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INVESTICE DO ROZVOJE VZDELAVANI

GRAVITATIONAL FIELD

1. The Law of Universal Gravitation
(1687 Newton in The Principia)
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EUROPEAN UNION

Every particle of matter in the universe attracts every other particle with a force that is directly
proportional to the product of their masses and indirectly proportional to the square of their distance
apart.
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Fg =G— G (k) ... universal gravitational constant (stated by Cavendish later)

r

size of the mutual gravitational attraction
G = 6.67x10™ N-m*-kg™
Questions:
1. What is the gravitational attraction between the Earth and the Moon?
2. The gravitational attraction between two objects is 2x10™° N. What is the new force between the
objects

a) when their distance is doubled

b) when the mass of each object is doubled

¢ models of gravitational field

central uniform

Which model is suitable for which problems? Discuss.

Centralni (radialni) pole je gravitacni. Gravita €ni sila F4 plsobici na téleso v riznych mistech tohoto
pole je rizna. Homogenni pole v okoli Zemé nazyvame tihové. Tihova sila Fg pfitahujici téleso k Zemi
je ve vSech mistech tohoto pole stejna (proc?).
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Ve vSech mistech gravitacniho pole Zemé sméfuje gravitacni sila Fq (a4 i K) do stfedu Zemé. Takove
pole se nazyvéa centraini gravita €ni pole. Gravita¢ni sila Fy pasobici na téleso v riiznych mistech
tohoto pole je rGzna. Centralni gravitacni pole je v okoli kazdého stejnorodého télesa, které ma tvar
koule (i v okoli hmotného bodu). Centralni gravitacni pole je prostorové neohrani¢ené.

Sledujeme-li G€inky gravita¢ni sily v malych oblastech gravitacniho pole Zemé (napfF. pfi povrchu
Zemé v rozmezi nékolik set metrd), zjistime, Ze se v jednotlivych bodech gravitaéni sily Fy (agi K)
odlisuji jen nepatrné, a to co do velikosti, tak co do sméru. Takové pole pak nazyvame homogenni
gravita éni pole.

Pohyby téles obvykle vztahujeme k zemskému povrchu, ktery povazujeme za inercialni vztaznou
soustavu. Ve skute¢nosti vSak povrch Zemé tvorfi s ohledem na rotaci Zemé kolem své osy

neinercialni vztaznou soustavu (se stalou Ghlovou rychlosti w=27/T , kde T je doba jednoho otoceni
Zemé). V této neinercialni vztazné soustavé plsobi na vSechna télesa pfi povrchu Zemé, ktera nelezi
na ose otaceni, kromé gravitacni sily Fy, sméfujici do gravitatniho stfedu, jesté setrvacna odstfediva
sila Fs, sméfujici kolmo od osy otaceni. Vyslednice obou sil je tihova sila Fg.

Tihova sila je vektorovym souctem gravitacni sily Fy a setrvané odstfedivé sily Fs.

Tedy F; = F;J + F; . Prostor pfi povrchu Zemé, v némz se projevuji U¢inky tihové sily, nazyvame
tihové pole .

2. Gravitational field strength ( K , K)

is a vector quantity used to describe the gravitational field.

definition eqn K = -2
m
unit [K] =N D}(g_l
- F
forthe SIZEof K :  K=-2=gUaM_gM
m r’m r

direction of K - tangent to the gravitational field lines - see the models above
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3. Acceleration due to gravity ( ag, ag)

We can compare the definition eqgn. for the gravitational field strength and the Newton’s 2" Law:

!
1
o™

F=ma

i

Fg =may

1l
3 3
N1

From that K =a, , so the acceleration due to gravity given to the test mass m at certain point in the
gravitational field equals the gravitational field strength at this point.

Let's check the units. The unit of K is N-kg'l, but the unit of any acceleration is m-s?,

N [Ikg_l =— =" -—mE? so the units are equivalent

How much is the acceleration due to gravity on the Earth’s surface and how does it vary with the
distance from its surface?

(size) ag = G% [09.83m 32 on the surface
E

(size) ay, :G(M—E2 for the point h metres from the surface

Rg +h)

Gravita €ni zrychleni a4 pouzivame v centralnim gravitacnim poli, jeho hodnota je zavisla na misté,
ve kterém ho urujeme. Tihové zrychleni g je vektorovy soucet gravitacniho a odstfedivého zrychleni
a souvisi s tihovou silou Fg = mg. Ma riznou hodnotu pro rizna mista na Zemi (viz dynamika),
dohodozu bylo zavedeno normalini tihové zrychleni g,= 9.80665 m's™, kterou asto zaokrouhlujeme na
10 m-s™.

4. Gravitational potential ¢

is another quantity used to describe gravitational fields, it is a scalar

_W _E

= m m
@ ... gravitational potential at a certain point in the gravitational field
m ... mass of a test mass
W... work done to move the test mass from infinity or zero level of potential

to the point

E, ... potential energy at the point

[¢] = 9kg™

equipotentials are surfaces at which the gravitational potential is the same (spheres, planes, ..)
they are always perpendicular to the gravitational field lines
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sketch the models with field lines, equipotentials and field strength
central field uniform field
Sun:  mass 2x10%kg; mean distance of the centres: Sun — Earth  150x10°% km

Earth: mass 6x10°* kg, radius 6378 km
Moon: mass 7.4x10% kg, radius 1 700 km; mean distance of the centres: Moon — Earth 3.8x10®m

Questions:
3. An astronaut of mass 75 kg on the Moon is attracted towards its centre by a force of
126 N. Calculate the value of the gravitational field strength on the Moon’s surface.

4. The value of K on the Earth’s surface is about 10 N-kg'l. State the value of the gravitational field
strength at the height h above the surface when a) h = Rg b) h=3Rg

5. State the acceleration due to gravity which acts on the Moon because of the attraction by the Earth.

6. Calculate the value of acceleration due to gravity on the Moon's surface.

L2/217,219,220-1, 223-4

5. Motion in the uniform gravitational field

a) free fall (revision)

. ina ...
. in the gravitational field NEAR the Earth’s surface
a=g=9.81 m-s?=10 m-s™
. from ......... (vo=0)
t0:0
m distance fallen: s =s, +v t +2at® =1gt?
ig speed of falling object: v =v, xat =gt
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b) projectile motion

= free fall (direction ) + steady linear motion (direction v, )

. in a vacuum
° a= g
. with initial speed v, #0

i) vertical projection
we will discuss vertical upward projection (steadily decelerated motion), because the downward one is
just steadily accelerated motion with initial speed

t,=0 t (any time when moving up) t = t, (the object stops at the max. height)
@~ o=vo-at,
v

Vo .. -
t, =—2 time of projection
g

vV =v, —gt
N

v
b1 p2 2 . .
> s =Vt -5t > P =Yo maximum height
Vo 29
Y R
s h=0 s
9v
Questions:

7. A bullet is fired vertically with a speed of 40 m-s. Calculate the speed and distance travelled
2 seconds after the beginning of the motion, the maximum height reached and the time taken to get

there. How long will it take to hit the ground again? Sketch the speed-time and velocity-time graphs.
Find the differences, discuss.

L2/231-6, X237
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i) horizontal projection
can be divided into two types of motion in perpendicular direction — free fall from the ,side” and steady
motion as the ,upper view"

to=0 t tq

Vo

v

t (any time of movement)

y =hy —s =h, —1gt? X =Vt v =4V +(gt)? tang =3
v

0

ty (time of projection)
2h

1
h0=5gt§ =ty

d =vgty =V, %ho v =V5 +(gty)? tana =%i

0

Questions:

8. A car manufacturer tests crash resistance by driving test vehicles off a horizontal platform so that
they fall to a concrete surface below. If the car is driven off at 20 m-s™ and the platform is 15 m above
the ground calculate the impact angle and speed, and the horizontal distance of the impact from the
edge of the platform.

9. An object is dropped from a helicopter at a height of 55 m above the ground. a) If the helicopter is
at rest, how long does the object take to reach the ground and what is its velocity on impact? b) If the
helicopter is falling with a velocity of 1m-s™ when the object is released, what will be the final velocity
of the object? Assume g = 9.81 m-s. The result must be rounded to 2 decimal points.
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10. An object is released from an aircraft travelling horizontally with a constant velocity of 150 m-s™ at
a height of 800 m. Ignoring air resistance and taking g = 10 m-sfind a) how long it takes the object to
reach the ground, b) the horizontal distance covered by the object between leaving the aircraft and
reaching the ground.

11. An arrow of mass 10 g is shot horizontally at 25 m-s™ from a tower at a height 80 m. a) How long
does the arrow take to reach the horizontal surface of the surrounding terrain and how far from the

bottom of the tower does it fall? b) What will be the kinetic and potential energy of the arrow at the
beginning of the motion? ¢) What is the total mechanical energy of the arrow during the motion?

L2/238-242
iii) projection at angle

t,=0 t ty

Questions:
12. A footballer kicks a ball from the pitch at an angle of 45°. The ball fell down at the distance
40 m from the point of kicking off. What was its initial speed?
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6. Motion in the central gravitational field - arti  ficial satellites

 circular trajectory — steady circular motion
» the centripetal force = the force of gravity

9
mﬁ:GmME
r r2
ch\/ e hi=v,
r Rg +h
Questions:

13. Calculate the circular speed for h{((Rg (e.g. 20 km)
(1. kosmicka rychlost, 2. kosmicka rychlost je pro opusténi grav. pole Zemé — téleso se stane obéznici
kolem Slunce, je to «/Evc).

» trajectory and speed

V(v (part of) an ellipse
V=V, a circle

. vc<v(\/§vC an ellipse

V= «/Evc a hyperbola

I N N

. v)ﬁvc a parabola - satellite of the Sun

Questions:
14. Calculate the height of a geostationary satellite.

L2/246-252, 254, 256-7
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7. Planetary motion in the Solar system

Kepler's laws (1473-1543)
1. Each planet moves in an ellipse that has the Sun at one focus.

(The trajectories are almost circles)

2. The line joining the Sun to the planet sweeps out equal areas in equal times.
(= closer - faster)

3. The squares of times of revolution of the moving planet about the Sun are proportional to the cubes
of its major axis.

P
period of revolution the same for e.g. Venus (Earth, Jupiter, ...)

and major axis
of e.g. Mercury

This is valid for ANY two objects revolving around the central one.

Prove the 3 K.L. using Newton’s Law of Universal Gravitation
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Fill in the following table using different resources:

. _ . )
planet mean distance period of revolution T

m s r

Mercury

Venus

Earth

Mars

Jupiter

Saturn

Uranus

Neptune

8. The Solar System
about ......... milliard years old

The Sun
represents ............ % of the mass of the Solar System, about ................... mass of the Earth

surface tem perature
inner temperature

structure

Inner planets

Mercury

Venus

Earth

Mars
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Band of asteroids

Outer planets

Jupiter

Saturn

Uranus

Neptune

Comets
nucleus
coma

tail

Answers:

1. 2x10%° N

.a)5%x10° N b) 8x10° N

.1.68 N-kg™

.a) 2.5 N'kg™ b) 0.625 N-kg™

2.7x10° m-s™

1.7 N'kg™

.a)20m-s,60m b)80m, 4s,8s
.41°26.46 m-s™, 34.64 m
.a)3.355;32.85m's" b)3.25s;32.86 ms™
10. a) 12.65 s b) 1897 m
11.a)4s,100m b)3.1J;7.9J c)11J
12.20 m's™

13. 7.9 km-s™

14. 36 000 km

©O~NOUTAWN
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