circuit laws, 21

latent heat of fusion, vaporisation, 17
law of induction, 24

law of the lever, 7

Laws of thermodynamics, 18
lens equation, 15

Lenz's law, 24

light, speed of, 29

linear thermal expansion, 17




longitudinal wave, 13
Lorentz foree, 23
Lorentz-transformation, 29

magnetic flux, 24
magnetism, 23
magnification, 15
momentum, 7
motion, 4

Newton's laws, 6

Ohm'’s law, 21
optics, 13
oscillations, 12
oscillator, RLC, 27

parallel, 6, 21, 22
pendulum, 12
periodic time, 5, 12
phase, 12, 27
photon, 28
position, 4

power, 11, 21
pressure, 8

quantum physics, 28

radial force. G
RC, LCf ler, 27
RC-Ciret. 27
reactance, Zu
refraction law, 15
relativity, 29
resistance, 21
resonance, 12, 27
RL-Circuit, 25
RLC oscillator, 27
RLC-Cirenit, 26
rms-voltage, 20)
rotational inertia, 9

Schradinger equation, 28
series, 6, 21, 22

shear stress, 8

sound intensity, level, 14
specific resistance, 21
speed of light, 13, 29
speed of sound, 13
spring, G

standing wave, 13
Sitefan Boltzmann, 18
Steiner’s law, 9

(©) Adrian Wetzel

stress, 10

temperature, 17

thermal conduection, 17
thermal efficiency, 18, 19
thermodynamics, 17
torque, 7

total refraction, 15
transformer, 25
transverse wave, 13

Van der Waals gas, 19
velocity, 4

velocity of light, 15
viscosity, 8

voltage, 20

volume expansion, 17

waves, 13
worl:, 10, 21

wor  of em sicn (workfunction), 28
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