Types of Forces

I
® Force balance
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Energy and laws of conservation

Work

Energy

Power

Rotational Motion
Many-Particle Interactions
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Energy

|
® Kinetic Energy

va 2
Ek:_ :L

Kinetic energy is the energy of an object due to its motion
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Energy

|
B Potential Energy

E,=mgh E,=——

Potential energy is the energy of an object due to its location
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Energy

Thermal energy

Chemical energy

Nuclear energy

Electromagnetic energy
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Power

Power is defined as the amount of work performed per unit time.
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Rotational Motion

® Definitions

Angular position: é(t)

Angular velocity: ® (t): b (t) {5_1]
@

Frequency: f ~on {5_1]
S 1 Angular acceleration: € ( t ) =0 ( t ) = ( t ) 57
h - Tangential velocity: v(t)=[o(t)x7(t)] s

S di.

................ Tangential acceleration: ¢ (t)za[w(t)Xr (t)]=

................... m
=[¢(e)xF(0)]+|@d(0)x[a(0)xF(1)] |




Rotational Motion

|
¥ Angular momentum

==
X
awi

Angular momentum: _li:[
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Rotational Motion

® Torque

Torque: M:[FXH [Nm]




Rotational Motion

|
O Moment of inertia | [kgm?]

I:Z mirl-2 [kgmz] I:f’”2dm [kgmz]
1_} . . V I ,
L=Jd M=J¢ T=20_
2

q 215+ mr

Bowling ball (solid)

Cylinder

2 2
1/12-ml + 1/4-mr

Cylinder
23~ mr
2 2
1/3-ml + 1/4-mr

Beachball (shell) Cylinder

;

Inertia of some selected shapes




Rotational Motion




Rotational Motion

, [ NN ] The plank 1

THE PLANK
Starting velocity: 0.1
. y
Starting position: 0.15
‘ i

L=Jd

=
11

—

(@ o

>}

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip




Rotational Motion

|
K The plank 2

THE PLANK PART 2
Starting velocity: 0.1

O
Starting position: -0.15

i 7 _ 1>
Axis position: 0.35 L_]w
‘ 1
(Reset)
(Start)

—}

. , . 2
sl -l
e

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip




Rotational Motion

o0e Beachball 6
.

Starting height
—_
Starting X velocity

b= ——————————
Starting Z veloci

Number of balls

—— ——1%

2 1

o 2 =—=ml
I==mR ! 12 ml
I= ?-I'I'!RJ 1=imp
e =5

L=Jo

=
11

—

™

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip




Rotational Motion

—

L=Jo M=J¢

O TInertia tensor

I —1 I
XX Xy Xz
J=11 v Ly Ty
—1 I I
| T yz 7z

Kinetic energy:
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0 -z, vy, —w, O, X
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Physical pendulum
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Physical pendulum

Rigid Body Roller Coaster myPhysicsLob.cdm
| sim | | Graph | | Time Graph | | Multi Graph | previous next

O M

path
graviy
damping
elasticity

[J show forces
[J show energy
[J show clock
pan-zoom
time step
time rate 1.00
Diff Eq Solver |Runge-Kutta v

potential energy offset

background |black with trails  w|

| share |

[ terminal

https://www.myphysicslab.com/roller/rigid-body-roller-en.html




Many-Particle Interactions

® For an N particles
system, in equilibrium

resultant force =0

Zrixﬁl:O

resultant moment (torque) =0




Conservation laws

D m. =const
i

Z E.=const
i

> 131.=const
i

Y ii = const
i




Projectiles

|
® Topics

The gravity-only model
Aerodynamic drag

Laminar and turbulent flow
Wind effects

Spin effects

Details on specific types of projectiles
including bullets, cannonballs, and arrows

O 0O 0O 0O 0O O
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Projectiles

%m\

®  The gravity-only model

Equation of motion:

Velocity
dﬁ_# d2F_§
dt _g or dt2
Fo=mg
Solution:
¥ v,=0 . . R
MH - V=V gt
M a0 e b b
T V= Vgt ._Bx ox
Y v R PP
: Projeméile's Path /..... Vp = Vg 0] 0 g
;o Pmlew 8
Yoy v:évo K
. : o Mo or ~ )
! 5 yg VY_VW gt,
B‘;M E ?zl;mx V= Vxo
e B:-O--------)-i-c -------- g0 e = e 1 2
=y, +V ot —= gt
Y=YotViet =500,
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Projectiles

£

®  The gravity-only model

Equation of motion:

G

=

Solution:
V=V, +gt
- -> 2
r=r,+v,t+-gt
or _
vy—vyo—gt,
VX:VXO
_ L >
y_yo+vy0t_§gt )

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip
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Projectiles

20

B The gravity-only model

e0e Three beachballs 1 . .
Equation of motion:

Only gravity, with variations

. o
dv__, dr_-
E—g or i =9
. Solution:
. =V gt

‘ _V>
k¥

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip




Projectiles

B The gravity-only model
® Golf Game

B3 Golf Game

=1
Initial x-velocity, mis ['2_5_.0 |

Initial y-velocity, m/s (0.0

Distance to hole, m |200.0 |

View axes |XZ | -
Fire

Reset

ae.on.liu.se/tsbk03
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Projectiles

®  The gravity-only model

Summary

o The only force on the projectile is due to
gravity, which acts in the vertical.

o0 The motion in the three coordinate directions is
independent.

0 The projectile trajectory is independent of mass
and projectile geometry.

o The velocity in the x- and y-directions is
constant over the entire trajectory and is equal
to the initial velocities in the x- and y-direction.

o0 The shape of the projectile trajectory is a
parabola.
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Projectiles

|
¥ Aerodynamic drag
® Basic Concepts

- - -

/ FDrag:FD,pressure'l'FD,Friction \

Total drag Friction drag (or skin drag)

Pressure drag
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Projectiles

¥ Aerodynamic drag
® Drag force

2
R Fd=CdAva\

2
Drag force / R \

Drag coefficient Effective area

Velocity

Density of the fluid

Shape Picture Cp
Square flat plate — I 1.17
Cube —» 1.05-1.07
Rotated cube —b<> 0.8-0.81
Solid hemisphere —_— CI 0.42
60-degree cone —» ] 0.5
Sphere —PO 0.4-0.47
2:1 Ellipsoid —bO 0.27
Hollow hemisphere e ) 1.4
Hollow hemisphere —> C 0.38-0.4
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Projectiles

|
¥ Aerodynamic drag

® Drag Coefficient
0 Laminar and Turbulent Flow

107

C.,=C,(Re

d—“d A
10" —
pvL B
Re=—— 3
ll 10° =
10”7 =

: | IIIJIII| 1 IIIlIIJ[ | lIlIIII| | IIIIIII| 1 JIIlIIJl | IIlIIII|

10° 10' 102 10% 10* 10° 10¢
Re

The drag coefficient of a sphere as a function of Reynolds number
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Projectiles
|

¥ Aerodynamic drag

® Drag Coefficient
0 Laminar and Turbulent Flow

Cp=Cp(Re) : ici
Laminar and Turbulent Drag Coefficients
Shape Laminar G Turbulent G
Sphere 0.4-0.47 0.2
D vL 2:1 Ellipsoid 0.27 0.13
Re _ ,u Circular cylinder 1.2 0.3

2:1 Elliptical cylinder 0.6 0.2
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Projectiles

¥ Aerodynamic drag

® Drag Coefficient
0 Altitude Effects on Density

Values of Air Density As a Function of Altitude

Altitude (m) Altitude () Density {kgfnﬁ] Density {sfug/ff’}
0.0 0.0 1.225 0.00238
305 1000 1.189 0.00231
610 2000 1.154 0.00224
914 3000 1.121 0.00218
1219 4000 1.088 0.00211
1524 5000 1.055 0.00205
2134 7000 0.992 0.00192

3048 10,000 0.905 0.00176




Projectiles

¥ Aerodynamic drag
® Equations of motion

Tem 2D V = Vz
F=m §-[Fjr M=t
4
Velocity o>
7 o I
g I
m |f|
iy
Fp
- dv, g —— Fyv,
dt my
dv Fﬂv},
dt 4T my
dv F,v
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¥ Aerodynamic drag
® Three beachballs 2

‘®s0e0 Three beachballs 2

W and with drag
hout drag
R re mass

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip




Projectiles

|
¥ Aerodynamic drag
® Golf Game Version 2

GoIfGame version 2 H=lE3
Initial x-velocity, mis [gﬂ | mass (ka) lﬁ:i%g |
Initial y-velocity, m/s |0.0 area (m"2) |0.001432
Initial z-velocity, mi/s |35.0 | drag coefficient |0.25 |
Distance to hole, m |200.0 | density (kg/m*3) |1.225

View axes |XZ | -
Fire

Reset

https://ae.on.liu.se/tsbk03
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Projectiles

|
¥ Aerodynamic drag
® Bowling balls

) o Bowling balls

Different size and mass, high drag

(Reset)

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip
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Projectiles

¥ Aerodynamic drag
® Summary

0)

Drag force acts in the opposite direction to the
velocity. The magnitude of the drag force is
proportional to the square of the velocity.

The three components of motion are coupled when
drag is taken into account.

The drag force is a function of the projectile
geometry.

The acceleration due to drag is inversely proportional
to the mass of the projectile.

The drag on an object is proportional to the density of
the fluid in which it is traveling.
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Projectiles

® Wind Effect

® Equations of motion

Wind Velocity, v,,

Apparent
Velocity, v,

Velocity, v

Apparent velocity is the vector sum of the projectile
velocity and wind velocity.

2
Fd=CdAp%
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Projectiles

1
® Wind Effect
® Golf Game Version 3

EGnIfGame wversion 3 H=] E3
Initial x-velocity, mis [31.0 mass (kg) [0.0459

Initial y-velocity, m/s |0.0 area (m42) (0.001432

Initial z-velocity, mis |35.0 drag coefficient [0.25

Distance to hole, m |200.0 density (kg/m#3) |1.225
View axes n Wind x-velocity, m/s |10.0

Fire Wind y-velocity, mis |0.0
Reset

10 mis tailwind

The effects of headwind or tailwind on a golf ball trajectory

...Java_Code\Chapter05_Projectile\GolfGame3.java ( https://ae.onliu.se/tsbk03)
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Projectiles

® Wind Effect

Wind = = & |

WIND

Starting rotation: 1

‘ {1 )

Starting rotation speed: 0.0436458
9, )

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip
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Projectiles
|

¥ Wind Effect
® Summary

0 The presence of wind changes the apparent velocity
seen by the projectile in flight. A headwind will
increase the apparent velocity. A tailwind will
decrease it.

0

The wind velocity affects the drag force in all three
coordinate directions even if the wind velocities
themselves are only in the x- and z-planes.
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Ball with -
ne spin e

=()

Projectiles .

¥  Projectiles ——
O Spin Effect

Increased Local Velocity
(Decreased pressure)

Downwash Upwash

B A

Decreased Local Velocity




Bernoulli's equation

Bernoulli’s equation:

pressure

1

the fluid density

p+§/pv2+ p gh=const

velocity

altitude

p+5 pv°=const

(h=const)




Projectiles

Ball with

ne spin __J:.;;.-—-.'.'_-
-

:Q

|
B  Projectiles

O Spin Effect

Increased Local Velocity
{(Decreased pressure)

Downwash Upwash

Decreased Local Velocity

Bernoulli’s equation: p +% v2+ p gh —const
/p altitude

pressure velocity

the fluid density

A spinning object
generates lift

1 5
pt5pv =const

(h=const)




Projectiles

B Spin Effect

® Magnus force
2 - -
F =C pV—A [a)Xv]

M /H 2 [[@xV]|
Velocity

/ The Magnus force lift coefficient

j For a sphere: C; :%
o Fomg For a cylinder: C,= 2ﬂ‘fm

® Equation of motion R ) [*x*]

> _,_-» 1 V_ WXV

Fem ol b o]

.

\FD\f+C i oxi

r=0=—m 74P L2
m i 2m [ fx|




Projectiles

|
B Spin Effect
® Magnus force demo

ting height 1

https://www.computer-graphics.se/demos/files03/Beachball-demos.zip
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Projectiles

1
B Spin Effect
® Golf Game Version 4

aGulfGame version 4 =] 3
Initial x-velocity, mis [35.0 | mass (kg) [0.0459 | Angular velocity, radis [300.0
Initial y-velocity, mis 0.0 i area (m~2) [0.001432 | Sphere radius, m [0.02135 |
Initial z-velocity, m/s '_35.9 | drag coefficient ;_D 25 | Spin axes
Distance to hole, m |200.0 | density (ka/m*3) 1225 4 rx 0.0
View axes Xz |+ | Wind vx, mis ;jI:CI_.__U_ | ry (1.0

Fire Wind vy, mis [0.0
Reset

You're an the green

A No spin Spin =300 radis
Han T "& e
k7 -
\ ,

The effect of spin on golf ball flight

...Java_Code\Chapter05_Projectile\GolfGame4.java (htrps://ae.onliu.se/tsbk03)
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