Topic 3: Oscillators, waves, flows

Content:

- harmonic oscillator

- mathematical pendulum

- damped oscillator

- driven oscillator

- waves

- Huygens principle, Doppler effect
- flow of liquids and air



basic terms and quantities

Motion is the action of changing location or position.

Motion may be divided into three basic types -
translational, rotational, and oscillatory.




basic terms and quantities

Motion is the action of changing location or position.

Motion may be divided into three basic types -
translational, rotational, and oscillatory.

Oscillation is the repetitive variation, typically in time,
of some measure about a central value (often a point
of equilibrium) or between two or more different states.




basic terms and quantities

Oscillation is the repetitive variation, typically in time,
of some measure about a central value (often a point
of equilibrium) or between two or more different states.

Basic quantitites:
T — period [s] (T — time for one complete cycle)
f = 1/T — frequency [s = Hz] (f — number of oscillations in 1 second)

Q = 2mrf — angular frequency [rad-s]



HARMONIC OSCILLATOR

— Simple harmonic oscillator - F is the only acting force

— Damped oscillator — Friction (damping) occurs

— Driven oscillator — Damped oscillator further
affected by an external force



1. Simple harmonic oscillator

2 S _ _ X — distance,
An oscillating spring with a mass

t —time,
Balance of the system is given by (with help
of Newton’s second law and Hooke’s law):

d*x(t)
dt*

b) F=—kx (t) so called Hooke’s law:
it states that the force (F) needed to extend or
compress a spring by some distance (x) scales
linearly with respect to that distance,
(k — so called Hooke’s constant)

a) F=ma=m

Newton’s second law (,Law of Power")

Equality of these 2 forces gives us the basic
equation for a simple harmonic oscillator:

d*x(t
d*x(t k
% = _E X (t) a linear differential equation (LDE)



1. Simple harmonic oscillator

An oscillating spring with a mass

t

=——X (t) Homogenous LDE with constant coefficients

Solution:
X (t)=C,cos(mt)+C,sin(wt)=Acos(ot—@) Periodic motion
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A — amplitude, ¢ — phase , w — angular frequency , f — frequency , t — time



1. Simple harmonic oscillator
An oscillating spring with a mass

T= I\

f=o

f
®
2

N

dx (t
Speed V()| = );E ) =—Awsin(ot—e)
2
Acceleration ‘ﬁ(t)‘ = ddXTgt) = —A(DZCOS((D'[ — (P)

A — amplitude, ¢ — phase , w — angular frequency , f — frequency , t — time



1. Simple harmonic oscillator

Next example — simple gravity pendulum
(or mathematical pendulum)

Basic assumptions:

the rod or cord on which the bob swings
IS massless,

the bob is a point mass,

motion occurs only in two dimensions

(i.e. the bob does not trace an ellipse),
the motion does not lose energy to friction
or air resistance,

the gravitational field is uniform,

the support does not move.

p frictionless pivot

amplitude ;9
. \massless rod

bob's‘“ ~el_
trajectory o massive bob
equilibrium
position



simple gravity pendulum

Equality of 2 equations for accelerations gives
us the basic equation for the pendulum:

F=m-a
F=-mgsind=m-a=a=-gsind a)

2
s=|-6—>v=$:ld—e—>a:Id—2e b)
dt dt dt
2 2
Id—?z—gsinezd—?+gsin9=0
t dt® |

| — length of the pendulum
0 — angular displacement
‘ ﬂ (amplitude)




1. Simple harmonic oscillator (simple gravity pendulum)

2
d_9_|_gsin9:() assumption: 6 <<1 —sin0=0
dt’

2
d—O—l-QG:O boundary conditions 6(0)=8,; do =0
dt> | dt |-,
Solution: 9(1;)290 COS[\I %tj 0,<<1

1
Period: | T =21 [—

\g




period of a simple gravity pendulum (T):

-1 40450 05 1

Position (meters)

Is independent on the mass of the object, it is
a function of the length | and gravitational
acceleration g:

T =2r l [s]
9

Walter Lewin — lecture MIT (video)

a trial with pendulum

parameters: L =5.21 m, g = 9.8 m/s?,
estimation of pendulum period: 4.58 s

http://www.youtube.com/watch?v=KXys mymMKA

(important timings: 11:40 pendulum, 16:25 with added mass)



2. Damped oscillator

Friction (damping) force: F =—cCv
dx d°x .
F:Fext.—kx—cazmd? if F,. =0

d’x (t dx (t k..
dt£)+2<§a)0 dE)HOSXZO (Do=\/%,§—2m

C>1 overdamped C =1 criticallydamped (<1 underdamped

Solution: x(t)=Ae =™ sin( 1-C oot +(p)




3. Driven oscillator

Externally applied force F(t)

dx d*x
F=F, —kx-c—=m—
dt dt
d*x (t) dx(t) ,  F(t)
dt dt m
Solutions depend on external force (e.g. can be sinusioidal)
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Combinations of oscillations

Oscillation 1 X, (t) =A, COS((Dlt _(Pl)
Oscillation 2 X, (t) =A, COS((th — (Pz)

X=X +X, =A, COS((Dl'[—([)l)'l'Az COS((th_(Pz)

Maximum possible displacement X =/ A,

VAV N4

Comment: We will come back to this topic during the so called interference of waves.



oscillators in biology

Many biological objects and natural phenomena have oscillatory nature.
breath heartbeat
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Comment: In biology, there is very important so called circardian rhytm.



Lecture 3: Oscillators, waves

Content:

- waves
- Huygens principle, Doppler effect
- flow of liquids and air



Waves
In physics, a wave is a propagating dynamic disturbance (change from equilibrium)
of one or more quantities, sometimes as described by a wave equation.
— oscillation accompanied by the transfer of energy which travels through mass or space

— little or no associated mass transport.
> mechanical — through medium which is deformed, e.g. sound waves,

body waves
waves
> electromagnetic — no medium, periodic oscillations of electric and
magnetic fields, e.g. visible light, radio waves, ...
> transverse — oscillations are perpendicular to the energy transfer
waves
> longitudinal — oscillations are parallel to the energy transfer
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Waves

> ftransverse — oscillations are perpendicular to the energy transfer

waVves

> longitudinal — oscillations are parallel to the energy transfer

longitudinal

transverse




Wave equation

o’y L,
—-=c’Viu
ot
Uu=u (X X X t) - scalar function whose values can model, for example,
LT the mechanical displacement of a wave
- - o°u o°u
One space dimension case: _ 2

ot* OX*

Now the searched solution (u) is not only a function of time (t), but also function of
space (X).

. . . [ 2m
Most simple solution: | U = ASIn TX

/speed or velocity (ms™)

One important consequence: \ = fA v\

/ wavelength (m)

frequency (Hz)



T Crest
A —

u(x)

A — wavelenght (distance)

T — period (time)




Wavefronts, Huygens principle

Direction of propogation

Waves can propagate in packages,
called as wavefronts.

7 N\
Wavefronts

Huygens principle: Every point on a wave-front may be considered a source

of secondary spherical wavelets which spread out in the forward direction. The new

wave-front is the tangential surface to all of these secondary wavelets.

Plane wave
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Wavefronts, Huygens principle

Huygens principle: Every point on a wave-front may be considered a source
of secondary spherical wavelets which spread out in the forward direction. The new
wave-front is the tangential surface to all of these secondary wavelets.

Wave I'\mnt at time t + At




example: Ground Penetrating Radar (GPR)

two way time [ns]

A 4

distance [m]



Interference

The principle of superposition of waves states that when two or more propagating
waves of same type are incident on the same point, the total displacement at that point
is equal to the point wise sum of the displacements of the individual waves.
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Interference

The principle of superposition of waves states that when two or more propagating
waves of same type are incident on the same point, the total displacement at that point
is equal to the point wise sum of the displacements of the individual waves.

319x331 [



Huygens principle — experiments with slits

Huygens principle: Every point on a wave-front may be considered a source
of secondary spherical wavelets which spread out in the forward direction. The new
wave-front is the tangential surface to all of these secondary wavelets.

Experiment with one slit: Experiment with double slit:

double sli :
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Doppler effect

It is the change in frequency of a wave (or other periodic event) for an observer
moving relative to its source. The received frequency is higher during the approach,
identical at the instant of passing by, and lower during the recession.

Source atrest Source in motion Source in motion

»
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SHELDON COOPER

“I'm not a zebra. I am The Doppler Effect.”




flow of liquids and air

To understand the basic rules, which are valid for the flow of ideal liquids and air,

we have to start with the hydrostatic/airstatic pressure.

Holes for jets
oy pressure in general: ? F
Water —F Weakest jet force/area p - =
Prassun
Sfrongest et
Hydrostatic/airstatic pressure: comes from the weight of the
liguid(water)/air column above some area.
Weight is gravity force of the mass of liquid(water)/air: A |
Fc = mg = pVg= pshg. 7P
7|

Hydrostatic/airstatic pressure: h

p = F/s = phg.

where p is the density of the liquid(water) or air.

Beside hydrostatic pressure we know also hydrodynamic pressure.




flow of liquids and air

Lifting force (Fy), is the difference of hydrostatic pressures.

* On the upper base of the prism force F, is acting:
| F,=hpgs
ra— ' * On the bottom base force F, is acting:
h | F,=h,pgs F,>F,
. l « Result of these two acting forces is the so called
hydrostatic lifting force F;:

14 | Fir =F,— F

I Fir = (h,—hy) pgs
p

Fin=hpgs

Fi« =pgV | +— basics of the law of Archimedes

Important: p is the density of the liquid (water) and the body!



law of Archimedes

* Any body completely or partially submerged in a fluid (gas or
liquid) at rest is acted upon by a lifting (upward) force, the
magnitude of which is equal to the weight of the fluid
displaced by the body.

 magnitude of the lifting (buoyant) force:

Fin =P8V




flow of liquids and air

Continuity equation (equation of the volume flow continuity)
For an ideal fluid (can not change the volume) is valid a constant volume flow:

V| A =|V,A, = |vA=const.
It ,speaks” about the so called mass conservation.

\

> T
]::

A1
Volume flow is defined as the volume, which = —=—2= |V| A
pass thru some cross-section in some time. t t
Unit is: [m3s™] here: Q — volume flow, V — volume, t — time,

A — area, v — speed (velocity size),
d —distance



flow of liquids and air

Bernoulli equation
For an ideal fluid (can not change the volume) following equation is valid:

1, 1,
p, +ph,g+ SPVY =P, + ph,g+ > PV, = const
hydrostatic pressure hydrodynamic pressure
v Y
e e’
P —» p, —>»




flow of liquids and air
Bernoulli equation — so called hydrodynamic paradox
1 >
P+ phg+ > pV“ = const.

It iIs a phenomenon, when in a narrower pipe (with higher flow speed)
occurs smaller pressure.

P1|}-

Py |-
( e i IhZ
Vi e

This is valid also for air (gas) — so called aerodynamic paradox.




flow of liquids and air

Bernoulli equation — so called hydrodynamic paradox

p+phg + % pV® = const.

air

Principle of spray effect.



flow of liquids and air

Why can a heavy aircraft stay in air and fly?

Upward force on plane (lift)
1. Air splits

/\ Low Pressure
at the front = = Ly

2. Air pressure
/ reduced on top

accelerates
: down
3. Air pressure __b:

increased underneath High Pressure




flow of liquids and air

drag - hydrodynamic force acting opposite the flow

Drag is a force acting opposite to the relative motion of any object
moving with respect to a surrounding fluid. So called Newton formula is
valid:

1 ’
— — C A pV - Form
2 Shape and flow
Drag
=0%

where:
C — so called drag coefficient (dimensionless), ==——— s
depending from the form of the object,

A — area of cross-section, :‘. o | 0%
p — density of the liquid,
v — velocity (speed). //19)

=100%

J



flow of liquids and air

drag - hydrodynamic force acting opposite the flow

Drag is a force acting opposite to the relative motion of any object
moving with respect to a surrounding fluid. So called Newton formula is
valid: 1

— 2
F = E CA pVv
Reference Drag coefficient
Type of body rea S © Ch
S=D’ 1.05
Cube
S=D’ 0.8
5 — 0.42
Solid hemisphere diz S=nD*/4 .
«— 1.
HU“UW r'| 3 —> 038
D = -
hemisphere (IE'— S=nbr/4 «—1.42
Thin disk - |[1D S=nD’/4 1.1




flow of liquids and air

Blood pressure

Blood pressure is measured as two numbers: Systolic blood pressure
(the first and higher number, ideally 120) measures pressure inside your
arteries when the heart beats. Diastolic blood pressure (the second and
lower number, ideally 80) measures the pressure inside the artery when
the heart rests between beats.

Physical unit — an older unit is still used: [mm Hqg].

Conversion: 1 mmHg = 133.322 Pa.

f ‘ l = Pressure bag
|
L ; \ |
Arterial ! ' =z =

|
line ll| \\ “1 I ¢ N \
\ \ ':" ‘ .

) T Pressure tramsdixer &
vy J amtomatic Nushing system

= Saline llled non-
compressible tubing



