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Preface

Dynamics is the third volume of a three-volume textbook on Engi-
neering Mechanics. Volume 1 deals with Statics; Volume 2 contains
Mechanics of Materials. The original German version of this series
has been the bestselling textbook on mechanics for more than two
decades and its 11th edition has just been published.

It is our intention to present to engineering students the basic
concepts and principles of mechanics in the clearest and simp-
lest form possible. A major objective of this book is to help the
students to develop problem solving skills in a systematic manner.

The book developed out of many years of teaching experience
gained by the authors while giving courses on engineering me-
chanics to students of mechanical, civil and electrical engineering.
The contents of the book correspond to the topics normally co-
vered in courses on basic engineering mechanics at universities
and colleges. The theory is presented in as simple a form as the
subject allows without being imprecise. This approach makes the
text accessible to students from different disciplines and allows for
their different educational backgrounds. Another aim of the book
is to provide students as well as practising engineers with a solid
foundation to help them bridge the gaps between undergraduate
studies, advanced courses on mechanics and practical engineering
problems.

A thorough understanding of the theory cannot be acquired
by merely studying textbooks. The application of the seemingly
simple theory to actual engineering problems can be mastered
only if the student takes an active part in solving the numerous
examples in this book. It is recommended that the reader tries to
solve the problems independently without resorting to the given
solutions. In order to focus on the fundamental aspects of how the
theory is applied, we deliberately placed no emphasis on numerical
solutions and numerical results.
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Chapter 1

Motion of a Point Mass






1 Motion of a Point Mass

1.1

1.1.1
1.1.2
1.1.3
1.1.4
1.1.5
1.2

1.2.1
1.2.2
1.2.3
1.2.4
1.2.5
1.2.6
1.2.7

1.2.8

1.3
1.4

Kinematics ... ...
Velocity and Acceleration.............cooiiiiiiiiiinn.
Velocity and Acceleration in Cartesian Coordinates.....
Rectilinear Motion ...
Planar Motion, Polar Coordinates...........................
Three-Dimensional Motion, Serret-Frenet Frame........
KINEtiCS . e
Newton's Laws .........coooiiiiii
Free Motion, Projectiles....................oooiiiii.
Constrained Motion ...........ccooiiiiiiiiiii
Resistance/Drag Forces ............coccooiiiiiiiiiiiniinn.
Impulse Law and Linear Momentum, Impact.............
Angular Momentum Theorem................oooiiiiii..
Work-Energy Theorem, Potential Energy, Conservation
of Energy ..o
Universal Law of Gravitation, Planetary and Satellite

MOLION ...
Supplementary Examples..............coooiiii
SUMMANY .«

N ~NOo o

Objectives: We will first learn how one describes the mo-
tion of a point mass by its position, velocity, and acceleration in
different coordinate systems and how such quantities can be deter-
mined. Subsequently, we will concern ourselves with the equations
of motion, which prescribe the relation between forces and motion.
An important role will again be played by the free-body diagram
with whose help we will be able to properly derive the equations
of motion. Further, we will discuss important physical concepts

such as momentum, angular momentum, and work-laws and their
applications.

D. Gross et al., Engineering Mechanics 3,

DOI 10.1007/978-3-642-14019-8 1, © Springer-Verlag Berlin Heidelberg 2011
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1.1 Kinematics

1.1.1 Velocity and Acceleration
The subject of kinematics is the description of motion in space.
Kinematics can be thought of as the geometry of motion indepen-
dent of the cause of the motion.

The position of a point mass M in space is given by a point
P and is uniquely described by its position vector r (Fig. 1.1a).
This vector shows the momentary or instantaneous location of
M relative to a fixed reference point in space, 0. If M changes
location with time ¢, then r(¢) describes the trajectory or path of

M.
Av

v(t+A) (i A/:‘Nm

v(t)

P

Fig. 1.1

Let us now consider two neighboring locations for M, P and
P’ at two different times ¢ and ¢ + At (Fig. 1.1b). The change
in the position vector over the time interval At is given by Ar =
r(t + At) — r(t). The velocity of M is defined as the limit of the
change in position with respect to time:

o rE+A)—r(t) . Ar dr .
0= e ———— = e S = p = (L)

Thus, the velocity v is the time derivative of the position vector
r. We will usually denote time derivatives with a superposed dot.
Velocity is a vector. Since the change of the position vector, Ar,

1.1
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in the limit as At — 0 points in the direction of the tangent to the
trajectory of M, the velocity is always tangent to this curve. The
velocity points in the direction that the mass traverses the path in
space. In order to determine the magnitude of the velocity vector,
we introduce the arc-length s as a measure of distance covered
by M along its trajectory. Assume that the mass has moved a
distance s up to the location P and a distance s + As up to the
location P’. With |Ar| = As, one obtains from (1.1) the speed
. As ds .

|v|:v:AliIEOE:E:S. (1.2)
Velocity and speed have dimensions of distance/time and are often
measured in units of m/s. The units of km/h, which are used in
transportation applications, are related as 1km/h = % m/s
== m/sor1m/s=3.6km/h.

In general, velocity depends on time. In neighboring positions
P and P’ (Fig. 1.1c) the considered point mass has velocities v(t)
and v(t + At). Thus, the change in the velocity is given by Av =
v(t + At) — v(t). The acceleration is defined as the limit of this
change with respect to time:

vt A —o(t) g, Av _dv g
At—0 At At—0 At dt
Thus the acceleration a is the first derivative of v and the se-
cond derivative of r. Acceleration is a vector. But since Av (see
Fig. 1.1c) does not have an obvious relation to the trajectory, we
can not easily make statements about its direction and magni-
tude. Acceleration has dimensions of distance/time? and is often
measured in units of m/s2.

Velocity and acceleration have been introduced independent of
a coordinate system. However, to solve specific problems, it is
useful to introduce particular coordinates. In what follows, we
will consider three important coordinate systems.
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1.1.2 Velocity and Acceleration in Cartesian Coordinates

If we want to describe motion in Cartesian coordinates, we can
choose 0 as the origin of a fixed (in space) system z, y, z. With unit
vectors (basis vectors) e, ey, e, in the three coordinate directions
(Fig. 1.1a), the position vector is given as

r(t) =xz(t) es +y(t) ey + 2(t) e . (1.4)

This is a parametric description of the trajectory with ¢ as the
parameter. If one can eliminate time from the three component
relations in (1.4), then one has a time independent geometric de-
scription of the trajectory (cf. e.g. Section 1.2.2).

Using (1.1), one finds the velocity via differentiation (the basis
vectors do not depend on time):

v=r==3e,+ye,+ze,. (1.5)
Further differentiation gives the acceleration as

a=v=F==3%e,+je,+ze,. (1.6)
Thus the components of the velocity and acceleration in Cartesian

coordinates are given as

Vg = Z, Uy = Y, v, = Z, (1 7)

Ay = Vyp = &, ay = Uy =4, a, =V, = Z.
The magnitudes follow as

v=+/2%2+ 9>+ 22 and a=+i%+§>+ 22 (1.8)

1.1.3 Rectilinear Motion
Rectilinear motion is the simplest form of motion. Even so, it has
many practical uses. For example, the free fall of a body in the
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earth’s gravitational field or the travel of a train over a bridge are
rectilinear motions.

If a point mass M moves along a straight line, then we can
assume without loss of generality that the x-axis is coincident with
this line (Fig. 1.2). Then according to (1.4), the position vector r
to its current location P only has an z-component — likewise for
the velocity v and the acceleration a according to (1.5) and (1.6).
Thus, we can dispense with the vector character of the position,
velocity, and acceleration and obtain from (1.7)

v =, a=0==%. (1.9)

In the case that v or a is negative, this means that the velocity
respectively the acceleration is in the negative z-direction. An
acceleration that decreases the magnitude of the velocity is known
as a “deceleration”.

P

0 z T Fig.1.2

In a case of rectilinear motion, if the position x is known as a
function of time ¢, then the velocity and acceleration can be found
via differentiation as indicated in (1.9). Often, however, problems
are encountered where the acceleration is known and the velocity
and position need to be determined. In these cases, integration
is needed — a situation that is in general mathematically more
difficult than differentiation. The determination of kinematic un-
knowns from given kinematic variables constitute basic kinematic
problems. We take up these basic questions in what follows, whe-
re we will restrict ourselves to the most important special cases
— those where the given kinematic variable depends on only one
other variable. If the acceleration is taken as the given variable,
there are five basic kinematic problems which we would like to
treat.

1. a=0 If the acceleration is zero, then according to (1.9)
a = v = dv/dt = 0. Integration then says that the velocity is
constant:

v = const = vg .
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A motion with a constant velocity is known as a uniform motion.
The position z can be found from v = vy = dz/dt via integration.
To do so, a statement about the start of the motion is needed,
a so-called initial condition. Let us denote initial values by the
subscript 0, so that at time ¢t = tg the position is assumed as
x = xg. With integration we can follow two procedures:

a) Indeterminate Integration. After separation of variables, do =
v dt, indeterminate integration gives

/dx:/vodt — x=wvot+C;.

The constant of integration C; is determined by exploiting the
initial value:

zo=v9to+C1 — Ci=z9—19tp.
Thus the desired position as a function of time is
x=xp+ v (t—tp).

b) Determinate Integration. After separation of variables, da =
vp dt, a determinate integration (where the lower integration limits
are the initial values tg, zo) gives

x t
/di':/vodf —  x—x0 =19 (t—to)
Zxo t(]

or
$:$0+Uo(t—t0).

Note that the variables under the integral sign are denoted with
a bar, so that they are not confused with the upper limits of
integration.

In what follows we will alternatively use both integration me-
thods. Thus the initial conditions will either be used to determine
constants of integration or will be used to set the lower limits of
integration.
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2. a=ag A motion with a constant acceleration is called a
uniform acceleration. Let us assume that t; = 0 and the initial
conditions for the velocity and position are

#(0) = vo, z(0) = ¢ .

Then via integration of (1.9) the velocity and position follow as
v t
dv=aedt — /dﬁ:/aodf — wv=uvg+aot,
o 0

and

x t
dz —vdt  — /dj:/(vo+aof)df
o 0

t2
— xzxo+vot+a0§~

Fig. 1.3 shows the acceleration a, velocity v and position x
as functions of time. One sees from the graphs, that a constant
acceleration ag leads to a linear velocity agt+vg and to a quadratic
position-time dependency agt?/2 + vot + 0.

In nature, for example, one encounters uniform acceleration du-
ring free fall and other vertical motions in the earth’s gravitational
field. Galilei (1564-1642) discovered in 1638, that all bodies (igno-
ring air resistance) have a constant acceleration during free fall.
This acceleration is called the earth’s gravitational acceleration g.
At the earth’s surface, it has the value g = 9.81 m/s?, where small
variations with geographical latitude are neglected.

In what follows we will examine free fall and other vertical
motions of a body K. As shown in Fig. 1.4a, we introduce a z-
coordinate axis perpendicular to the earth’s surface with the po-
sitive direction taken as upwards. For initial conditions, assume
that

2(0) = vy, 2(0) = zp.
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a
Qo
t
acceleration-time velocity-time position-time
diagram diagram diagram
Fig. 1.3

Then taking into account the sign of the earth’s acceleration (in
the negative z-direction), we obtain

2:@:—97

Z=v=—gt+ v, (1.10)
gt?

ZZ—T+Uot—|-Zo.

Let us now consider the special case of free fall. The body is
dropped from a height zp = H with zero initial velocity (vop = 0).
Then from (1.10)

t2

a=-—g, v=—gt, z:—%—i—H.

If we wish to determine the time 7' that it takes for the body to
fall to the ground, then we simply have to set z = 0 to find

T2 2H
c=0=-92"4Hg - T= [
2 g

If we insert this time into the expression for the velocity, then we
will find the impact velocity

2H
vl:U(T):—gT:—g”TZf\/2gH.

The minus sign shows that the velocity is oriented in the direction
opposite to the positive z-direction (i.e., the negative z-direction).
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Fig. 1.4b shows the position of the body as a function of time.

ON
=
-— =
=
h

Fig. 1.4

We will now examine the vertical motion of a body that is
thrown vertically at time ¢t = 0 from the earth’s surface (29 = 0)
with initial velocity vy (Fig. 1.4c). It follows from (1.10), that

gt?

a=—g¢g, v=—gt+g, 2:77—1—’0015.

The body will reach its highest point (H), when the velocity is
zero. The time that it takes to reach this point follows as

v=0=—-—g9gT+v9g — =2
g

Substituting this time into the expression for position, one finds
the value for the highest point on the trajectory:

gT gU2 Vo v,
H:Z(T):_T-FUOT:—ag—g-l—vo;:i.

Fig. 1.4d shows the dependency of the body’s position with time.
Comparing this result with that of free fall, one sees the close
relationship between the two motions: a body that falls from a
height H hits the ground with a velocity |v;| = /2 g H, whereas a
body that is thrown vertically with a velocity vy reaches a height
of H=1%/2g.

3. a = a(t) Inthis case, the velocity v and the position « can be
directly found via two successive integrations of (1.9) with respect
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to time. With initial conditions v(ty) = vo, x(to) = zo one has

t

dv=qa(t)dt — v:vo—l—/a(f)dt_, (1.11)
to
¢
de =ov(t)dt — z:m0+/v(f)df. (1.12)
to

4. a=a(v) In this case the acceleration is a given function of
the velocity. Thus from (1.9) via separation of variables

dv dv
= — dt = —.
a(v) a a(v)
Determinate integration (with the lower limit as the initial condi-
tion t = tg, v(to) = vo) gives

t v v
_ dv do

dt = | — t=1 — = . 1.13
o= [y = oo o -

to Vo )
In this manner, the time ¢ is given as a function of the velocity
v. If one can solve this relation to find v = F(¢) (i.e., find the
inverse function F' = f~1), then the position can be determined

from (1.12) as
t
x:xo+/F(f)df. (1.14)
to
In this way, the position x is now given as a function of time ¢.

From a(v) one can directly determine the position x as a func-
tion of v. Using the chain rule

7dv7dvdx7dv

“TH% T dr At dz

and applying separation of variables gives

dz =2 dv.
a
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Determinate integration using the initial values vy and xg gives

v

x=x0+/ﬁd@. (1.15)

Vo

As an illustrative example, let us consider the motion of a point
mass whose acceleration a = —kwv, where k is a constant. Such
motions occur, for example, for bodies moving in viscous fluids
(cf. Section 1.2.4). Let x(0) = x¢ and v(0) = vy be given as initial
conditions.

From (1.13) it follows that

[ v 1. 1. v
T — Y= ).
i A
vo

Solving for v (determining the inverse function), gives
v=1vge = F(t).

Then from (1.14), one finds

t
_ it
x=ua(t) =z + /UO e Mt = xo + (_%) e—’ft‘
0
0

v
xo + Zo(l —e Rty

Using instead (1.15), we alternately have

[ v 1
xi.’ﬂ(v):.TO'F/_—MdT_/:l‘C)—E(’U*’Uo).

vo

If we substitute the velocity v = vge ", then we recover the
previously determined position-time relation

1
x=x0— E(voe_kt — ) =z + %0(1 —e My = x(t).

The result is shown in Fig. 1.5. Because the acceleration a is
proportional to —v, the point continuously decelerates. Thus the
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Vo

\

Fig. 1.5

velocity v continuously decreases and with smaller magnitude v
the deceleration also decreases. Only in the limit ¢ — oo does
the velocity reach zero. The position of the point asymptotically
approaches xo + vo/k. This value follows from z(¢) in the limit as
t — oo or from z(v) as v — 0.

5. a =a(z) Let us once again use the chain rule

_dv_dvdx_dv

‘T T At dz’

and separation of variables:
vdv = adz. (1.16)

Integration with initial conditions v(tg) = vg, x(to) = o gives

%UQZ%US—F/a(fc)dﬁc:f(x) — v=+/2f(z). (1.17)

In this way, we determine the dependency of velocity v in terms of
position z. From the relation v = dx/dt, one finds after applying
separation of variables and integrating, that

x

dz dz

T
v V2@) JV2f@) '

Thus, time ¢ is now known as a function of position. If one can
invert the relation ¢ = g(x) to yield x = G(t), then one also
obtains position as a function of time.

dt 1.18)
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As an example, let us study a motion with the given accele-
ration relation a = —w?r, where w? is a given constant. At time
to = 0 assume 2(0) = xo and v(0) = vy = 0. Substitution into

(1.17) gives

%UQ = /(—w2£)d§: = —w? (%2 - %8> = w—2(:rg —2%) = f(z)

—  v=dwy/zd —a2.

From (1.18) one obtains the time response as

1 . T T
= +— arcsin —

x
t=t(z) i/idj
= €Tr) =
wy/z3 — 12 w T
To

Zo

1 T s 1 T
=+— <arcsin— — —) = +— arccos —.
w xo 2 w To
Inverting, one then finds the position as a function of time:
xr = xg cos wt.

This motion is a harmonic oscillation (cf. Chapter 5). By diffe-
rentiation, one can also obtain the velocity and acceleration as
functions of time:

o(t) =i = —wagsinwt, a(t) =& = —w’zgcoswt = —w?z(t).

Fig. 1.6a displays the mass’s position and velocity as functions of
time.

z r=1xg cos wt

a T=—wxpsinwt 2w Fig. 1.6
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Often one is also interested in the dependency of the velocity
on the position. We can geometrically display this dependency in
an x,v-diagram as a phase curve or phase trajectory.

For the oscillation example, we have v = +wy/a3 — 2. Thus
it follows, that

2 2
v? =W (xt —2%) — <a?> + <v) =1.
Zo wxo

The phase curve is an ellipse with semi-axes xo and wzg (Fig. 1.6b).
Each point x,v on the phase curve corresponds to particular ti-
me points ¢: time is a parameter. Since the curve is closed in this
example, the motion repeats itself after each pass (oscillation =
periodic event). The figure shows distinct times and the directi-
on of the motion. The time it takes to complete a single cycle,
T = 27 /w, is known as the period of oscillation or for short the
period (cf. Chapter 5).

In other cases when velocity and position are known functions
of time, one needs to eliminate time from the relations #(t) and
z(t) in order to determine the phase curve.

As closure to the developments up to this point, Table 1.1 sum-
marizes the important relations associated with the basic kinema-
tic questions.

Table1.1
Given Sought
t - t -
a(t) v=uv9+ [a(t)dt r=ux0+ [v(t)dt
to tO
v do v odo
a(v) t=to+ - T =T+ -
1 aw 1o
9 9 N z dz
a(z) v =0v3+2 [a(@)dz | t=to+ [ -
x
o w2 +2 [ a(z)dz
Zo
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Example 1.1 A vehicle travelling on a straight path has, at time
to = 0, a velocity vgp = 40 m/s and acceleration ag = 5 m/s?. It
then experiences a linearly decreasing acceleration in time to a
value of @ = 0 at t = 6 s. Next, it travels a distance ss = 550
m in uniform motion and finally in a third phase of travel it is
uniformly decelerated with an acceleration |as| = 11 m/s? until it
stops.

At what time and in what location does the vehicle come to
a stop? Sketch the acceleration-, velocity-, and position-time dia-
grams.

Solution For each of the three time intervals of the motion, we
will introduce a new time variable (Fig. 1.7a). Variables at the
end of a time interval will be denoted with a star. The position
x will be computed relative to the location of the vehicle at time
to = 0.

1. Linear acceleration (0 < ¢1 < t7).

The time variation of the acceleration can be represented as a; =
ap(1—1t1/t7). Considering the initial conditions x4 (¢ =0) = 0 and
v1(t1 = 0) = v one obtains from (1.11) and (1.12) the velocity

t

1 i\ . G

v =v0+ [ ao 1_E dty =vo +ag 751—2tT
0

and position

ty
_ 28
= dt1 = vt - — .
T /U1 1= "0 1+a0(2 6tf>
0

At the end of this interval of the motion (t; =t7=6+s) we have

*

t
vi‘:v0+a051:40+5-3:55?,

t*2 62
x*l‘:vot’{+a0%:40-6+5-§:300m.
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2. Uniform motion (0 < to < t3).
In the second interval of the motion, the velocity is a constant
with value v2 = v} = 55 m/s. Thus the position is given by

XTo = x’{ + vty
At time ¢35 the vehicle has traveled a total distance of
x5 = 2] + s2 = 300 + 550 = 850 m .

From s9 = vy t5 = 550 m, follows the time

. s2 550 _
_— = — = S
27wy 55
v
) t3 13
- -4 50
m | |
| | | | il
f I T T s | |
0 - | thna t - | |
[2) t3 - | |
Il 1
0 6 16 2ls t
a C
a T
m
s? Lfinal
5 4
\ 16 21s
0 6
t 500
m
0
b d

Fig. 1.7

3. Constant deceleration (0 < t3 < t%).
The final conditions of the second time interval (23, v = vg) are
the initial conditions for the third time interval. Thus we find (as
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is the magnitude of the deceleration)

. *
v3 = vy — asts,
2

t
T3 :x§+v§t3—a3§3.
The time at which the vehicle comes to a stop follows from
vy bd
vy =vs —agts =0 th=-2=""—5s,
3 2 313 - 13 a3 11

and the final position is obtained as
[*2
Tfinal = Tg = T5 + U5 15 —ag,%
52
=850+55-5— 11-7 =987.5m.

The total time of travel is

linal =5 + 15 +15=6+10+5=21s.

Figs. 1.7b-d show the acceleration-, velocity-, and position-time
diagrams. At the time where the acceleration has a jump, the ve-
locity has a change in slope. In the position-time curve there is no
such change in slope as the vehicle has not experienced any jumps
in velocity. (Jumps in v only occur during impacts, cf. Section
2.5).

Example 1.2 A point mass M moves according to Fig. 1.8a along
a straight line. The square of the velocity decreases linearly with
2. The mass passes the location x = 0 at t = 0 with a velocity
vo > 0 and at the location x = 21 > 0 it has the velocity v1 = 0.

At what time does the point mass reach the position x; and
what is its acceleration?

Solution First, we need to describe the velocity. A linear relation
between v? and x can be generally written as v?2 = bx + c. The
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P
—o ‘
0 T T
Fig.1.8 a b
constants b and ¢ follow from consideration of the given values:
2 ¢ vg
v(e=0)=vy — c=v;, vE=21)=0 > b=——=——".
Ty Ty
Thus,
x
v=uv(r) =v04/1 — —
T

Figure 1.8b shows v(z) in the phase plane. From v = dz/d¢ it
follows by separation of variables and indeterminate integration

that
dx x x
t:/7:—2—1 1-—+C.
voy /1 — & wl @
The integration constant C' is determined from the initial condi-

tion z(0) = 0:
0=—22Vitc — c=22L.

Vo Vo
With this, the time ¢; when the mass reaches z = z; is found as

t=tx)=C=2"1.
v

The acceleration is determined by application of the chain rule:

dv dv dzr dov g 1 T v}
= —=— 0= ——9g /1 - —=— ——.
dt dz dt dx 211 x T 211

IS
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Since a = const, we see that the motion is a uniform acceleration.
As a check, we can compute the velocity and position via inte-
gration from the known acceleration:

2

Yo
v=at+vg=——14 v,
2.’£1
2
v
x:——0t2+v0t.

4501

Elimination of ¢ leads to the given velocity-position relation.

Example 1.3 A point mass M with current position P moves, as
shown in Fig. 1.9, along the z-axis with acceleration a = k+/v,
where the constant k& = 2 (m/s3)/2. At time t = 0, M passes the
location zp = 1/3m with a velocity vo = 1 m/s.

Find the location 1 of M at time ¢; = 2s. What are the
velocity and acceleration at this time?

P

0 o o r Fig. 1.9

Solution The acceleration is given as a function of velocity. Ac-
cording to (1.13), we have

v

o= [ =i - vv<t>(’“;+m)2-

Vo

Indeterminate integration of v gives

12 [kt ’
= dt=--|— C.
T / v 3% ( 5 + \/%) +
The integration constant C' is found using the initial condition
z(0) = zo:
12

1
3 32(f) +C C=0
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Thus, we arrive at the result

2 [kt s
$_3_k(7+\/%> )

g_a(tl)_2<22;2+ﬁ>_ =

As a check, we can easily see that the result is compatible with
the initially given acceleration formula: a = k \/v.

1.1.4 Planar Motion, Polar Coordinates

When a point mass M moves in a plane (e.g. in the x, y-plane),
one often finds it easiest to describe the motion using Cartesian
coordinates according to relations (1.4) to (1.8) (ignoring the com-
ponent orthogonal to the plane of motion). However, it is often
also useful to describe its current position P using polar coordina-
tes r, p; see Fig. 1.10a. Let us introduce orthogonal basis vectors
e, and e,, such that e, always points from the fized point 0 to
M. In this case, the position vector is

r=re,. (1.19)

To find expressions for the velocity and acceleration we need
to differentiate the position vector. Because the location of M
changes with time, the directions of e, and e, also change with
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Fig. 1.10

time. In contradistinction to the fixed-in-space basis vectors in a
Cartesian coordinate system, in polar coordinates the basis vectors
must also be differentiated. The basis vector e, is assumed to be
a unit vector. Its change due to an infinitesimal rotation dy over
a time dt gives according to Fig. 1.10b a vector de,, which is
orthogonal to e, (i.e. it points in the direction of e,) and has a
magnitude 1-de. Thus we can write

de, =dpe, — € = d;r = i—f€¢:¢6¢-

In a similar fashion, one can compute the change in the basis
vector e, from Fig. 1.10b:

d d
de, = —dpe, — éwzngd—ferz—gber.

It then follows from (1.19) that the velocity is given by
v=r=re +ré. =re.+rpe,. (1.20)

It has a radial component v, = 7 and an angular component v, =
r ¢. As noted before, the velocity is tangential to the trajectory.

Differentiation of (1.20) provides an expression for the accele-
ration:

a=v="re +T7€ +rpe,+rpe, +roe,
=(F—r¢?) e+ (rg+27¢) e, . (1.21)

It has a radial component a, = #*—r@? and an angular component
a, = r$ +27¢. As noted earlier, one can not easily make general
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statements about the orientation of the acceleration with respect
to the trajectory.

In summary, we have the following relations for planar motion
in polar coordinates:

r=re,,
V="Ure +Uy,€, =T€ +rPe,, (1.22)

a=arer+ape, = (F—r¢?) e, + (rg +27¢) e, .

Over a time interval dt the position vector changes by an angle
de. The time rate of change of this angle, ¢ = d¢/dt, is known
as the angular velocity. It is usually denoted by the letter w:

w=¢. (1.23)

The angular velocity has dimensions of 1/time.
Differentiation of w leads to the angular acceleration

O=¢. (1.24)

The angular acceleration is denoted by many authors by the letter
a but we will usually not adopt this convention. It has dimensions
of 1/time?.

An important special case of planar motion is circular motion;
see (Fig. 1.11a) where r = const. In this case

r=re, vV=rwe, a=-—Tw e +rie,. (1.25)
The velocity has only an angular component
V=, = TW, (1.26)

which points in the direction tangent to the circular path of the
point mass (Fig. 1.11b). The acceleration has a component in the
tangential direction

ap =TW (1.27)
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Fig. 1.11

and a component in the radial direction (orthogonal to the tra-
jectory, Fig. 1.11c¢)

ar = —rw?. (1.28)

The minus sign indicates that the radial component points inwards
— towards the origin. This component is called the centripetal ac-
celeration.

If in addition to r = const, the angular velocity w = const, then
the velocity has a constant magnitude rw, and the tangential acce-
leration is zero. In spite of this, there is still a radial acceleration of
magnitude rw?. It is needed to change the direction of the velocity
vector.

dA

dp

c Fig. 1.12

Another important case of planar motion is central motion. In
this case, the acceleration vector is assumed to continuously point
towards a single point, the center C' (Fig. 1.12). This occurs, for
example, with the motion of the planets, where the sun serves as
the center C'. If we place the origin of our coordinate system at the
center, then the angular component of the acceleration disappears:

1d
a,=0 — rw+27'“w:—5(r2w):0 — r?w=const. (1.29a)
T



1.1  Kinematics 27

We can give this result a clever interpretation. Fig. 1.12 shows
that the ray r sweeps out an area dA = %rrdap in a time interval
dt. Calculating the differential ratio

dA 1 ,dp 1 4

D S 1.29b

at 2 a2 (1.29b)
shows that the rate of change of this area in a central motion is
constant (cf. (1.29a)). This observation is known as Kepler’s 2nd
Law of planetary motion (Friedrich Johannes Kepler, 1571-1630):
the ray from the sun to a planet sweeps out equal areas in equal
times. The result is also known as the Law of Equal Areas.

Example 1.4 A ship S moves as shown in Fig. 1.13a with a velocity
of constant magnitude v, where the angle o between the velocity
vector and the connecting line to the lighthouse L remains con-
stant.

What is the magnitude of the acceleration and what is the
trajectory of the ship?

Fig.1.13 a

Solution To describe the motion, we introduce polar coordinates
with the origin at L (Fig. 1.13b). The velocity has in this case
constant components

Up =0 COSQ, U, =0 Sina.

Since v, =7 and v, = r¢ (cf. (1.22)), it follows that

. . v sin «
r=vcosqa, = .
r

El.4
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Upon further differentiation, one finds

de . v sina v? sina cosa

Thus we find for the acceleration components

.. .9 v? sin® o
ap =7 —1¢” = = ———,
r
.. .. v? sina cosa v sina
Ap =TP + 270 =— ————— +2vC0SQ
r

v? sin o cosa

r
The magnitude of the acceleration is then found as

2

S 5 Visina ;s 5 2 sin a
a = ar—l—ay, = —Vsm“a+cosfax = — .
- r _r
The desired trajectory follows from

r=vcosa — dr =wv cosadt,

r¢o =vsina — rdy =vsinadt
via elimination of dt and separation of variables:

dr de

r tana

Indeterminate integration gives

Inr=
tan o

Assuming that the ship is a distance rg from the origin at angle
i =0, then C' = Inry. Substituting, one finds

T
Inr= +Inrg — In— = 1.4
tan o 0 tan «
or
_p
fana
r=rgpe .

This is the expression for a logarithmic spiral.
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Example 1.5 A flywheel (diameter d = 60 c¢m) is uniformly accele-
rated from a standstill such that at time ¢; = 20 s it has reached
a rotation rate of n = 1000 rpm (rpm = revolutions per minute).

a) What is the magnitude of the angular acceleration w of the
flywheel? b) How many revolutions N has the flywheel made at
time ¢1?7 ¢) What are the velocity and acceleration of a point on
the perimeter at time to = 1 s7

Solution a) For a uniformly accelerated circular motion the an-
gular acceleration is constant: w = wy = const. Noting the in-
itial condition w(0) = 0, the angular velocity is w = wqyt. With
w(t1) = wy it follows that

.o W

wo = E .
Rotation rate n (in rpm) and angular velocity w are easily related
to one another: with a rotation rate n one has an angle of revolu-
tion of n - 27 after one minute. Angular velocity is usually given
in units of 1/s (or equivalently rad/s); in this case

n-2T
60
With the given rotation rate, it follows that
1000 - 27
b= ———— =5245"2.
Wo = ooy 248

b) Integration of w = wgt with initial condition ¢(0) = 0 gives
the rotation angle

1. 5
= — te.
¥ 2w0

With the given values, we have at ¢ = ¢; a rotation angle
1
1 =p(t) = 3 5.24 - 400 = 1048 rad .

Thus the number of revolutions is

N = % = 166.

- ™

c) From (1.26) the angular velocity component is obtained as

E1.5



30 1 Motion of a Point Mass

v=rw=rwot.

The radial velocity is zero. From (1.27) and (1.28) the two acce-
leration components are

ap, =1y, Ay = —rw? = —r(wot)?.

For the given numerical values, at ¢ = {5 we have

v =r0gty =30-5.24-1=157.2cm/s,
a, =30-5.24 = 157.2 cm/s”,
ar = —30-(524-1)° = —823.7cm/s”
and

a=/d2 +a2=838.6cm/s’.

The centripetal acceleration a,., which points towards the center of
the flywheel, grows quadratically with ¢ and is thus, after a short
time, much larger than the time-independent angular acceleration
Q.

1.1.5 Three-Dimensional Motion, Serret-Frenet Frame

The general motion of a point mass in three dimensions can be
described with the previously introduced formulae either by Car-
tesian coordinates x, y, z or through cylindrical coordinates r, ¢, z.
By cylindrical coordinates, we mean a three-dimensional genera-
lization of polar coordinates (Fig. 1.14), whereby the basis vector
e, is a constant, so that with (1.22) one has in cylindrical coordi-
nates:

r=re, A ze,,

v=re +rpe,+ e, (1.30)

a=(F—-r¢?)e + (rg+2rp)e, + ze,.
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Fig.1.14

Note that r is not the magnitude of the vector r, but rather the
magnitude of its projection in the x, y-plane.

In many cases it is useful to introduce a third method of descri-
bing motion. To this end, we will introduce a means of describing
motion that moves with the point mass M along its trajectory.
The method of description is based upon the Serret-Frenet frame
(or triad). This triad of basis vectors at a point on the trajecto-
ry (Fig. 1.15a) is defined by three orthonormal vectors: e; in the
tangential direction, e, in the direction of the principal normal,
and ey in the direction of the binormal. The vectors e, e, and e,
in this order, create a right-handed system. The tangent and the
principal normal lie in the so-called osculating plane. The vector
e, locally points towards the center of curvature C'. If M is loca-
ted at P, the trajectory can be locally approximated by a circle,
whose radius p (distance CP) is called the radius of curvature.

path




32 1 Motion of a Point Mass

Using the arc-length s(t), it follows from the expression for the
position vector

r =r(s(t))
that the velocity is given by
pojodr_drds

o dt dsdt’

Since dr points in the direction of the tangent and |dr| = ds, one
has dr = ds e;. Noting that the speed (cf. (1.2)) is

ds
=lv|=—=3 1.31
v=lol= 5= (131)
we get
v=ve;. (1.32)

Differentiation of (1.32) yields the acceleration
a=v=ve;t+vé&.

We determine the time rate of change of the tangent vector, é;,
analogously to Section 1.1.4. The unit vector e; changes its di-
rection by an angle dy between two neighboring points P and P’
on the trajectory (Fig. 1.15b). The change de; points towards the
center of curvature C' and has a magnitude of 1-dp. As the change
in arc-length ds between P and P’ can be expressed in terms of
the angle dy and the radius of curvature p (ds = pdy), it follows
that

d d 1d
detzl-dgoen:—sen — &= ct i Y
p

— =—-—=e,=—¢€,.
dt pdt " p "
Substituting back gives an expression for the acceleration vector

in terms of the Serret-Frenet frame:

2
a:atet—i—anen:i)et—i—v—en. (1.33)
p
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Uy =Y !

path

e
Yy e,
AN p
e¢ N7
—_—
e, T

The acceleration is composed of two components: one is in the
direction of the tangent to the trajectory, namely the tangential
acceleration  a; = v, and one in the direction of the principal
normal, namely the normal acceleration a, = v*/p. Note that
the entire vector lies in the osculating plane.

In the special case of circular motion, p = r = const, s = r¢
and ¢ = w. This gives the following velocity and acceleration
components:

Fig. 1.16

) . ) v
V=§=rw, @=0=r10, a,=—=r1rw>. (1.34)
r

One can see that this result is consistent with (1.25) when one
notes that the direction of the principal normal e,, is opposite to
that of e,.

Between the kinematic variables for rectilinear motion and ge-
neral three-dimensional motion, one has the following analogous
relations:

Rectilinear Motion Three-Dimensional Motion
T s
V== V=8

a=0=2=1 at:i):[s'
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Thus all the formulae for rectilinear motion from Section 1.1.3
can be used for three-dimensional motion with the appropriate
variable substitutions. For example from Table 1.1, if one is given
a;(v), then the arc-length s can be determined from

. +/v 5 dp
“ ) a@)

Vo

The Serret-Frenet frame can, of course, also be used to des-
cribe planar motions. Fig. 1.16 illustrates three possibilities for
constructing an expression for the velocity vector v in the special
case of planar motion:

a) Cartesian Coordinates v==2e; +Jey,
b) Polar Coordinates vV=re +rpeg,,
¢) Serret-Frenet Frame vV ="Uve;.

Example 1.6 A point mass M moves in the z,y-plane along the
trajectory y = (a/2) x? with a constant speed v (Fig. 1.17).
Find the magnitude of its acceleration.

Y

path

I Fig.1.17

Solution From (1.33) it follows that a constant speed implies zero
tangential acceleration: a; = 0. Thus for this question the normal
acceleration a,, and the acceleration magnitude a are one and the
same. In order to determine the normal acceleration, we need to
find the radius of curvature p, which follows for planar curves as

d%y

da?

3/2
dy 2
1 =
()]
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For the example then,
1o
p o [1+ (ax)?]?/?

and we obtain
2

a=a _f? Qv
T T L (PR

As a check on our calculation, we can also solve the problem
using Cartesian coordinates. From the expression for the trajec-
tory it follows by differentiation with respect to time that

y=aQra.

Between the velocity components we also have the constraint that

22 2 2
T4y =g,

From these two relations we obtain the result that

P YT
1+ (ax)?’ 1+ (ax)?
Differentiating again, gives
v3 a? zv?
9 g — Y% 9 2 . N
B T O e T R
940 20208, ) ?zvd @ avd
= 7 — = — =
I+ (P T @aPy I ()P

With these expressions we obtain our previously derived result

\/ﬁ 042 ’Ué OZU%
X = .
Y 1+ (@2)2F 1+ (ax)2]32

In this example, the magnitude of the acceleration is maximal at

xz =0.
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1.2 Kinetics

1.2.1 Newton’s Laws

Up to now we have only utilized kinematic quantities (position,
velocity, acceleration) to describe motion. We know, however, from
experience that motion involves forces in general. We have already
studied the concept of forces in detail in Statics (cf. Volume 1). It
is now necessary to couple the concept of force to the kinematic
quantities. For this purpose, we will restrict our attention in this
chapter to the motion of a point mass. In a sense, we wish to
consider a body whose dimensions have no influence on its motion.
Therefore, the body can be represented as a point with a fixed
mass m. In what follows, we will usually refer to the body simply
as “mass m”.

The foundations of kinetics are established in Newton’s three
laws (1687). They are a summary of all experimental experience
and all inferences that can be drawn from them are compatible
with common experience. We take these laws — without proof —
to be true; i.e. we accept them as axioms.

Newton’s 1st Law

The momentum of a point mass is constant when it is free
of external forces.

By momentum we mean the kinetic variable p, which is the pro-
duct of the mass m and the velocity v:

p=muv. (1.35)

Momentum is a vector that points in the direction of the velocity.
Newton’s 1st Law can thus be stated as:

P = mv = const. (1.36)

It says that a point mass executes a uniform rectilinear motion as
long as it experiences no net force. Galilei had already formulated
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this experimental observation in 1638 as the Law of Inertia (v =
const).

The special case of statics is contained in Newton’s 1st Law by
considering the case where v = 0 (i.e. the body remains still for
all times).

Newton’s 2nd Law

The time rate of change of the momentum of a mass m is
equal to the net external force acting upon it.

In equation form, this law says:
dp d(mwo)
. dt

Since it is assumed here that the mass is constant, (1.37) can also

—F. (1.37)

be written as

d

md—:;:ma:F. (1.38)
In our study of the kinetics of a point mass, we will usually employ
this form of Newton’s 2nd Law, that says in words

Mass x Acceleration = Force.

The acceleration a has the same direction as the force F.

When the resultant external force is zero, Newton’s 1st Law
(1.36) follows from (1.37). Thus Newton’s 1st Law is simply a
special case of Newton’s 2nd Law. It is only for historical reasons
that we still state them as two separate laws.

The validity of Newton’s 2nd Law is subject to two restrictions:

a) The law as stated in (1.38) is valid only in an inertial refe-
rence system. For the majority of applications, the earth can be
considered as an inertial system. How one treats problems when
the reference system is non-inertial, i.e. when the reference system
is accelerating, will be shown in Chapter 6.

b) In the case where velocities approach the speed of light
(¢ ~ 300,000 km/s), one needs to consider the special theory
of relativity due to Einstein (1905). This is seldom the case in
engineering.



38 1 Motion of a Point Mass

If one releases a body in the vicinity of the earth’s surface, it will
move under the influence of the earth’s gravitational acceleration
g in the direction of the center of the earth (¢ = 9.81 m/s?).
Substituting g into (1.38), we see that during free fall the only
force acting on a body is the weight W, where

W =mg. (1.39)

A mass m in the earth’s gravitational field has a scalar weight
W = mg.

If one considers mass, position, and time as the fundamental
quantities, then force, according to (1.38), is a derived quantity
(cf. Volume 1, Section 1.6). The common unit for force is the
Newton (1 N =1 kg ms™2).

Newton’s 3rd Law
To each force there is an equal and opposite force:

actio = reactio.

The reaction force law (cf. Volume 1, Section 1.5) will make pos-
sible the transition from point masses to systems of point masses
and then finally to bodies of arbitrary extent.

In addition to these fundamental laws, in the study of kinetics
we will also utilize all the basic principles associated with forces
(e.g. force parallelograms, section cuts, free-body diagrams) that
we know from Statics.

1.2.2 Free Motion, Projectiles
Corresponding to the three possibilities for motion in space, a
point mass has three degrees of freedom. If the motion is not res-
trained in any direction, one speaks of a free motion. This motion
is described by the three components of the vector relations (1.38).
Considering this, one can pose two types of questions:

a) What are the necessary forces when the trajectory of the
motion is known? The solution to this question follows directly
from (1.38).
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b) What is the motion when the forces are known? This type
of question occurs often in engineering situations. From (1.38)
the forces directly lead to an expression for the acceleration. If we
wish to know the mass’s velocity and position we need to integrate
once and twice, respectively. For complicated force systems, the
integration of the equations of motion can be mathematically quite
difficult.

z z
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Fig.1.18

As a simple example, let us consider the case of projectile moti-
on. A projectile, modeled as a point mass m, is launched at time
t = 0 at an angle o with respect to the z-axis with an initial ve-
locity vy (Fig. 1.18a). If the air resistance is negligible, then the
only force acting on the mass is the weight W in the negative z-
direction. In Cartesian coordinates, the equations of motion (1.38)
read

mi=0, my=0 mZi=—-W=—-—mg.

Double integration, after cancellation of m, gives:
T = Ch, g = Cj, 2= —gt+Cs,
r=C0C1t+Cy, y=0C3t+0Cy, z= *gg-’-CstJrC@.

Out of the three second order differential equations, 3 -2 = 6
integration constants appear. These are determined from the 6
initial conditions:

#(0) =wvgcosae — Cp =wvpcosa, z(0)=0 — Cy=0,
y(0) =0 — C3=0, y(0)=0 — Cy4=0,

2(0) =vosinae — Cs5 =wgsina, 2(0)=0 — Cg=0.
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Substituting back provides a parametric solution (parameter t):

T = Vg COS y=0, z=—gt+ovsina,
£2 (1.40)
r =uvgcosa-t, y=020, z=—gg+vosina~t.

One sees that the point mass, which was launched in the z, z-
plane, remains in this plane for all time (y = 0). In hindsight, this
should have been expected as a point mass can not move in the
y-direction when there is no force in this direction and the initial
velocity ¢(0) is zero. It is also worth noting that the motion is
independent of the magnitude of the mass m.

By elimination of the time ¢ from (1.40) one obtains the equa-
tion for the curve describing the motion:

9

2
-5 t ST 1.41
2v800s204x Tlamasw (1.41)

z(x) =
This is a quadratic curve, a parabola: the motion of a point mass
projectile, launched at an angle, moves on a parabolic trajectory .

The projectile distance x4 follows from (1.41) under the condi-
tion z(x4) = 0:

902 cos2 2
Zq = tana —0 % % _ W0 04, (1.42a)
g g
Because sin2 a = sin(m—2 ) = sin 2 (7/2—a), one obtains the sa-
me projectile distance for the same initial velocity vy with launch
angles @ and o/ = 7/2 — « (shallow and steep launch angle,
see Fig. 1.18b). The maximum projectile distance occurs when
« = /4, and results in
2
v

Tdmax = ;0 . (142b)

The projectile time of flight ¢4 follows by substitution of the
projectile distance x4 into (1.40) as

tg=—"2  —2% gna. (1.43)
Vg COS Qv g

Comparing a shallow to a steep launch, one sees from (1.43) that
the time of flight is larger for a steeper launch angle.
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The maximal height zj, of the projectile is found from the con-
dition that at the apex the slope will be zero (the tangent will be
horizontal) (Fig. 1.18a):

dz g 103 .
az—mx—i—tana:() — .Ijh:i?SlHQOé
1 . 9
- zp=z(zp) = 2—(vos1na) . (1.44)
g

Due to the symmetry of the trajectory, x; = %xd. Thus the ma-
ximal height only depends upon the z-component 2(0) = vg sin «
of the initial velocity.

Example 1.7 A point mass is thrown from a tower (Fig. 1.19a) with
an initial velocity vg at an angle o with respect to the horizontal.
It lands at a distance L from the base of the tower.

a) What is the height H of the tower?

b) How long is the mass in the air?

¢) What is the speed of the mass at impact?

Fig. 1.19 a b !

Solution a) To start, let us introduce a coordinate system with
origin at the top of the tower (Fig. 1.19b). The coordinates of the
impact point are then x = L and z = —H. Substituting into the
equation for the trajectory (1.41) yields

g

272.[/2 — Ltan o.
2v§ cos? a

H =

b) Since the initial and final locations of the mass do not have
the same elevation, we can not determine the time of travel from

E1.7
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(1.43). We need to use the parametric representation (1.40) with
x =L and t =T, which gives

L
T=——.
Vg COS (X

¢) The velocity at impact time ¢ = T has, according to (1.40),
two components

T =wvgcosa, z=—gT+vgsina

and thus the magnitude

2
— 1/ 2 32 — 2 L
v = T4+ 2 ’UOCOS o+ ’U()SIHOZ— g —

Vg COS @

12
—\/ —2gLtana+ g2 —5——— = /v +29H .
vicosla VO "7

The value of the impact speed is seen to be independent of the
initial angle a.

1.2.3 Constrained Motion

When a point mass is restricted to move on a pre-defined surface or
curve, then one speaks of a constrained motion. In this situation,
the number of degrees of freedom is reduced from the three degrees
of freedom associated with the free motion in space.

The number of degrees of freedom is equal to the number of
coordinates necessary to uniquely specify the location of the mass.
If the mass moves on a pre-defined surface, then it has two degrees
of freedom, as a point on a surface requires two coordinates for its
specification. Any motion orthogonal to the surface is prevented
by the constraints. If the point mass is constrained to move on a
space-curve, then it has only one degree of freedom and its position
is specified by a single arc-length coordinate s.

In addition to the applied forces F(®) (e.g. the mass’s weight),
which are independent of the constraints, one also has constraint
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forces F(¢) which emanate directly from the constraint surface
or curve. These constraint forces are reaction forces that act or-
thogonal to the mass’s trajectory. They can be visualized using a
free-body diagram which also aids in determining them. With the
forces acting on a mass, F(® and F(), the dynamical law (1.38)
for a constrained mass can be written as

ma = F@ + F) (1.45)

v

T

™ smooth
Fig.1.20

a

As an example, let us consider the motion of a mass m on a
frictionless semi-circle of radius r (Fig. 1.20a). The mass is relea-
sed without an initial velocity at the highest point. As the mass
moves on the pre-defined curve (a circle), it has only one degree of
freedom. As a coordinate, we choose the angle ¢ with respect to
the horizontal (Fig. 1.20b). Shown in the free-body diagram are
the applied force W = mg and the constraint force N. If we des-
cribe the motion using a Serret-Frenet frame, then in components
(1.45) gives

ma, = F\Y + F . ma, = Ft(a)

(constraint forces do not have tangential components). In the fol-
lowing, we will indicate the direction of an equation of motion by
a properly oriented arrow (7:). For the example, we obtain with
a, = r¢? and a; = rj the equations in the normal and tangential
directions:

St mrp? = N — Wsin,

N: mrg=Wcosp.

These are two equations for the unknowns ¢ and N. From the se-
cond relation using ¢ = g—g (Cli—f =¢ g—g and separation of variables,

one has ¢ dp = Zcos pdy (cf. Section 1.1.3). By integration and
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using the initial condition, ¢(¢ = 0) = 0, one obtains

('.0—2 _— sin ¢

2 7 '
The speed is thus v = 1 = /2 grsin ; it takes on its largest value
Umax = V2 gr at the lowest point of the trajectory, ¢ = /2. If

one wishes to determine the path o(t), then by further separation
of variables one is led to the integral f .—90, which is no longer
sin

integrable in terms of elementary functions.
The constraint force can be determined from the first equation
of motion via substitution of the expression for ¢?:

N :mr2gsin<p+Wsin<p: 3Wsinp.
r

At the lowest point on the trajectory, the constraint force is three
times as large as it would be in a static situation.

Example 1.8 A horizontal circular plate rotates with constant an-
gular velocity wy (Fig. 1.21a). A point mass m moves in the radial
direction within a frictionless slot in the plate. Find the forces
acting on the mass under the requirement that it moves with a
constant velocity vy relative to the plate.

Solution The free-body diagram of the mass is shown in Fig. 1.21b.
It shows the two forces acting on the mass: a force F)., which is
necessary to achieve a constant velocity vg, and a force Ny, which
constrains the mass to remain in the slot.

Fig.1.21



1.2 Kinetics 45

In polar coordinates, the equations of motion (1.45) read
S0 mar, =F.,, \: ma,=Ni.

From (1.22) with the help of

p=wy — =0, 7r=v9 — =0

we can obtain the acceleration components
a, = frwg, ay, = 209 wp .

Substituting into the equations of motion gives the desired forces
F,. = —mrwg, N1 =2muvywp.

The minus sign in F,. indicates that this force must act inwards.
For completeness, it should be mentioned that an additional force
N3y acts orthogonal to the plate; it holds the weight W of the mass
in equilibrium: Ny = W.

1.2.4 Resistance/Drag Forces
Resistance forces or drag forces hold a special place in the technical
theory of mechanics. These are forces that arise due to motion and
can be dependent upon the motion itself. Such forces are always
tangential to the trajectory and oppose the motion. Common ex-
amples include frictional forces between bodies and drag forces in
aerodynamics.

Let us first consider dry friction. We have already seen Cou-
lomb’s Friction Law

R=uN (1.46)

in Volume 1. Here, N is the normal force and p the coefficient of
friction. The friction force R is independent of the magnitude of
the sliding velocity.

As an example, consider a block of mass m, which, as shown in
Fig. 1.22a, slides on a rough plane with inclination angle . Figure
1.22b shows a free-body diagram with all acting forces: weight W,
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Y
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normal force N and friction force R. The equations of motion in

Fig.1.22

the tangential direction x and in the normal direction y are
N: m&é=mgsina—R, : my=N—mgcosa.

With the fact that §j = 0 (the body is constrained to remain on
the plane) it follows from the second equation that N = mg cos a.
Substitution of the friction law (1.46) into the first equation gives
the acceleration

% = g (sina — pcosa) = const .

From this expression one can directly determine the position and
velocity via integration with respect to time. Assuming the initial
conditions #(0) = 0, z(0) = 0, one has
t2
t=g(sina—pcosa)t, x=g(sina— ucosoz)5 .
If the block is released from a height h (see Fig. 1.22¢), then it
will slide the distance zg = h/sina in the time

2.’L‘E 2h
tg =t(rg) = - = - -
g (sina — pcosa) gsin a(sin a — pcos a)

with a final velocity of

: : 2gh .
vp =&(tp) =g (sina — pcosa)ty \/Sina (sina — pcosa)
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For o = 90° (vertical wall, free fall), N = 0. In this case, there will
be no frictional force and the final velocity vy will be the same as
the impact velocity vy = /2 gh from Section 1.1.3.

For the motion of a solid body in a liquid or gaseous medium,
one also has resistance forces, which are normally known as drag
forces. Out of the multitude of drag forces that one can determine
experimentally, we will focus our attention on two idealized cases.

At low velocities, flows are laminar. The drag force Fy in this
situation is proportional to the velocity:

Fy = k. (1.47a)

Here, the constant k depends upon the shape of the body and
the viscosity 1 of the fluid. George Gabriel Stokes (1819-1903)
determined in 1854 the relation for the drag force on a sphere of
radius 7 in a fluid with velocity v (or on a sphere which moves
with velocity v in a stationary fluid) as

Fy=6nmnruv. (1.47b)

A linear relation between velocity and resistance force will also
be seen to be a common assumption in the analysis of damped
oscillations (Chapter 5).

At larger velocities, the flow becomes turbulent. In this case,
the drag force can be estimated as

Fy = kv, (1.48a)

where the constant £ depends upon the geometry of the body and
the density of the fluid. This relation is often written in the form

Fy=0Cy g Av?. (1.48b)

Here, A is the projected area of the body onto the plane orthogonal
to the direction of the flow and the drag coefficient Cy accounts
for all other parameters. For example, for modern automobiles, it
has a value smaller than 0.3.

As an illustrative example, let us consider the velocity of a body
during free fall with drag. A body with weight W is released from
an arbitrary height with zero initial velocity. The drag force on
the body is assumed to be given by (1.48a). Using the notation
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introduced in Fig. 1.23a, the equation of motion reads
l: m& =W —F;=mg— ki?.

Introducing for convenience the constant k? = mg/k, one has

K
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a b ' Fig.1.23

By separation of variables and integration, we find
di .
_ g =t e
z g K
o(1-3)

Since at time ¢ = 0 the velocity #(0) = 0, we note that C' = 0.
Solving for @, gives the velocity function

¢
& = tanh 2.
K

For increasing ¢, the velocity asymptotically approaches the li-
miting value @, = &, since the hyperbolic tangent approaches
unity for large arguments. The motion becomes uniform. We can
also determine the terminal velocity @, directly from (a) under
the condition & = 0; this allows us to simply read-off the result
Tp = K.

Figure 1.23b shows the time history of the velocity. At the start
of the motion, the velocity is zero and thus according to (a) the
acceleration & = g¢: the initial slope d#/dt (equivalently the angle
«) is determined by the gravitational acceleration. For increasing ¢
the velocity & approaches the limiting value @, which it achieves
only in infinite time.
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Example 1.9 A conveyer belt moves with constant velocity vz = E1.9
3m/s. At time ¢t = 0 (see Fig. 1.24a) a crate with weight W = mg
and horizontal velocity vg = 0.5 m/s is placed on the belt at
position A; the coefficient of friction is = 0.2.
How long does the crate slide with respect to the belt? What is
the position of the crate once it stops sliding with respect to the
initial position it had on the belt?

W e
. . t=0 #*
L i
CALETD & T
(o) (o) (o] (o] o (o] ;47534»‘

a

Fig. 1.24

Solution Because vz > o, a frictional force R acts on the crate to
the right (Fig. 1.24b). From the equations of motion for the crate

—: mio =R,

it follows with N = mg and the friction law
R=pN=pmg,

that the acceleration is given by
So=ng.

Using the initial conditions $(0) = vg and s(0) = 0, we find via
integration
t2
S =vo = pugt+vy, sco :pgg +vot.

The sliding ends at time t*, when the crate’s velocity equals the
conveyer belt’s velocity vy:

ve=vg — pgtt+vy=uvg.
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Using the given values, it follows from this result that the sliding
process occurs for a time

— 3—-0.5
p="8""%_ = 1.97s.
- g 0.2-9.81

At time t*, the crate has moved a distance
t*2
se=sa(t") = pg 5 + vp t*

1.272

=0.2-9.81- +05-1.27=22m.

In the same time, the location A on the conveyer belt has moved
a distance

sp=sp(t")=vpt"=3-127=38m

to the position A* (Fig. 1.24c¢). The distance b between the crate
and its initial location on the conveyer belt is thus

o

=sp—55=38-22=16m.

Example 1.10 A sphere (mass m, radius r) is dropped in a contai-
ner filled with liquid (Fig. 1.25a).

Determine the motion under the assumptions that the drag
force is given by Stoke’s Law and that the buoyancy force is ne-
gligible.

v : 2
- ] l”' P
. z (T)

-l

Solution As shown in Fig. 1.25b, let us take the positive z-
coordinate as pointing down. According to (1.47b), the motion can

Fig. 1.25
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be described by the equation

l: mz=W —Fyg=mg—67mnrz.
6mnr

Using the shorthand, =k, gives
Z=g—kz.
Separation of variables and integration lead to
dz kZ

1

If we assume the initial condition 2(0) = 0, then C; = 0. Inverting
this relation, one obtains the expression for the velocity:
._ 9 —kt
z==(1-e .
I(1—eH)
With an additional integration, one can determine the position of
the mass:

1
ZZ%(tJrEe_kt'FCQ) .

Using the initial condition z(0) = 0 gives Co = —1/k and thus

z:%[t—%(l—e—kt)] .

As kt — oo (the long-time limit), 2 tends towards the limiting
value

Zp = % = const .
In this limit, the position becomes a linear function of time. For
large k, e.g. for large viscosity n, this limit is practically instantly
reached. A measurement of the constant velocity Z;. can then serve
as a means for determining 7. Figure 1.25¢ shows the time history
of the velocity and position.
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1.2.5 Impulse Law and Linear Momentum, Impact
If one integrates Newton’s 2nd Law

d

—(mwv)=F

3 (M)

with respect to time, one obtains the Impulse Law or principle of

impulse and linear momentum

t
m’u—mvo:/th_. (1.49)
to

Thus, the change in the momentum p = m v between time ¢y and
an arbitrary time ¢ is equal to the time integral of the force. If F
is zero over this time interval, then the momentum is unchanged
(conservation of linear momentum):

P =muv=muvy = const .

The Impulse Law is often used to study impact processes. An
impact is defined by a large force that acts over a very short time
span (impact duration ¢;). In this situation, the mass experiences
a sudden change in velocity but the change in its position is negli-
gible. The precise time variation of F' during the impact is usually
unknown. In order to determine the velocity after an impact, we
introduce the concept of linear impulse 1:", the time integral of the
impact forces over the impact interval:

tq
F= /th. (1.50)
0

Thus from (1.49) for an impact process

mv—muvg = F. (1.51)

Let us consider now a body modelled as a point mass, which as
shown in Fig. 1.26a, obliquely strikes a wall. In what follows, we
will denote the velocity before the impact as v and after impact
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as v. With the given coordinate system, (1.51) reads
= MUy —muy = EFy, 1 mﬁyfmvy:]:—'y, (1.52)

where the arrow (e.g. —:) shows in which direction the Impulse
Law has been written. From Fig. 1.26a, we can see that

Uy = —VCOSQ, vy = vsina,

Uy = VCOS @, Uy = vsina.

Y ,/[‘

s\ Q F

S — —_—
~/ Qo T xT

@

a b

Fig.1.26

Let us further assume that the wall is frictionless. Then, no
forces can be generated in the y-direction and with F, = 0 it
follows from (1.52) that

Ty =0, (1.53)

The velocity component in the y-direction does not change during
frictionless impact.

To determine the xz-component of the velocity, we will decom-
pose the impact interval into two parts: the compression phase,
in which the body represented by the point mass is compressed
and its center of mass comes nearer to the wall, and the resti-
tution phase, during which the center of mass of the body moves
away from the wall. The force F,, = F', acting on the body during
the impact process (Fig. 1.26b), increases during the compression
phase to a maximal value Fy,.x and decreases during the restitu-
tion phase back to zero (Fig. 1.26¢). We now write the Impulse
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Law in the z-direction for the two phases:

Compression phase: m-0—muv, = FC,
. (1.54)
Restitution phase: muv, —m-0= Fg

(at the moment of maximal force the velocity is zero). The two
equations (1.54) contain three unknowns: the velocity o, and the
two linear impulses FC and Fg. To complete the system of equa-
tions, we need to make an assumption about the impact process
itself. There are three basic cases (or models) that are commonly
applied:

a) Ideal-elastic impact

We assume that the deformations and forces in the compression
phase and the restitution phase are mirror images of each other.
In this case, the linear impulses in both phases are assumed to be

equal. From Fr = F, it follows that
MUy = —MVy — Vg = — Uy
and from (1.53) it follows that

=v and a=«.

el

In an ideal-elastic impact (Fig. 1.27a), the incident and ricochet
angles and velocities are equal (cf. Reflection Law of Optics).

) v Y (TN Y
—\/ ST,
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b) Ideal-plastic impact

The deformation experienced by the body during the compression
phase is permanent; we assume that the linear impulse of the
restitution phase vanishes (Fz = 0). Then according to (1.54), it
follows that

o
Uy, =vcosa=0 — a=—.

2

The body is observed to slide with velocity v = v, = vy = vsina
along the frictionless wall after impact (Fig. 1.27c¢).

¢) Partially elastic impact

A real body responds in a fashion intermediate to the two limi-
ting cases of ideal-elastic and ideal-plastic impact. To model a real
body, one assumes a simple proportionality relation between the
linear impulses of compression and restitution. The proportiona-
lity constant e is known as the coefficient of restitution:

Fr=¢F,. (1.55)

In the limiting cases of ideal-elastic impact and ideal-plastic im-
pact, e = 1 and e = 0, respectively. For partially elastic impact,
the coefficient of restitution lies between these two limits; i.e.,

0<e<l. (1.56)
Substitution of (1.54) into (1.55) gives
miy =e(—muy) — Uy =—ev,. (1.57)

According to Fig. 1.27b this implies that tana = ?—y -
Uy — —€Ug
1tan a. Because e < 1 for partially elastic impact, tana@ > tan «
and thus @ > o
Using equation (1.57), one can also construct a working de-
finition of the coefficient of restitution in terms of the velocity
components orthogonal to the wall before and after the impact:
R (1.58)

Uz
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The minus sign appears because the two velocities are taken as
positive in the same direction. In the example, v, is negative and
thus e is positive.

The coefficient of restitution e can be determined experimental-
ly. If one drops a mass from a height hy onto a horizontal surface,
then the (downward) incident velocity is according to Section 1.1.3

’U:\/Qghl.

After impact, if the body has a (upwards) rebound velocity o,
then it will reach a height

h2:U_ 1_):\/2gh2.

Taking proper account of the signs, it follows from (1.58) that

v 2¢gho ha
e=——= — e=4/—. (1.59)
v V2ghy hy

Using this method, the coefficient of restitution can be directly
calculated from the heights before and after the impact. For an
ideal-elastic impact, ho = hy since e = 1; for an ideal-plastic
impact ho = 0 since ¢ = 0.

|

Example 1.11 A man (weight W3 = m; ¢) stands on the runners of
a sled (weight W = mg g) and kicks-off the ground at uniformly
separated times (separation At), such that the initially stationary
sled begins to move (Fig. 1.28a). The friction coefficient y between
the ground and the sled is given. To simplify the situation it will
be assumed that each kick occurs over a short time ¢, (t; < At)
and with a constant horizontal force P.
How large is the velocity v directly after the n-th kick?

Solution We can model the system (sled and man) as a point
mass (Fig. 1.28b). A horizontally oriented force P acts on the
mass during each impact of duration t;. Further, a friction force
R = uN acts on the mass over all times. Up through the n-th
kick, a time T' = (n — 1)At passes. Assuming an initial velocity
vo = 0 at time ¢y = 0, one computes from the Impulse Law (1.49)
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(P)

my+may|

Fig.1.28

for the total mass

T t T
—: (m +m2)v=/th:n/Pdt—/u(W1 + Wa)dt .
0 0 0
The sought velocity after the n-th kick is then
nPt
V= — n—1)At.
el (AU

Example 1.12 A hockey puck strikes a frictionless wall with velo-
city v at an angle a = 45° and bounces off at an angle g = 30°
(Fig. 1.29).

Find the ricochet velocity v and the coefficient of restitution.

N -
N

N e
(a] -5

Fig. 1.29

Solution For a frictionless wall the momentum parallel to the wall
must be conserved:

—: muvcosf=muv cosa.

E1.12
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From this, it follows that the velocity after the impact is

CoS « 2
= =4\/=-v.

cos@ V3

IS

Using the velocity components orthogonal to the wall,
vy = —vsina, U, =vsinf,
one can determine the coefficient of restitution e from (1.58):

vsinfl % B

- =
3V2

1o

2
3

e

—vsina

1.2.6 Angular Momentum Theorem
In the study of statics (cf. Volume 1), we introduced for the mo-
ment of a force relative to a point 0 the moment vector

MO =rxF. (1.60)

An analogous kinetic variable is the moment of momentum L(®).
It is defined as the vector product of r and p:

LY =rxp=rxmuv. (1.61)

The vector L(® is also known as the angular momentum vector. Tt
is orthogonal to the plane containing the position vector r (from
a fixed point 0 to the moving point mass) and the velocity vector
v (Fig. 1.30a). Its magnitude is given by the product of the ortho-
gonal projection r; (to the velocity) and the linear momentum
magnitude mv as LO) = rLmo.

We wish now to determine a relation between angular momen-
tum and moment. To this effect, we form the vector product of
the position vector with Newton’s 2nd Law (1.38):

X (m i—?) =rxF. (1.62)
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path

dr
dA

Fig.1.30

The right-hand side is the moment as defined in (1.60). The left-
hand side can be re-written with the help of the identity

i(r>< V) =T Xmuv+7r X dv
a e = A

which follows directly from the chain rule of differentiation. The
first term in this identity on the right-hand side vanishes since
7 = v. Thus,

r X d—v*i(rx v)*dL(O)
T T " T Ty

This allows us to write (1.62) as

dL©
— = MO, 1.63
dt (s

This is the angular momentum theorem: the time rate of change of
the angular momentum of a point mass relative to a fized arbitrary
point 0 is equal to the moment of the force acting on the point
mass relative to 0.

If the moment M) is zero, then the angular momentum re-
mains constant (conservation of angular momentum):

LO =9 x mwv = const .

A visual interpretation of angular momentum can be found by
considering Fig. 1.30b. In a time increment dt the position vector
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r sweeps out an area with magnitude dA = |r x dr|. If we
introduce the corresponding vectorial quantity

1 1
dA = E(T x dr) = 5(7‘ x vdt) ,

then the time rate of change of the swept out area is

dA 1( < v)
% = 3" xv).
Substituting back into (1.61) results in
dA
LO =2m—. 1.64
m- (1.64)

Thus, the angular momentum is proportional to the time rate of
change of the swept out area.

If for a given motion, the force points continuously towards a
fixed point 0, then the moment relative to 0 will vanish. In this
case, the angular momentum and the time rate of change of the
swept out area, according to (1.64), will be constant. For planetary
motion, this result is known as Kepler’s 2nd Law (or the Law of
Equal Areas): the ray from the sun to a planet sweeps out equal
areas in equal times (cf. Sec. 1.1.4).

If a point mass moves only in the z,y-plane (Fig. 1.31), then
the angular momentum vector and the moment vector only have
non-zero z-components. Thus in the angular momentum theorem
(1.63) only one component remains:

ar?

Y

L

Abb. 1.31 Abb. 1.32
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In this case we can drop the subscript z for simplicity. The angular
momentum — analogous to the moment — can either be expressed
using the orthogonal (with respect to the velocity) distance r
from the reference point or via components v, and v, and the
explicit expression for the vector product:

LO =y mv or LO=m(zv, —yu.). (1.66)

In the special case of circular motion (Fig. 1.32), we find using
v = rw that the angular momentum is

LO =mrv=mriw.
Let us introduce the symbol ©(® for the term ms2. This is known
as the mass moment of inertia or simply moment of inertia. Thus
the angular momentum can be expressed as L(®) = 0y, and
using the connection w = ¢ allows the angular momentum theo-
rem (1.65) to be written as

00g = MO, (1.67)

Oom
. l W =mg
Fig. 1.33 a b

As an example, let us consider the motion of a pendulum as
shown in Fig. 1.33a. There are two forces acting on m: a support
force S (pointing towards A) and the gravitational force W = myg
(Fig. 1.33b). Introducing a positive rotation angle ¢ as indicated
allows us to express the angular momentum and moment relative
to the fixed point A as

LA =Ilmv=1Imlp=mi*p, M) = —mglsinep.
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The angular momentum theorem (1.65) then furnishes an expres-
sion for the equation of motion:

ml2<,b=—mglsing0 — gb—l—%sin(p:O.

For small angles (sin¢ = ¢), this can be written as ¢ + % =0
(simple harmonic oscillation of an ideal pendulum, cf. Chapter 5).
With ©(4) = ml? one can also determine the equation of motion
from (1.67).

Example 1.13 A mass m executes a circular motion with an angu-

lar velocity wg on a frictionless horizontal plane. The mass is held

at a radius ro with a string (Fig. 1.34a, b). The string is threaded

through a hole A at the center of the plane.

a) If the string is pulled, such that the mass moves on a circular
trajectory with radius r, what will the angular velocity be?

b) What is the corresponding change of the force in the string?

,/ N ‘ 7,,0 ‘ //
// \\ 4 \
— i g
! y T ‘W 70A 5(1\1
/ {
/ \ s

Fig.1.34

Solution a) Let us denote the force in the string in the initial
state as Sy (Fig. 1.34c); this force has no moment about A. Thus
according to (1.65), the angular momentum must be constant du-
ring the motion and will remain so even after the string has been
pulled. The initial angular momentum about A is

LE)A) =ro(mrowy) = m7riwo
and after pulling the string

LW =r(mrw) =mr?w.
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Setting the two expressions equal gives

()
W=\ wo -
#
The angular velocity is inversely proportional to the square of the
radius of the trajectory.
2

b) Noting that the centripetal acceleration a, = v?/r = rw?,
the equation of motion in the initial state (Fig. 1.34c) gives

S oman =8y — S’ozmrowg.

In the same manner, for the final state, we have
T 4 T 3 7 3
ﬁzmrw2:mr(—0) w%z(—o) mrow?):(—o) So .
= r r r

The force in the string is inversely proportional to the cube of the
radius of the trajectory.

1.2.7 Work-Energy Theorem, Potential Energy, Conservation of
Energy

If we form the scalar product of Newton’s 2nd Law (1.38) with

dr, then we find

md—v~dr:F~dr.
dt

Substituting dr = v dt and integrating between two points ry and
r1 on a mass’s trajectory, gives

v1 1

2 2
/mv~dv:/F-dr - mvl—m—vo:/Fdr, (1.68)
Vo T0

where vy and vy are the mass’s velocity at these two points. The
right-hand side expresses the work U done by the force F' (cf. Vo-
lume 1, Chapter 8). The scalar quantity % mwv? = %m v? is called
the kinetic energy T

mv2

T="- (1.69)
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Using this, we obtain from (1.68) the work-energy theorem
T, —Ty=U. (1.70)

The work done by the forces acting on a mass between two points
on its trajectory is equal to the change in the mass’s kinetic energy.

Just as with work U, the dimensions of kinetic energy T are
force x distance. In many applications it is expressed using the
unit Joule, 1 J = 1 Nm, (James Prescott Joule, 1818-1889).

The forces acting on a point mass are composed of externally
applied forces F(*) and constraint forces F(¢). Since the constraint
forces are orthogonal to the trajectory of a mass, they do no work.
Thus, the work integral is given by

T1
U :/F(“) ~dr. (1.71)
To

As an example application consider a block sliding down a
rough inclined plane (Fig. 1.35a). The block is acted upon by an
applied gravitational force W = mg and a friction force R = ulV,
in addition to the constraint force N (Fig. 1.35b).

In moving from position (0) to position (1) the gravitational force
and the friction force do work:

Uy =mgsinar, Up=—-—Rr=—-—puNzx=—pmgcosax

b Fig.1.35

(the constraint force N does no work). If the block is released
from position (0) with zero initial velocity, then the work-energy
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theorem (1.70) tells us that
vt
2

Introducing the height h = z sin « allows us to express the velocity
in position (1) as

vy = /2gh(l — pcota).

The result shows that the motion is only possible if pcota < 1,
ie. p<tano.

The work done per unit time dU/dt is known as the power P.
Writing dU = F - dr gives

m— =mgsinax —mgcosac.

P=F.v. (1.72)

The most common unit of power is the Watt (James Watt, 1736-
1819):

N
1W=1-2
S

Another common unit for power is horsepower (hp); its relation
to Watt is given as

1hp=0.735 kW, 1LkW =1.36hp.

As with work done, the power due to constraint forces F(¢) is zero,
as they are orthogonal to a point mass’s velocity v.

In all machines, energy is lost due to frictional effects in sup-
ports and guides. Thus a part of all input or applied work is sim-
ply lost. One expresses the relationship between output or usable
energy Up and input or applied energy U, as the efficiency n:

= U
As a per unit time quantity, one has the instantaneous efficiency
as the ratio of the corresponding powers:

n (1.73)
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_Fo

n=p (1.74)

Due to the ever present losses n < 1.
As an example application let us compute the output drive

force F' of an automobile with a motor rated at P, = 30 kW

that is traveling at a velocity of v = 60 km/h on a flat road. We

will assume an efficiency n = 0.8. The output or drive power is

Py = Fuv, thus from (1.74)

:@ F:PAn73O-O.8

- — 144 kN.
Pa v 60/3.6

Ui

The work-energy theorem (1.70) takes on a particularly sim-
ple form when the applied forces emanate from a potential. Such
forces are known as conservative forces. Forces of this type are
characterized by the fact that the work they perform between two
fixed points in space (0) and (1) (Fig. 1.36) is independent of the
path taken between these points (cf. Volume 1, Chapter 8). Wri-
ting FF = F,e, + Fyey, + F.e, and dr = dre, +dyey, +dze,
the work done between the two points is given by

® ®
U:/F-dr:/{dem—&-Fydy—i—FZdz}. (1.75)
® ®

The integral is path independent only when the integrand is an
exact differential (total differential), which we will denote as —dV:

—dV =F,de+ F,dy+ F.dz. (1.76)

@

path II

path I

Fig. 1.36
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The function V(x,y, 2) is called the potential energy or potential of
the force F'; the minus sign in the definition has been introduced
due to its utility with respect to physical interpretation as we will
see later.

A comparison of the exact differential

Fz:_?‘j_vv Fy:_a_v Fz:_a_v- (1'77)
X

If we introduce the gradient

ov ov ov

gradeaew—l-afyey—&-a

€z,

then (1.77) can be written in vector form as:

F=—gradV. (1.78)

If we take the derivative of the first expression in (1.77) with
respect to y and the derivative of the second expression with re-
spect to z, then the right-hand sides of the two equations will be
the same. Thus one has that 0F,/dy = 0F, /0x. Cyclic permuta-
tion of the coordinates further shows that, if a potential exists for
a force, then

or, oF, 0F, OF, OF. O0F,

oy oz’ Fr oy’ Oz T oz (1.79)

Using these relations, one can easily check if a force F(x,y, z) can
emanate from a potential. If we introduce the definition of the
rotation of a force F
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e: ey, e,

o 9 0 or, OF, o
x dy 9dz| \ Oy 0z *
F, F, F.
N or, Or, o+ oF, 0F; o
0z Ox Y ox Ay =

then the conditions (1.79) can be compactly written in vector form
as

rot F' =

rot FF =0 (1.80)

(irrotational force field).
If a force has a potential, then from (1.75) and (1.76) one has

dU = —av, (1.81)

and it follows that the work done by the force is

O O
U:/dU:—/dvz—(Vl—Vo).
© ©

The potential energy itself is dependent upon a reference location;
its difference between two points (0) and (1), however, is indepen-
dent of the reference location.

Substituting for U in (1.70) leads to the Conservation of Energy
Law

Th—To=Vo -V

or

Ty + Vi =Ty + Vo = const . (1.82)
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When the applied forces possess a potential, then the sum of the
potential and the kinetic energy remains a constant along the
trajectory of the system.

We wish now to review two classes of potentials which we have
already considered in Volume 1.

a) Potential of the gravitational force mg at a distance z from
the surface of the earth (gravitational potential near the earth’s
surface) :

V=mgz. (1.83)

b) Potential of a linear elastic translational spring force (with
spring constant k) at a displacement = and of a linear elastic
rotational spring torque (with spring constant kr) at a rotation

®:
1 2 1 2
V=gka®, V=ckeot (1.84)

In contrast to gravitational forces and spring forces, frictional
forces do not possess a potential energy. They are non-conservative;
the work they perform is path dependent. With motion, systems
subject to non-conservative forces dissipate energy which appears
as heat. Thus, one also calls such forces dissipative. The Conser-
vation of Energy Law (1.82) is no longer valid with such forces.
In this case, one needs to use the work-energy theorem (1.70), if
one is interested in the work of the forces.

The use of the conservation of energy or the work-energy theo-
rem often occurs when one wishes to find the velocity as a function
of position (or vice-versa).

Example 1.14 A point mass slides down a rough inclined plane
(coefficient of friction p) from a point A with zero initial velo-
city. The plane transitions smoothly (with same tangent) onto a
frictionless circular track (Fig. 1.37a).

At which height h above the apex B of the circular track must
the mass start in order that it remains on the track at B?

Solution The point mass will remain on the track up to the point

E1l.14
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smooth

Fig. 1.37

B, if the normal force N only first becomes zero at the apex. From
the equation of motion in the radial direction (cf. Fig. 1.37b)

2
Vs

l: ma,=m =mg+ N

the required velocity at B follows from the condition N = 0:

vE =1g. (a)

The relation between vg and the desired height A is found from
the work-energy theorem. The work of the gravitational forces
between A and B is U; = mgh. The frictional force, which is
oriented opposite to the motion, performs work Us = —RI. With
R = uN = pmgcosa and = (h+r+r cosa)/ sin «, it follows that
Us=—mgp cot a(h+r+r cos ). The kinetic energy at position A

is zero and at B it is Ts = $mv%. Substituting into (1.70) gives

3 mv% =mgh —mgucota (h+7+rcosa).
From (a) we can find the desired height:

1
g mrg = mgh (1 — pcot o) — mgpur cot a (1 + cos @)

T%—l—u(l—i—cosa)cota.
1 — pcota

—  h=

(b)

In the case that the plane is frictionless (i = 0), we can use the
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Conservation of Energy Law (1.82). Noting

1
0, Tp=_-mvy, Vi=mgh, V=0

T
A 2

it follows that £mv% = mgh and with relation (a) that
1 1
§mrg:mgh — hzér.

The same result also follows from (b), if one simply sets the coef-
ficient of friction to zero.

Example 1.15 A mass m is positioned at a height h above the
reference position of a spring (spring constant k); see Fig. 1.38.
The mass is released towards the spring with an initial vertical
velocity v in a frictionless guide.

Find the maximum compression of the spring.

T

@

o~
o=

Fig.1.38

Solution Since both gravitational and elastic spring potentials
exist, we can use the Conservation of Energy Law (1.82) to sol-
ve this problem. In the initial position (0) the mass has kinetic
energy To = mo3 /2 and potential energy Vo = mgh (the refe-
rence position is taken at the end of the uncompressed spring). At
maximal compression, Tmax, the mass will be in position (1) with
kinetic energy 77 = 0. The potential energy at this position will
be composed of the potential energy of the spring 1k a2, and
the gravitational potential —mg Tyax:

1
Vi = 3 k:z:?nax — Mg Tmax -

Thus conservation of energy says

E1.15
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Lo L, o

3 MY +mgh =0+ 5 k Ziax — MY Tmax -
Solving this quadratic equation gives

m
Tmax = Tg 1 (i) 1+ 3

In the special case where h = 0 and vg = 0, it follows that zymax =
2mg/k. Thus if one suddenly releases a mass directly above an
uncompressed spring, then the maximal compression is twice as
large as it is in the static case Zgtar = mg/k (which can be achieved
by slowly releasing the mass).

1.2.8 Universal Law of Gravitation, Planetary and Satellite
Motion

In addition to his three fundamental laws (cf. Section 1.2.1), New-

ton also formulated the Gravitational Law. According to this law,

between any two masses m and M there is a force (Fig.1.39a):

Mm

F=G—

: (1.85)

Here, G is the universal gravitational constant
3

—6. .10-11 m
G =6.673-10 kg2

and r is the distance between the masses.
One can show that Newton’s gravitational force emanates from
a potential. Tt follows from (1.81) that

V:—/PEM:—G%2+C (1.86)

(F is oriented opposite dr). If one sets the potential to zero at
infinity (r — o), then C' =0 and
M
Ve=-G—2. (1.87)

r
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In the special case that the mass M is the earth, then a mass m
above the earth’s surface experiences a gravitational force (weight)
F = mg. If the earth’s radius is R, it follows from (1.85) that

Mm _GM
-
Eliminating G in the Gravitational Law, we obtain the gravita-

tional force as a function of the distance from the center of the
earth:

F—mg (%)2, (1.88)

For the potential it follows from (1.86) that

mg =G

2
V:*ngT+C.

Setting the potential to zero at the earth’s surface r = R gives
C' =mg R and with r = R+ z (Fig. 1.39b) it follows that

2 mg
R=—""Rxz. 1.89
R+z+mg Rtz (1.89)

Near the earth’s surface (z < R) the gravitational potential sim-
plifies to (cf. (1.83)):

V=—mg

V =mgz.
m T
F z
P !
M Q\/‘(/ T Earth
Fig.1.39 2

With Newton’s Gravitational Law we can also describe the mo-
tion of planets and satellites. Such objects can be treated as point
masses as their dimensions are small in comparison to their paths.
We will denote the mass of a planet (or satellite) as m and the
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mass of the sun (respectively the earth) as M. The mass M will
be assumed stationary. As the motion of m is typically in a pla-
ne, it will be useful to utilize polar coordinates. In this context,
Newton’s 2nd Law (1.38), along with (1.22) and (1.85), gives in
the radial direction

mM
r2

m (i —r¢?) = -G (1.90)

and in the angular direction
(rg+27p) =0 — 1—d(?') 0
m(r 7p) = m——(r =0.
v v rats ¥

The second relation expresses Kepler’s 2nd Law (cf. (1.29a)), whe-
reby the rate of change of the area swept out by the position vector
is a constant:

r?p=C. (1.91)

To solve the first equation, we introduce a new variable u = 1/7.
With (1.91) and 7 = (dr/dy)¢, one has

C dr C d /1 du
= — =Cu?, = —=—C-—— |- )==-C"".
L vt de r2 dy <r> dy

Differentiating once more gives

d%u d%u
P Ol — CQ 2 .
" dp? v b dp?

Substituting into (1.90) leads to
d? 1
_o22S Y L o2t = - G M2
de?
or after rearrangement
d?u L GM
==
dy? C?
This second order inhomogeneous differential equation has the
general solution (cf. Chapter 5)
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GM
u= Becos(p—a)+ o
The distance r must therefore satisfy the following relation:
1 1
r=-—= .
GM
Beos(p—a)+ o2

Here, B and « are constants of integration. If one measures ¢ from
the point on the trajectory where 7 vanishes, then o = 0 and one
obtains the path equation

b
= 1.92
" 1+ecosy ( 2)
with
Cc? BC?
p= € (1.92b)

GM> ~ GM

Equation (1.92a) is the focal point relation for a conic section
whose type depends on the eccentricity €. For ¢ < 1, the path
will be an ellipse. This is Kepler’s 1st Law: Planetary motion is
elliptical and the sun is located at a focal point with distance e
from the center of the ellipse (Fig. 1.40).

Fig. 1.40

With the constant in the Law of Equal Areas (1.91) and the
area of an ellipse A = mab (a,b = semi-axes), one can determine
the orbital period T

B 2A _ 2mab

T — T
c C

A 1,. C C
a 279739 7 2
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Considering (1.92b), the equation of motion (1.90), and the ellipse
parameter p = b?/a one finds

GM C? B 472 a2 b2 B 472 a3

e L2
lar| = i = r¢ ‘_r—g_p,r,z - T2b2 , 272
—r
a
and thus
2m)2ad
T? = (7. 1.93

This is Kepler’s 3rd Law: the square of the orbital period T of a
planet is proportional to the cube of the semimajor axis of the
planet’s trajectory.

According to (1.92a), a body in a gravitational field moves on
a parabolic path if € = 1 and on a hyperbolic path if ¢ > 1. In
the computation of satellite motions, one must take into account
the gravitational fields due to multiple heavenly bodies (the many
body problem).

Example 1.16 What is the minimal amount of energy needed to
launch a satellite of mass m into a circular orbit with altitude h?

Fig. 1.41

Solution According to Newton’s Gravitational Law (1.88), a force
F = mg (R?/r?) acts on the satellite (Fig. 1.41). When the satel-
lite moves in a circular path with distance » = R + h from the
earth’s center, it has a velocity v that is found from the equation
of motion in the radial direction:

1)2 R2 9 R2

ma, =F — mT:mgr—2 — v'=gy
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The potential energy of the satellite is found from (1.89). At the
surface of the earth and in orbit is takes on the values

V=20 d V= —h
0 an 1 =mg Rin'
respectively. The corresponding kinetic energies are
mu? R?
Ty =0 d Ty = = .
0 e T T TS Ry

Thus the minimal amount of energy needed at launch, AFE, is

AE =F - Ey=(T1 + V1) — (To + Vo)

o R R L h _mgR (R+2h
M\ 2@®+n) "R+h)” 2 \R+n )

1.3 Supplementary Examples 13

Detailed solutions to the following examples are given in (A)
D. Gross et al. Formeln und Aufgaben zur Technischen Mechanik
3, Springer, Berlin 2010, or (B) W. Hauger et al. Aufgaben zur
Technischen Mechanik 1-3, Springer, Berlin 2008.

Example 1.17 A point P moves on a given path from A to B E1.17
(Fig. 1.42). Its velocity v decreases linearly with the arc-length s
from the value vy at A to zero at B.

How long does it take P to reach point B?

Fig. 1.42

Result: see (B) tp — 0.
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Example 1.18 A radar screen tracks a rocket which rises vertically
with a constant acceleration
a (Fig. 1.43). The rocket is .
-
launched at ¢t = 0. !
Determine the angular ve- P

locity ¢ and the angular acce- s ' . |

leration ¢ of the radar screen. @ LT S
Calculate the maximum an- ‘

gular velocity ¢ and the cor- I ‘ Fig. 1.43

responding angle .

1
Results: see (B) o) = — - o D=

. a 3adtt 1 , 3vV3a
Sﬁ(t)<74—l3>'ﬁ, Prmax = i— o = 30°.
Example 1.19 Two point masses P, and P; start at point A with
zero initial velocities and travel on a circular path. P; moves with
a uniform tangential acceleration a;; and P, moves with a given
uniform angular velocity ws.
a) What value must a;; have
in order for the two masses
to meet at point B?
b) What is the angular veloci-
ty of P, at B?
¢) What are the normal acce-

lerations of the two masses
at B? Fig. 1.44

Results: see (A) ay = 2 wi(ts) = 2ws,
™

ap1 = 4rw§ , Qpg = rw% .

Example 1.20 A child of mass m jumps up and down on a trampo-
line in a periodic manner. The child’s jumping velocity (upwards)
is v and during the contact time At the contact force K (t) has a
triangular form.

Find the necessary contact force amplitude K and the jumping
period Tjp.
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L2 B ———
At TO

Fig. 1.45
21}0 2’1}0
Results: see (A) Top=—+ At, Ko = 2(— + 1)mg.
g gAt
Example 1.21 A car is travelling in a circular arc with radius R E1.21

and velocity vg when it starts to brake.

If the tangential deceleration is a;(v) =
—(ap + Kv), where ag and k are given con-
stants, find the time to brake ¢, the stopping
distance sp, and the normal acceleration a,,
during the braking.

1 .
Results: see (A) tp=— ln(l + @) 7 Fig. 1.46
K ap
sBza—gl%—an—F@)] ,
K ao ag

a? KU 2
0 —Kt
n=—= 1 —) -1 .
“ Rk? {( + ao ¢ }

Example 1.22 A point P moves on the quadratic parabola E1.22
y = b(x/a)? from A to B. Its positi-  y
on as a function of the time is given b
by the angle p(t) = arctanwy t (see
Fig. 1.47).

Determine the velocity wv(t) of
point P. How much time elapses un-
til P reaches point B? Calculate its
velocity at B.

Results: see (B)

a? . b a2 B2
v(t):?wos/l—i—élwot?, tg=——, vg = ?wo 1+4¥.

a W
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Example 1.23 A rod with length [ rotates about support A with

angular position given by ¢(t) = xt2.

A body G slides along the rod with po-

sition r(t) = (1 — K t2).

a) Find the velocity and acceleration of
G when ¢ = 45°.

b) At what angle ¢ does G hit the sup-
port?

Given: [ =2m, k = 0.2 2.

Results: see (A) Fig. 1.48

v=1.62m/s, a=257Tm/s’, op=1=(=57.3°).

Example 1.24 A mouse sits in a tower (with radius R) at point A
and a cat sits at the center 0.

If the mouse runs at a constant
velocity vy, along the tower wall and
the cat chases it in an Archimedian
spiral 7(p) = Rp/m, what must the
cat’s constant velocity vo be in order
to catch the mouse just as the mou-

se reaches its escape hole H? At what

time does it catch the mouse? Fig. 1.49
TR

Results: see (A) T=—, wvec=0.62vy .
UM

Example 1.25 A soccer player kicks the ball (mass m) so that
it leaves the ground at an angle o with the initial velocity wvg
(Fig. 1.50). The air exerts the drag force Fy = kv on the ball; it
acts in the direction opposite to the velocity.

Determine the velocity v(t) of the ball. Calculate the horizontal
component vy of v when the ball reaches the team mate at the
distance [.

Results: see (B)  @(t) = vp cos ag e Ft/™ |

kl
i(t) = %— (% + v sinao) e kt/m  yy = VoS A — —.
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Fig. 1.50

Example 1.26 A body with mass m
starts at a height h at time ¢ = 0
with an initial horizontal velocity vg. T "
If the wind resistance can be L
approximated by a horizontal force ¢

2, at what time tp and

location zp does it hit the ground?

H=cmz

Fig. 1.51

2h 1 2h
Results: see (A) tp=4/—, azp=—In (1+covm/—> .
g Co g

Example 1.27 A mass m slides on a rotating frictionless and mass-
less rod S such that it is pressed
against a rough circular wall (with
coefficient of friction u).

If the mass starts in contact with
the wall at a velocity vy, how many
rotations will it take for its velocity
to drop to vy/10?

Result: see (A)

_ In10

= 27TN . Fig. 1.52

Example 1.28 A car (mass m) is travelling with the constant ve-
locity v along a banked circular curve (radius r, angle of slope
a), see Fig. 1.53. The coefficient of static friction po between the
tyres of the car and the surface of the road is given.

E1.26

E1.27

E1.28
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~

Ho

®,

Abb. 1.53

Determine the region of the allowable velocity so that sliding
(down or up the slope) does not take place.

tan o — o 2

Result: see (B) ———— <

v tan o + po
1+ potana = gr

< .
~ 1— pptana

Example 1.29 A car (mass m) has the velocity vy at the begin-
ning of a curve (Fig. 1.54). Then it slows down with the constant
tangential acceleration a; = —ag. The coeflicient of static friction
between the road and the tyres is .

Calculate the velocity v of the car as a function of the arc-length
s. What is the necessary radius of curvature p(s) of the road so
that the car does not slide?

Fig. 1.54

vE — 2a9 s

Results: see (B) wv(s) = \/Mv pls) 2 \/ﬁ '
0 0

Example 1.30 A bowling ball (mass m) moves with the constant
velocity vp on the frictionless return of a bowling alley. It is lifted
on a circular path (radius r) to the height 2r at the end of the
return. The upper part of the circular path has a frictionless guide
of length r o (Fig. 1.55).

Given the angle ¢¢, determine the velocity vy such that the
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bowling ball reaches the upper level.

Result: see (B)

vg = (24 3cospa) gr for g < ¢ = arccos2/3,
v =dgr for o > g .

Example 1.31 A point mass m is sub- y E1.31
ject to a central force F = mk?r, whe- _
re k is a constant and r is the distance T
of the mass from the origin 0. At time
t = 0 the mass is located at Py and
has velocity components v, = vy and l
vy = 0. - 5

Find the trajectory of the mass. Fig.1.56

2 2
Result: see (A) (vx/k> + (%) —1.
0 0

Example 1.32 A centrifuge with radius r ro- /\
tates with constant angular velocity wg. A
mass m is to be placed at rest in the centri- :

fuge and accelerated within a time ¢; to the

E1.32

angular velocity wg.
What will be the needed (constant) mo-
ment M acting on the mass? What is the

v T
power P of this moment? -
r?mwg r?mw?
L P

t1 t1

Results: see (A) M =

Example 1.33 A skier (mass m) has the velocity v4 = vy at point E1.33
A of the cross country course (Fig. 1.58). Although he tries hard
not to lose velocity skiing uphill, he reaches point B with only
the velocity vg = 2vy/5. Skiing downhill between point B and
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the finish C' he again gains speed and reaches C' with ve = 4 vg.
Between B and C assume that a constant friction force acts due
to the soft snow in this region; the drag force from the air on the
skier can be neglected.

Calculate the work done by the skier on the path from A to B
(here the friction force is negligible). Determine the coefficient of
kinetic friction between B and C.

Q ~
RN

VN

C
L0k F2|g.1.58
3 4
Results: see (B) U = m(gh — 21v3/50), p= 0~ g;—%

Example 1.34 A circular disk (radius R) ro-
tates with the constant angular velocity €.
A point P moves along a straight guide; its
distance from the center of the disk is given
by £ = Rsinwt where w = const (Fig. 1.59).

Determine the velocity and the accelera-

tion of P. Fig. 1.59
Results: see (B) v = Rwcoswte, + RQsinwte,,
a=-R(w*+ Q% sinwte, +2 RwQcoswt e, .

Example 1.35 A chain with length [ and mass m hangs over the
edge of a frictionless table by an amount e.

If the chain starts with zero initial ve- T
locity, find the position of the end of the €
chain as a function of time. i

Result: see (A) z(t) = ecosh % L. Fig.1.60
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1.4 Summary

Velocity is the time derivative of the position vector: v = 7. It
is tangential to the trajectory.

e Acceleration is the time derivative of the velocity vector: a = v.

For circular motion, the velocity, tangential acceleration, and
normal acceleration are given by

V=T, a=r¢Q, an:rabQ :1)2/7".

Newton’s 2nd Law: ma = F'.

e In general the following steps are required to determine the

motion of a point mass:

¢ Sketch a free-body diagram of the point mass.

¢ Choose an appropriate coordinate system.

¢ Determine the equations of motion.

¢ Integrate the equations of motion and use the initial con-
ditions.

t A
Impulse Law: mwv —muvo= [F(t)dt = F,
to

p=muv linear momentum.

- (0)

Angular momentum theorem: L~ = M©),

LO =7 xp=rxmuv angular momentum with respect to 0,
r position vector from 0 to the point mass.
Work-energy theorem: 717 — Ty =U,
U work of the forces between trajectory points @ und @,
T =mv?/2 kinetic energy.
Conservation of Energy Law: T + V =const,

V' potential energy (e.g. mgz, kx?/2, kre?/2).
N.B.: all forces must possess a potential (conservative

system).

1.4
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2.1 Fundamentals

Having concentrated so far on point masses, we now wish to study
systems of point masses. A system of point masses is understood
to be a finite collection of point masses that interact with each
other.

In natural and engineered systems one often finds systems com-
posed of multiple bodies that can be idealized as point masses for
the purpose of the analysis of their motion. In other problems,
one can idealize single bodies as being composed of multiple point
masses. From this point of view, one also recognizes that an under-
standing of the behavior of a system of point masses is a stepping
stone on the way to understanding the behavior of continuum
bodies with distributed mass.

In discussing the interactions of point masses in a system, one
distinguishes between two classes of interactions: kinematic coup-
lings and physical couplings. Typical kinematic couplings are of
the form of kinematic constraints, which are relations between the
coordinates of the masses. They are given by so-called geometric
or kinematic constraint equations. A simple example is shown in
Fig. 2.1a, where the two masses are connected by an inextensible,
massless rope. Let x1 and x5 be their vertical displacements from
arbitrary reference positions, then the vertical motion of one com-
pletely specifies the motion of the other (excluding the possibility
of horizontal motions). In this example the geometric constraint
equation is simply x1 = xs.

If the distance between two points in a system does not change,
then the constraint is termed a rigid constraint. As a simple ex-
ample, consider the dumbbell shown in Fig. 2.1b. The two point
masses m1 and me are connected by a rigid, massless rod which
enforces a constant separation | between them. This relation can
be expressed by the geometric relation (kinematic constraint):

(132 — I1)2 + (yz - y1)2 + (2’2 — 2’1)2 = 12. (2.1)

From the number of masses and the number of kinematic cons-
traints one can determine the number of degrees of freedom, f,
of a system. This latter number, tells us how many independent

2.1
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ma mso

Fig. 2.1

coordinates are needed to uniquely specify the configuration of a
system — that is the location of each mass in the system. In the
example shown in Fig. 2.1a, there is only one degree of freedom.
Of the two coordinates z7 and xs, only one can be independently
specified due to the geometric constraint equation x; = x5. For
the system shown in Fig. 2.1b, there are five degrees of freedom.
The locations of the two masses are given by 2-3 = 6 coordinates
(three for each point mass in three-dimensional space); however,
because of the geometric constraint equation (2.1), one only needs
to specify five of them (f = 2-3—1 = 5 degrees of freedom) in order
to determine all six. This could include the three independent
translations (in the z-, y-, and z-directions) and rotations about
two axes (neither co-linear with the dumbbell axis). Note that a
rotation about the dumbbell axis does not produce a change in
the configuration of the point masses and is thus not a degree of
freedom of the system.

In general, the number of degrees of freedom, f, of a system
composed of n masses in three-dimensional space is given by the
number of individual mass coordinates 3n minus r, the number
of kinematic constraints:



2.1  Fundamentals 91

f=3n—n. (2.2)

Accordingly, the 3-mass system shown in Fig. 2.1c with three rigid
constraints has f = 3 -3 — 3 = 6 degrees of freedom. If additional
point masses are rigidly connected to this system, the number
of degrees of freedom will remain at six as the rigid couplings
will not permit additional degrees of freedom. As a consequence,
a rigid body, which can be thought of as being composed of an
infinite number of point masses, has six degrees of freedom in
three-dimensional space.

For planar motions, i.e. those restricted to a two-dimensional
space, the number of degrees of freedom is given by

f=2n-—r. (2.3)

For a 3-mass system with three rigid constraints in a plane, there
are f = 2-3—3 = 3 degrees of freedom. Analogous to the discussion
above, a rigid body constrained to move in a two-dimensional
space, will have three degrees of freedom.

In contrast to a kinematical coupling, a physical coupling de-
fines a relation between the positions of the masses of a system
and the forces acting between them; see, for example, the spring
coupling in Fig. 2.1d and the gravitational coupling in Fig. 2.1e. In
these examples, the physical coupling is given by force-separation
relations — the spring law (Hooke’s law) and the gravitational law
(Newton’s law of gravitation), respectively.

In what follows, we will consider a system of n point masses
m; (i = 1,...,n) in three-dimensional space with arbitrary coup-
lings (Fig. 2.2). Conceptually, these masses will be separated from
masses outside of the system by an imaginary system boundary
that encloses all n of them.

Each point mass m; is subject to both internal as well as exter-
nal forces. The external forces F; emanate from outside the system
boundary. They can be applied forces (e.g. weight) or reaction
forces (e.g. support or constraint forces). The index ¢ indicates
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Fig. 2.2

that force F; acts on mass m;. The internal forces Fy; act between
the masses of the system. The indices on Fj; indicate a force that
mass m; exerts on mass m;. Alternately, F}; is a force that m;
exerts on m;. The line of action of the internal forces is always
directed along the connecting line between the two masses in ques-
tion. Because “actio = reactio” (Newton’s 3rd Law), F;; and F};
must have the same magnitude and be oppositely directed:

F;; = —F;. (2.4)

The motion of the masses of a system can be determined by
applying Newton’s 2nd Law (1.38) to each mass m,;. With position
vectors r;, it follows that

mi’i:i:E—f—ZEj, (i:l,...,n). (25)
J

The sum over j includes all internal forces acting on m;. Addi-
tionally, one needs to employ the kinematic and physical coupling
relations that express interactions between the masses for a com-
plete system of equations.

Example 2.1 The system shown in Fig. 2.3a consists of two weights
W1 = my g and Wy = my g that are connected by an inextensible,
massless rope via a set of massless pulleys.

Find the accelerations of the masses and the forces in the rope
when the system is released from rest.
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1KI Mag

a mig
Fig. 2.3 19

Solution The system is first separated using a free-body diagram
and the internal forces, .S;, and the external forces, W;, are ex-
plicitly drawn-in (Fig. 2.3b). If we assume that W5 moves down-
wards, then W; will move upwards. Thus we will measure the
positions of the masses using coordinates, 1 and x2, that are ta-
ken as positive in opposite directions. In this case, the equations
of motion (2.5) for m; and msy read

miEr =—mig—+S1+ 95, malas=maeg—Ss.

Here, the internal forces in the rope correspond to the coupling
forces in the system. Since the pulleys are assumed to be massless,
S| = S3 = S3 =.S5. Thus it follows that

mid1 =—myg+2S, mois=mog—S. (a)

The coordinates x7 and x5 are not independent: the system has
only a single degree of freedom. If ms moves downwards a distance
x2, then m; will move upwards half that distance. The kinematic
constraint can be expressed as

131:%1'2 — i’l:%‘fz — Zlié.’bz (b)
Between (a) and (b), we have three equations for the determina-

tion of the three unknowns &, 2, and S. Solving, gives



2.2

94 2 Dynamics of Systems of Point Masses

. 1. 2mg —my 3mimag
B=sdy =g, =
2 mi1 +4mso mq +4mo

If Wy = 2Ws, then &1 = I = 0, S = W5, and the system is seen
to be in equilibrium.

2.2 Linear Momentum for a System of Point
Masses

From the equations of motion (2.5) for the individual point masses
(cf. Fig. 2.2)

m; ¥ = F+ Y Fy,
J

the laws of motion that hold for the whole system can be derived.
If we sum the equations of motion over all n masses, then we
have

Zmﬂ“z:ZFH-ZZFm (2.6)

The double sum on the right-hand side includes all internal forces
acting between the masses in the system. As these are pairwise
equal and opposite (F;; = — F};), the double sum is zero. Thus,

> mi#; =F, (2.7)

where F' = > F; is the resultant force of all the external forces

acting on thelsystem.

In order to simplify the left-hand side of (2.7), we introduce
the position vector r. for the system’s center of mass or center of
gravity C' (cf. Volume 1, Chapter 4):

1
Te = - Zmi r, —  mr.= Zmi ;. (2.8)
7 7
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Here, m = > m; is the total mass of the system. Taking two time

K3
derivatives of (2.8) and using definitions v = 7 and @ = ¥ = #,
yields

mvc:Zmivi and mac:Zmih. (2.9)
Substituting into (2.7) yields the equation of motion for the center
of mass:

ma,=F. (2.10)

It has the same form as the equation of motion (1.38) for a single
point mass. In words, (2.10) says:

The center of mass of a system moves as though it
were a point mass (with same total mass) subject to
the totality of forces acting on the whole system.

The equation of motion (2.10) is known as the law of motion for
the center of mass. Note that the internal forces have no influence
on the motion of the center of mass.

The vector equation (2.10) corresponds to three scalar equati-
ons — one for each component. For example, in Cartesian coordi-
nates

mi.=F,, miy.=F,, mzi.=1F,.

The total linear momentum p = >_ p; = > m; v; of the system
; i
can be expressed using (2.9) as

P=mu.. (2.11)

Thus, the total linear momentum can be determined from the
product of the total mass m and the center of mass velocity v..

If we take the time derivative of (2.11) and substitute into
(2.10), then we see that
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p=F. (2.12)

In words: the time rate of change of the total linear momentum
is equal to the total resultant of the external forces. As with the
single point mass case, we can integrate (2.12) with respect to
time to give an Impulse Law

t
pfpo:/Fdf:F, (2.13)
to

where we have used the initial condition py = p (t9p). The diffe-
rence in the linear momentum between two moments in time is
equal to the linear impulse — i.e. the time integral of the external
forces acting on the system, F.

In the special case that the external resultant is zero (F = 0),
then (2.13) gives

p =muv. = py = const . (2.14)

The linear momentum of the system is a constant (conservation
of linear momentum) and the center of mass moves uniformly
and in a straight line. Relation (2.14) is known as the principle of
conservation of linear momentum.

Example 2.2 A mass m in zero gravity moves with velocity v at an
angle o = 30° with respect to the horizontal. The mass suddenly
splits into three equal pieces m1 = mo = ms = m/3 (Fig. 2.4).
After splitting, masses m1 and mo travel at angles 5, = 60° and
B2 = 90°, respectively. Mass mg stays at rest.

Determine the velocities v; and vs.

Solution The mass m, before the split, and the masses my, ma,
and mg afterwards will constitute our system. No external forces
are acting on the system, thus according to (2.14) the linear mo-
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m myo
o +

Fig. 2.4

mentum of the system does not change (linear momentum before
splitting = linear momentum after splitting). Componentwise, the
principle of conservation of linear momentum gives
—:  muvcosa = my v cos 3,
T: musina=mjv;sinf; —mgvgsinfs.

Thus, one has two equations for the two unknowns v; and wvs.
Solving, gives

™ COSs o
v =v— =33,
= my cos (31

my vy 8in B — musina
v = - =3v.
= ma sin (B —

2.3 Angular Momentum Theorem for a System
of Point Masses

According to the angular momentum theorem (1.63), for each
point mass m;, one has that LZ(-O) = MZ-(O). Noting that m; is
subject to external forces F; as well as internal forces Fj; (cf.

2.3
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Fig. 2.2), one finds

(rixmivi)':rixﬂ—erixFﬁ.
J

Summing over all n masses gives

Z(’Pixmi’vi)'ZZ’l"iXE+ZZT¢XEj. (2.15)

i
The left-hand side of this relation is simply the time derivative of
the total angular momentum of the system

LO=3"L =3 " (r x mv) (2.16)
1 K3
with respect to the fixed point 0. Since the internal forces are
pairwise equal and opposite, F;; = —F};, and act along the line
connecting masses m; and m;, the double sum on the right-hand
side of (2.15) can be shown to be zero — only the total moment of
the external forces remains:

MO =3"M"=3"r;xF,. (2.17)
% [

Thus we find from (2.15) the angular momentum theorem for a
system of point masses:

LO© = p© (2.18)

The theorem states that the time rate of change of the total an-
gular momentum of a system of point masses relative to a fized
point 0 is equal to the resultant moment of all the external forces
about the same point.

If the resultant external moment is zero (M) = 0), then
L©® = 0 and the angular momentum is constant (conservation
of angular momentum).

As an important special case, let us examine a system of point
masses rotating about a fixed axis a-a to which they are rigidly
attached (Fig. 2.5). Without loss of generality, we place the origin
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0 on the axis of rotation and align the z-axis with it. Following
Section 1.2.6, the z-component of the angular momentum of a
mass m; is given by

Liz=Lig =m; 1} ¢. (2.19)

Here, r; is the orthogonal distance of m; from the axis of rotation.
For the components L;, and L;,, we have replaced the superscript
denoting the point of reference by a second subscript denoting
the axis of rotation (here z and a-a, respectively). This notational
convention can also be applied to the components of moments and
will often be used in what follows.

As all the masses move with the same angular velocity ¢, sum-
ming (2.19) over all masses gives

L:=Lo=)» L= mir}¢=0,¢. (2.20)
The variable

Ou =Y myr} (2.21)

1
a ™ axis of rotation

V2 ~
rr \,
m; \__//
Ay V=Y
//_-—\\
7 N
’ N
\ i
\
~ Qm

Fig. 2.5 at
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is called the mass moment of inertia of the system relative to the
rotation axis a-a.

If one observes that ©, = const (rigid constraints), then the
time derivative of (2.20) gives with the help of (2.18)

Oup=M,. (2.22)

This equation of motion for the rotation of a rigid system of point
masses about a fixed axis is analogous to the equation of motion
for the translation of a point mass m (e.g. mi = F,,). In place of
mass, we have the mass moment of inertia, in place of accelera-
tion we have angular acceleration, and in place of force we have
moment (cf. Table 3.1).

When applying (2.22), one should pay attention to the assumed
positive sense of rotation for ¢ and moment M,. If, for example,
 is taken as positive for clockwise rotation, then M, should also
be measured as positive for clockwise moments about a-a and
vice-versa.

Example 2.3 A pendulum consisting of a rigid, massless rod with
two masses mq and ms is suspended from a frictionless pivot A
(Fig. 2.6a). If the system is displaced from the equilibrium position
and released, then it will oscillate under the action of gravity in
the indicated plane.

Determine the equations of motion for the pendulum.

Fig. 2.6
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Solution The system executes a pure rotation about an axis a

through the fized point A. To describe its motion we will use the

angular momentum theorem. The angle ¢ will be taken as positive

for counter-clockwise rotations with the reference position being

the equilibrium position (the vertical position); see Fig. 2.6b.
With the mass moment of inertia

O, =m 1? +m2(2l)2 = (m1 +4m2) 2

and the moment of the external forces (here the weights) about
the axis a (mind the positive sense of rotation)

M, =—mqglsing —mag(2lsing) = —lg(my + 2ms2)sinp,
one obtains the equation of motion from (2.22) as

(m1 4+ 4m2)l*$ = —lg(my + 2my)sinp

. g m1t2my

i =0.
I mi1+4mse sy

For small angles (sin ¢ & ¢), this equation describes a harmonic
oscillation (cf. Chapter 5).

2.4 Work-Energy Theorem and Conservation of
Energy for a System of Point Masses

Following Section 1.2.7, the work-energy theorem for a single mass
m; in a system of point masses says

Ty —Toi = Us, (2.23)

where T7; = mivf /2 is the kinetic energy of mass m; at a time
t; and Ty, is the kinetic energy at an initial time tg; U; is the
work of the forces acting on m; between times ¢y and ¢;. With the
notation F; for the external forces and F;; for the internal forces,

101
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we can write the work as

T1i

Ui = / (E + ZFzJ> ~dry = Ui(e) + Ui(i)7 (2.24)
) J

Toi

where Ui(e) = f F; - dr; is the work of the external forces and
Ui(i) = f > F;; - dr; is the work of the internal forces.

Using the definitions U = Y U; and T = Y T; and summing
(2.23) over all n masses, yields the work-energy theorem for a
system of point masses:

T -To=U®1+U0% =U. (2.25)

The sum of the work of all the external and internal forces is equal
to the change in the total kinetic energy of the system.

For rigid constraints the work of the internal forces, U@ | is zero.
In order to show this, consider masses m; and m; and the internal

-\
1

’//; dry;

\-l (
dr; 4

Q F Fji  my

L7 dr

Fig. 2.7

forces acting between them: Fj; and Fj; = —F;; (Fig. 2.7). For
infinitesimal displacements dr; and dr;, it follows that

d’l"j =dr; + d’l“ij s

where dr;; must be orthogonal to the line connecting the two
masses due to their fixed separation; thus dr;; is also orthogonal
to Fj;. The work dUi(;) of both forces is then given as
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The work U = dU(;) for a finite motion is thus also zero;
this result further holds for all other internal forces in the system.
For systems composed of only rigid constraints, the work-energy
theorem reads

T, —To=U® =U. (2.26)

If the external and internal forces are conservative forces, i.e. are
derivable from potentials V(¢) and V() (e.g. gravitational forces,
spring forces), then the work of the forces is equal to the negative
of the difference in the potentials at times ¢; and #g:

U = — (Vl(e) _ Vo(e))’ U — _ (Vl(i) - Vo(i)).
Substituting into (2.25) results in the conservation of energy law
T+ V9 + VO =7+ V9 + VP = const. (2.27)

This equation states that the sum of the kinetic energy and the
potential energy is an invariant of the motion. In this situation,
one calls the system a conservative system. If the internal forces
do no work (e.g. rigid constraints), then U(®) = —(V( 2 V(Z)) 0,
and from (2.27) we have

T + Vl(e) =Ty + Vo(e) = const . (2.28)

Example 2.4 The system in Fig. 2.8a (cf. Example 2.1) is released
from rest.

Assuming that the rope is massless and inextensible, and that
the pulleys are massless, find the velocity of mass m; as a function
of its displacement.

Solution Since only conservative forces (weights) are acting on
the system and the internal forces do not contribute to the work
(inextensible rope), we can employ the conservation of energy re-
lation (2.28). We measure the coordinates z1 and x5 (Fig. 2.8b)
from the initial position and assume the potentials to be zero for
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myg

Fig.2.8
21 = x2 = 0. Accounting for the kinematic constraint
To =211 — ITo=21I
we have that
Vo(e) =0, Vl(e) =mygx1 —magxs = (mp —2ms) g1,
To=0, T,= %mlx'%wL%mg:tg :%(m1 +4mg) @7 .

Substituting into (2.28) gives the velocity 41 as a function of po-
sition x7:

1 )
§(m1+4m2)xf+(m1 —2mg) gz =0
. 2mo —my
=44/2 — .
- 1 m1+4mggx1

Since the term under the radical must be positive, if 2mg > mq,
then 1 must also be positive (m; moves upwards). In this case the
positive sign for the square-root applies. In the case that 2msy <
m1, then x1 must be negative and the negative sign for the square-
root applies (i1 < 0).
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2.5 Central Impact

The sudden collision of two bodies which causes a change in their
velocities is called an impact. During a very short period of time
large forces are exerted on the bodies. Since these forces lead to
time-dependent deformations in the vicinity of the points of con-
tact, a comprehensive treatment of a problem involving impact is
rather difficult. However, applying several idealizations will allow
us to determine the changes of the velocities in a relatively simple
way. We assume:

a) The impact duration ¢; is so small that the changes in the
positions of the bodies during the impact can be neglected.

b) The impulsive forces at the points of contact are so large
that all the other forces (e.g., the weights of the bodies) can be
neglected during impact.

c¢) The deformations of the bodies are so small that they may
be neglected when describing the changes of the velocities (i.e.,
the bodies are assumed to be rigid when the laws of motion are
formulated).

Fig. 2.9a shows two bodies during impact. The point of contact
P lies in the plane of contact. The normal to the contact plane
that passes through P is called the line of impact. We refer to a
collision as being direct if the velocities of the points of contact of
both bodies have the direction of the line of impact immediately
before the impact. An impact that is not direct is called oblique. If
the line connecting the centers of mass of the two bodies coincides
with the line of impact, the impact is called central, otherwise it
is eccentric. In this section we restrict ourselves to central impact

eccentric impact central impact

~~—contact normal =~

contact tangent

contact tangent

Fig.2.9

2.5



106 2 Dynamics of Systems of Point Masses

as it occurs, for example, in the collision of two spheres (Fig. 2.9b).

At first let us consider problems involving direct impact. Fig.
2.10a shows two bodies, modelled as point masses m; and mgy
which move along a straight line with velocities v; and vs, respec-
tively (v1 > vg2). At time ¢t = 0, contact begins. The force F(t)
which the two bodies exert on each other first increases with time
(Fig. 2.10b). It attains its maximum value at time ¢ = ¢*. During
the time interval t < t*, the compression phase, both bodies are
compressed in the vicinity of P. At time t* (largest compression),
both masses have the same velocity v*.

Subsequently, the deformations are partially reduced or com-
pletely removed and the impulsive force decreases. The restitution
phase ends at t = t; where t; is the impact duration. Afterwards
the force F is zero and the two masses move independently with
the velocities 77 and v, (Fig. 2.10a).

before impact during impact after impact
my U me Uo ) my U my Uy

m1 (1) mo

F F elastic impact F plastic impact
Fo En FC:FR\\ ﬂﬁﬁo
* i1 t* ti t tt=1t; t
) vt Pt i

Fig.2.10

Since the precise time variation of F'(t) (Fig. 2.10b) during the
impact is usually unknown, we apply the concept of linear impulse
F as we did in Section 1.2.5. We write down the linear impulse for
the compression phase and for the restitution phase, respectively:
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F, :/F(t) dt, FR:/F(t) dt. (2.29)
0 t*

The total linear impulse is then given by

ti
F= /F(t) dt = F, + Fg. (2.30)
0

If the two bodies behave ideally elastic, the linear impulses in the
compression phase and in the restitution phase are assumed to
be equal: Fo = Fr (Fig. 2.10¢). On the other hand, if the bodies
display an ideally plastic behavior, the deformations experienced
during the compression phase are permanent. The force F' is then
reduced to zero at t = ¢* (Fig. 2.10d) and we obtain Fr = 0. In
this case, both masses have the same velocity v* after the collision.

A real body responds in a fashion intermediate to the two li-
miting cases. A partially elastic impact is modelled by (cf. (1.55))

Fr=eF, with 0<e<1. (2.31)

The constant e is the coefficient of restitution. It depends on the
materials of the bodies, their form, and to a certain extent on
the velocities. It can be determined experimentally. In the case
of an ideal-elastic impact we have e = 1, an ideal-plastic impact
is characterized by e = 0, and for a partially elastic impact we
have 0 < e < 1 (see (1.56)). Table 2.1 displays several values
of the coefficient of restitution for two spheres made of the same
material.

During an impact, the masses experience sudden changes in
their velocities (the changes in the positions are negligible). To
determine the changes of the velocities we apply the Impulse Law
to both masses. Note that the forces and therefore also the li-
near impulses which are exerted on m; and mso are of the same
magnitude but of opposite directions (action = reaction). Thus,
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Table 2.1
material coefficient of restitution e
wood/wood ~ 0.5
steel/steel 0.6...0.8
glass/glass 0.94
cork/cork 0.5...0.6

the Impulse Law (1.51) for the compression phase is given by

my(v* —vy) = — Fi,
AC (2.32)
ma(v* —wva) = + Fg
and the Impulse Law for the restitution phase reads
ml(z_)l — 1)*) = 7FR,
(2.33)

mg(ﬁg - U*) = -I—FR.
If the coefficient of restitution e is known, we have five equations

(2.31) - (2.33) for the five unknowns Uy, U2, v*, Fo and Fg. They
can be solved, for example, for the velocities after the impact:

. my v1 + mg vy — ema(vy — vg)
1= )
mi + mo

my v1 + ma vy + emy(vy — v2) (2.34)

my1 + mo

In the case of an ideal-plastic impact (e = 0), (2.34) yields

M1 + Mo U2
mi + me

This is the velocity v* at the end of the compression phase.
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An ideal-elastic impact (e = 1) leads to

_ 2move + (M1 —ma)v1 2my v + (Mg — mq)vy
v = s Vg =
my + ma my + mo
In the special case of two equal masses (m; = mg = m) this
results in

U1 = V2, U2 =71.

In this case an exchange of the velocities takes place. If, for ex-
ample, mass mo is at rest before an impact, then it takes on the
initial velocity of m, after the impact, whereas m; will be rest.

Regardless of the type of impact, the total momentum of the
system (masses mq and mg) remains unchanged:

1
- - 2
my U1 + mo s = ————[m7 vy +mymavy — emyma(vy — vg)
my + mo
2
+mymav1 + ms v + emy ma(vy — v2)]

= M1 V1 +mMovy.

If we calculate the difference v9 — v7 of the velocities after the
impact, we obtain
e (v1 — va)(my + ma)

Vg — V1 = =e(vy —v2).
2 1 M1+ s (1 2)

Here, (v; — vy) is the relative velocity of approach (just before
the impact) of the masses, and (3 — 71) is the relative velocity of
separation (immediately after impact). Thus, we have

V1 — Vg

(2.35)

e= 5
U1 — V2

Accordingly, the coefficient of restitution is equal to the ratio of
the relative velocity of separation to the relative velocity of ap-
proach. In the following, we will usually apply (2.35) instead of
(2.31).

The loss of mechanical energy (plastic deformation, generation
of heat) during impact is given by the difference AT of the kinetic
energies before and after impact. Applying (2.34) we obtain
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2 2 =2 =2
miy vy ma v5 miy vy ma v5

AT = —
("5 ) - (M)
_1—62 mi me

(2.36)
_mimo RY
2 mq+mse (v = v2)"
There is no loss of energy in the case of an elastic impact (e = 1),
whereas AT attains a maximum value for a plastic impact (e = 0).

In certain applications, for example, during forging or while
driving a pile into the ground, the mass ms is at rest before the
impact (v2 = 0). We define the blow efficiency n as the ratio of
the energy loss AT (= work done to cause the deformation) to
the applied energy T' = Fmy v. Then we obtain with (2.36)

mo 1

:£:(1—62)7:(1—62)7ml- (2.37)

K T mi + me 1

ma

It is the aim of forging to deform bodies plastically. Here, the
blow efficiency 7 should be large. This can be achieved using a
small ratio my/mg (large mass ms of the anvil including the work
piece). On the other hand, a pile or a nail should not deform during
driving. Therefore, m; /ms should be sufficiently large (large mass
my of the hammer).

We now extend our investigation to analyse oblique central
impact. For simplicity we restrict ourselves to plane problems
(Fig. 2.11a). We assume that the surfaces of the masses are smooth
(frictionless); rough surfaces will be considered in Section 3.3.3.
Then the contact force F(t) and hence also the linear impulse 3
have the direction of the line of impact (Fig. 2.11b). Using the
coordinate system shown in Fig. 2.11a, the Impulse Law in the
y-direction yields

my Uy —mivy =0 — U1y = vy,
(2.38)

Mo U2y — M2 Vay = 0 — Vay = Vay -

Thus, the components of the velocities perpendicular to the line
of impact remain unchanged in the case of smooth surfaces.
The equations in the direction of the line of impact (the z-axis)
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\
contact normal )‘ )
, x
vy 7 2
/'],/V \—
| [
(T N 2
Do,
7
.My

N
contact N

a tangent b

Fig. 2.11

and Equation (2.35) are the same as those of direct impact. Note,
however, that the velocities of a direct collision have to be replaced
now by the velocity components in the direction of the line of
impact. In contrast to (2.32) and (2.33) we will write here the
Impulse Laws for the total impact duration t;:

M1y — My v, = — F,
R (2.39)
Mooy — Mo Vo = + F.
Equation (2.35) now becomes
o= _ Nz~ V2w (2.40)

Vig — V2

These are three equations for the three unknowns vy, U2, and F.
Solving for 1, and Uy, yields the results which are already known
from (2.34).

Example 2.5 Two masses (m; = m, ma = 2m) collide in a straight
path (Fig. 2.12). The velocity v, of m; is given.

Determine vy so that my is at rest after the collision (coefficient
of restitution e). Calculate the velocity of mq after the impact.

m.
(3] 2

e U1 2
- ]

Fig. 2.12

E2.5
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Solution The velocities after the collision in a direct central impact
are given by (2.34). We assume that positive velocities are directed
to the right. Then we obtain (note the direction of vs)

my vy —mag vy —ems (v + v2)

U] = ,
m1 + mo

B my v1 — mave + emq (v1 + v2)
Vo = .
mi + ma

The condition v; = 0 leads to

mi1 v — Mo U2 —€m2(1}1 +1}2) =0

mi — ems 1—2e¢
- L=un =

ma(1+e) UlZ(l—l—e)'

Inserting vy into vs yields

_ 1—-2e 1—-2e
:2: 3—m mv1—2mvlm+em<vl +’U1m):|
_ Je
%0 te

Mass mo has to be at rest before the collision for e = 1/2. If
e > 1/2, the direction of vq is reversed. In this case, mass mo has
to move to the right before impact.

Example 2.6 A mass m; slides down a smooth path from rest at
point A. It collides with a mass ms = 3m, which is at rest at
point B (Fig. 2.13). The path is horizontal at B.

Determine the coefficients of restitution e which lead to a mo-
tion where mass mj moves uphill after the collision. Calculate the
height h* which is attained by m; for e = 1/2 and determine the
travel distance w of mao.

Solution The velocities of m; and mo immediately before impact
are v1 = /2 gh (conservation of energy) and vs = 0. Equation
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[~ >

Fig.2.13

(2.34) yields the velocities after impact:

— 1-3
gz Mzem _1-3e oo

mi + mo 4
_ mi(l+e) l+e ,—
2 my -+ msy v 4 g

If my is supposed to move uphill, the velocity v; has to be negative.
Therefore, the coefficient of restitution has to satisfy the condition

1
1-3e<0 — e>§.

In the special case e = 1/2 we obtain

1712—%\/29}1, 5222\/29}1.

The height h* is found from the conservation of energy:

1, o2 h
om0l =myght o b=k =
g ML= g =729 o4

The distance w follows from (1.41) with @ = 0 and z(z = w)
—h:

2h
g

=~ w
=

w = V3
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Example 2.7 A mass my (velocity v1) collides with a mass mq
which is at rest. The plane of contact has the direction given by
the angle 45° (Fig. 2.14a). The surfaces of the bodies are smooth.

Determine the velocities of the masses after the impact (coeffi-
cient of restitution e).

m
-

U1y
1\ V1 - -\,’ \ml ey U1 \ )
—_ = 1 —_ - A
\_14 NN U N B F
45° . ) Ula ay \
; L ;
my my N\ 45° Omz

Fig. 2.14

Solution We choose the coordinate system shown in Fig. 2.14b;
the z-axis is the line of impact. Since the surfaces are smooth,
the linear impulse F acts in the direction of the line of impact
(Fig. 2.14c¢). The Impulse Laws for both masses and the hypothesis
(2.35) are given by

ml('Dl;v - vlw) =-F, ml(ﬁly - vly) =0,

ma(U2y — V2z) = +F7 ma(V2y — vay) = 0,

1_)193 - @2:10
e=—
Vig — V2g
With
V2
Vig = Viy = —— V1, Uz = Uy =0

2

we obtain the velocities after the impact:

_ \/5 mi — emso _ \/5
Vg = (7 V1 ———————— Viy = 7 U1
2 mi +mo Y ’
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Thus, mass me moves with the velocity v = v9, in the direction
of the line of impact (Fig. 2.14b). The velocity v; and the angle
ay are given by

v 1
@::,/T;fx+1‘;fy:m\/m§+(1—e)m1m2+§(l+e2)m§,

_ Uy omp+mg
tanoyy = — = ———— .
Vg mip —emso

2.6 Bodies with Variable Mass

Up to now we have always assumed that the mass of a system is
constant. We will now extend the theory to systems which have a
variable mass. An example for the motion of such a system is the
flight of a rocket whose mass decreases with time.

Let us first consider a body B which initially has mass mg and
velocity vy (Fig. 2.15). At a certain time a mass Am is ejected
from B with the velocity w. Then the mass of the body is reduced
to mo—Am and the velocity is changed to v1 = vg+Aw. The mass
flow velocity w is the velocity of Am relative to the body after the
ejection. The mass Am therefore has the absolute velocity v +w
(cf. Chapter 6). We assume that the system under consideration
consists of both masses. Then, only internal forces act during the
ejection.

after ejection

Fig. 2.15 mo mo—Am

2.6
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The momentum of the system before the ejection
Po = Mo Vo
and the momentum afterwards
p1 = (mo — Am)vy + Am(vy + w)
have to be equal according to (2.14): po = p1. This yields the
change in the velocity of the body B due to the ejected mass:
Av:’vlf'vo:fA—mw. (2.41)
mo

This change increases with an increasing mass Am and an incre-
asing velocity w. The negative sign in (2.41) indicates that Av
and w are oppositely directed. If a mass Am hits the body B
with a relative velocity w and is absorbed by B (the body gains
mass instead of losing mass), then the algebraic sign in (2.41) is
reversed.

v+dv+w
dm*/

F+dF v+dv
B _— -
F » /i// m —dm*
B, path of B
- m time t+d¢
time ¢ Fig. 2.16

Consider now a body B which ejects mass continuously and
which is subjected to an external force F (Fig. 2.16). The body
has mass m and velocity v at time ¢. During a time interval dt it
ejects mass dm™ with a mass flow velocity w. At time ¢ + dt its
mass is therefore m — dm™; its velocity has been changed by dv.
The momentum of the system at time ¢ is given by
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and at time ¢t + dt it is
p(t+dt) = (m—dm™)(v + dv) + dm™ (v + dv + w)
=mv+mdv+dmn*w=p(t)+dp.
Thus, (2.12) yields

dp _ dv  dm®
a a dt

where dm*/dt = p is the mass which is ejected per unit time (the

w=F (2.42)

rate at which mass is being ejected). The rate of change of the
mass dm/dt of the body is given by —dm*/dt (rate of mass loss):

dm dm*
- _ - — . 2.43
dt dt a (243)

Now we introduce the thrust T

T=—pw. (2.44)

Then (2.42) can be written as

dv
mE_FJrT. (2.45)

This equation has the same form as Newton’s law of motion. Note,
however, that the mass of the body now depends on time: m =
m(t). Also, it contains the thrust T in addition to the external
force F'. The thrust describes the action of the ejected mass on
the body. It is proportional to the ejected mass p and to the mass
flow velocity w; it acts on the body in the direction opposite to w.
For example, if a rocket expels mass backwards, the thrust acts
on the rocket forwards. The thrust increases with increasing mass
flow velocity w.

As an illustrative example let us consider a rocket which has
the initial mass m; (including the fuel); see Fig. 2.17a. It takes
off vertically from the surface of the earth with a constant thrust
and a constant rate of expelled mass. The forces acting on the
rocket are the thrust T (directed opposite to the velocity w) and
the time-dependent weight m(t) g (Fig. 2.17b). We neglect the
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m(t)

T :
m(t)g
f

T

a b Fig. 2.17

aerodynamic drag and assume g to be constant. Then the motion
of the rocket is described according to (2.45) by

mt)v=—mt)g+T
where

T=pw=—rw.
(The condition for lift off is ¥(0) > 0. Therefore, the thrust has to
satisfy T' > m; g). Inserting yields

dv 1 dm

—=—g—-——w.
dt m dt
Since T and p are assumed constant, we also have w = const.
Thus, integration and application of the initial condition v(0) =0

yields the velocity

m(t)
dm t
v(t) = —gt—w / Tm :fgtfwlnm —wln 2L —gt.
m mr m(t)
mr
From r = — p we obtain m(t) = m; — ut which leads to
v(t) =w In— L —gt.

my — ut



2.6 Bodies with Variable Mass 119

The maximum velocity is reached at the time ¢t = ¢t when the
fuel has run out. With the final mass m(tr) = mp it follows as

mr
Umax = W lnm— —gtp .
P

It increases with increasing w and increasing ratio my/mp.

Example 2.8 A boat (total mass mg) at rest can move without
resistance in the water. Two masses m; and mso are thrown off
the boat in the same direction with a mass flow velocity w.
Determine the resulting velocities of the boat if
a) the two masses are thrown at the same time and
b) if mass my is thrown first and subsequently mass meo.

mq +m2

[AH
W — 1, —_—
v v

mo—(my+ms)

mo, Vo=0
a
my mo
* 9 Uy « Q (o
— w—p —_—
s L na
mg, vo=0 mo—my (mo—my) —ma
b
Fig.2.18

Solution Fig. 2.18a shows the situations before and after the ejec-
tion of the masses in case a). The ejected mass m; + mg moves
relative to the boat with the velocity w to the left. If the boat
moves with the velocity v, to the right, then the masses mj + mg

have the absolute velocity w — v, to the left. Since the initial mo-
mentum is zero (vo = 0), the principle of conservation of linear

momentum for the total system is given by
(mg —my —mag) v, — (M1 +ma)(w—1v,) =0.
Solving for the velocity v, of the boat after the ejection yields

m1+m2
—_—w
mo

a

E2.8
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In case b) the velocity v of the boat after the ejection of the

first mass my (Fig. 2.18b) is obtained as
(mp—my)vp —mi(w—v;)=0 — v = m
mo

Application of the principle of conservation of linear momentum
to the system (mgo—m;1) before and after the ejection of the second
mass mo leads to

(mo — ma) vy = (mo —m1 —m2) vy, — ma(w — vp)
B <m+&> w.
mo mo — may

After simple algebraic manipulation the velocity v, can be written
as

mi1ma

mi + mo mimso
= + W=+ —F
mo mo(mo — m1) mo(mo — m1)
Since mg > mq, the velocity of the boat in case b) is larger than
the velocity in case a).

The results for v, and v, can also be obtained by a repeated
application of (2.41).

Example 2.9 The end of a chain with mass mo and length [ is
pulled upwards with a constant acceleration ag (Fig. 2.19a).
Determine the necessary force H.

T ag 1 H
= & Yo

T
a b Fig. 2.19
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Solution We consider the part of the chain which is already
suspended to be a body whose mass is continuously increasing.
This body is subjected to the force H, the time-dependent weight
m(t) g and the “thrust” T. We assume the force T' to be acting
upwards (Fig. 2.19b). With the z-coordinate of the point of app-
lication of H as shown, Equation (2.45) yields

mit)s = H—m(t)g+ T, (a)
where the thrust is given according to (2.43) and (2.44):
T=rw. (b)

The part of the chain which is still at rest has a “velocity” in the
negative z-direction relative to the part moving with the velocity
2. Thus,

w=—z. (c)

Integration of the given acceleration ap and application of the
initial conditions 2(0) = 0 and z(0) = 0 leads to the velocity and
the position (= length of the moving part):
1
é:a,(), ,é:aot, z:§a0t2. (d)
This yields the mass of the body and its change of mass:

z moag ,o
m=moy- =

;= o b ()

mo ap

= O ()

If we introduce (b)-(f) into (a) and solve for H we obtain

H— mOQO(;’laO"’_g) t2 :m0(3a0+g)

~I

This result is valid only as long as the mass of the body changes
(z <1).
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2.7 Supplementary Examples

Detailed solutions to the following examples are given in (A)
D. Gross et al. Formeln und Aufgaben zur Technischen Mechanik
3, Springer, Berlin 2010, or (B) W. Hauger et al. Aufgaben zur
Technischen Mechanik 1-3, Springer, Berlin 2008.

Example 2.10 Two vehicles (masses m1 and mg, velocities v; and
vg) crash head-on, see Fig. 2.20. After a plastic impact the vehicles
are entangled and slide with locked wheels a distance s to the right.
The coefficient of kinetic U1 2

friction between the wheels

and the road is p.

Calculate vy if v and s

are known. Fig. 2.20

Result: see (B) v = 2 vy + <1 + @) V24ugs.
mi mq

Example 2.11 A block (mass mg) rests on a horizontal platform
(mass my) which is also initially at rest (Fig. 2.21). A constant
force F' accelerates the plat- | I |

form (wheels rolling without | |

friction) which causes the B m, F
block to slide on the rough ten
surface of the platform (co- O @)

efficient of kinetic friction
) Fig. 2.21

Determine the time t* that it takes the block to fall off the
platform.

Result: see (A) t* = \/

21m1
F — pg (my +mg)

Example 2.12 A railroad wagon (mass m1) has a velocity v; (Fig.
2.22). Tt collides with a wagon (mass mg) which is initially at rest.
Both wagons roll without friction after the collision. The second
wagon is connected via a spring (spring constant k) with a block
(mass mg) that lies on a rough surface (coefficient of static friction

1o)-
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Assume the impact to be plastic and determine the maximum
value of v; so that the block stays at rest.

U1
—_—

e po
Fig. 2.22
m, m m
Result: see (B)  v1max = Homsg \/ﬁ
my k

Example 2.13 A point mass m; strikes a point mass mo which is

suspended from a string (length [, negli-

gible mass) as shown in Fig. 2.23. The T
l

maximum force S* that the string can
sustain is given.

Assume an elastic impact and de-
termine the velocity vg that causes the Yo
. o —
string to break. Fig.2.23 ™M1 My
my +m
Result: see (B) wvo > % V(S /ma —g).
ma

Example 2.14 A ball (1) (mass mq) hits a second ball (2) (mass
mg, velocity vy = 0) with a velocity v; as shown in Fig. 2.24.
Assume that the impact
is partially elastic (coeffi-
cient of restitution e) and
all surfaces are smooth.

m
Given: 1o = 3ry, mg = @ 1/~| ,-
4 mi. @ — -:
Determine the veloci-
ties of the balls after the Fig.2.24
collision.
1-3e IVE]

Results: see (A) 01 1 vy, Up= ?(1 +e)vy.

Example 2.15 A hunter (mass mq) sits in a boat (mass ms =

2m4) which can move in the water without resistance. The boat

is initially at rest.

a) Determine the velocity vp, of the boat after the hunter fires a
bullet (mass mg = m4,/1000) with a velocity vp = 500 m/s.

E2.13

E2.14

E2.15
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b) Find the direction of the velocity of the boat after a second
shot is fired at an angle of 45° with respect to the first one.

Results: see (A) a)wvp, =0.167m/s, b) a=225°.

Example 2.16 A car (2) goes into a skid on a wet road and co-
mes to a stop sideways across the road as shown in Fig. 2.25. In
spite of having fully applied the brakes a distance s; from car (2)
a second car (1) (sliding with the coeffi-
cient of kinetic friction p) collides with f
car (2). This causes car (2) to slide a distan- 5
ce So. Assume a partially elastic central i @)
impact. Given: m; =2ma, p=1/3, e =
0.2, s1 =50m, so = 10m.

Determine the velocity vg of car (1) s
before the breaks were applied.

—_—— =

i
. 3 . Vo
Result: see (A) wvo = 74.6km/h. |t| Fig. 2.25
Example 2.17 Two cars (point masses m; and ms) collide at an
intersection with the velocities v; and v, at an angle « (Fig. 2.26).
Assume a perfectly plastic

collision.

Determine the magnitu- % ; ,ﬁzl
de and the direction of the my |:|—»O; 7;L

velocity immediately after ”
the impact. Calculate the : O P

loss of energy during the col- ma
lision.
Results: see (A) Fig. 2.26
V= #\/(mlvlﬁ + 2mymavivg cos a + (Mav2)?,
mi + mo
MoV Sin (v
tan 8 = 22

)
mi1v1 + MaV2 COS &
mimsa

AT = T2
2(m1 +m2)

(v} + v3 — 2v1v5 cos ) .
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Example 2.18 A bullet (mass m) has a velocity vy (Fig. 2.27). An
explosion causes the bullet to break into two parts (point mas-
ses my and mg). The directions «; and ay of the two parts and

the velocity v; immediately after T
the explosion are given. m”
Calculate mq and vs. Determi- Lomy
ne the trajectory of the center of Y ™
m a1 =
mass of the two parts. O o 2
Results: see (A) o \J\OQ v
Vo AN
m1 = m—tanasg, @
v1 Uy
v : e \ )
vy = 0 ye =0. Fig.2.27

cos g — Z—‘l’sin oy’

Example 2.19 A ball (point mass m1) is attached to a cable. It is
released from rest at the height hy (Fig. 2.28). After falling to the
vertical position at A it collides with
a second ball (point mass ma = 2my)
which is also initially at rest. The co-

efficient of restitution is e = 0.8. my E
Determine the height hy which the :

first ball can reach after the collision 1% A

and the velocity of the second ball im- _Qm™

mediately after impact. Fig.2.28

Results: see (A) hy =0.04hy, U3 =0.6+2gh;.

Example 2.20 The rigid rod (negligible
mass) in Fig. 2.29 carries two point mas-
ses. It is struck by an impulsive force F
at a distance a from the support A.
Determine the angular velocity of the
rod immediately after the impact and

the impulsive reaction at A. Calculate a

e~ ~
°
13
[

so that the reaction force at A is zero.  Fig.2.29 onm

Results: see (B) (D:Bl;:n’ Ax(1%>F, a=>51/3.

E2.18

E2.19

E2.20
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2.8 2.8 Summary

e Determination of the motion of the individual point masses:
o Derivation of the equations of motion.
o Formulation of the kinematic equations.

e Law of motion for the center of mass: ma, = F,

a. acceleration of the center of mass of the system,

F  resultant of the external forces.
e Conservation of linear momentum:
pP=muv. =), m;v; = const,

v, velocity of the center of mass of the system.

Note: no external forces are acting.

+ (0)

e Angular momentum theorem: L'~ = M©),

L©® =3 (r; x m;v;) moment of momentum.
e Work-energy theorem: T) — Ty = U +U®),
in the case of rigid constraints U® =0.

e Conservation of energy: T + V() + V() = const,
in the case of rigid constraints T + V(¢ = const.

e Impact problems:
o Choice of a coordinate system: line of impact (), tangent

(y)-
¢ Application of the Impulse Law for each point mass.
Vig — O
¢ Application of the hypothesis e = o ew
Vig — V2x
e Systems with variable mass: ma=F + T,

T=—pw=rmw thrust,

w mass flow velocity.



Chapter 3 3
I

Dynamics of Rigid Bodies



3 Dynamics of Rigid Bodies

3.1

3.1.1
3.1.2
3.1.3
3.14
3.2

3.2.1
3.2.2
3.23
3.3

3.3.1
3.3.2

3.33
3.4
34.1
3.4.2
3.4.3
3.4.4
3.5
3.6

Kinematics ... ... 129
Translation ... 129
Rotation ... 130
General Motion ............coooiiii 133
Instantaneous Center of Rotation........................... 141
Kinetics of the Rotation about a Fixed Axis............. 147
Principle of Angular Momentum ..................coooeaes 147
Mass Moment of Inertia ................oooiin. 149
Work, Energy, Power ................. 153
Kinetics of a Rigid Body in Plane Motion................ 158
Principles of Linear and Angular Momentum ............ 158
Impulse Laws, Work-Energy Theorem and Conservation

Of ENErgy ..o 169
Eccentric Impact.........cooo 174
Kinetics of a Rigid Body in Three Dimensional Motion 182
Principles of Linear and Angular Momentum ............ 183
Angular Momentum, Inertia Tensor, Euler's Equations 185
Support Reactions in Plane Motion ........................ 194
The Torque-Free Gyroscope...........cocovviiiiiiiiiinn.. 197
Supplementary Examples................cooci 199
SUMMANY . 207

Objectives: A rigid body may be considered to be a sys-

tem of an infinite number of particles whose relative distances
remain unchanged when the body is loaded. As was explained in
Section 2.1, it has six degrees of freedom in space: three transla-
tions (in the z-, y-, and z-directions) and three rotations (about
the z-, y-, and z-axes). In the following chapter we will derive the
equations which describe the motion of rigid bodies and we will
explain how these equations are applied to specific problems. Of

particular interest will be plane motion and the rotation about a

fixed axis.

D. Gross et al., Engineering Mechanics 3,
DOI 10.1007/978-3-642-14019-8 3, © Springer-Verlag Berlin Heidelberg 2011
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3.1 Kinematics

In this section we will study the kinematics of a rigid body, i.e.,
the geometry of motion without reference to its cause.

A rigid body may be considered to be a system of an infinite
number of particles whose relative distances remain unchanged
when the body is loaded. It has six degrees of freedom in space (see
Section 2.1). Three translations (in the z-, y-, and z-directions)
and three rotations (about the z-, y-, and z-axes) correspond to
the six degrees of freedom. In the following we will show how
the general motion of a rigid body may be understood as the
composition of a translation and a rotation.

3.1.1 Translation

A motion that leaves the direction of the straight line between any
two arbitrary points A and P of a rigid body unchanged is called
a translation (Fig. 3.1). In this case, every particle of the body
undergoes the same displacement dr during a time interval dt.
Therefore, all the particles have the same velocity and the same
acceleration:

dr dv d3r
v = 57 a — E = —dt2 . (31)
L
>, pathof P
A _
ST path of A
p 1
Fig.3.1 X Y

The paths of different points all have the same shape. Thus, the
motion of a single point of the body arbitrarily chosen represents
the motion of the complete body.

3.1
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3.1.2 Rotation

During a rotation all the particles of a rigid body move about a
common axis. In the special case that this axis is fixed in space,
the motion is called a rotation about a fized axis. If on the other
hand the axis only passes through a fixed point without keeping
its direction, then the motion is referred to as a rotation about a
fized point or a gyroscopic motion.

fixed axis \7[

of rotation

Fig.3.2

Let us first consider the motion of a rigid body about a fixed
axis (Fig. 3.2). In this case each point of the body moves in a
circle whose plane is perpendicular to the axis. The radius vectors
from the axis to the individual points of the body sweep out the
same angle dy during the same time interval d¢. Thus, the angular
velocity w = ¢ and the angular acceleration w = ¢, respectively,
are the same for every point. The velocity and the acceleration of
an arbitrary point P at a distance r from the axis are therefore
the same as for a particle in a circular motion (see (1.25) - (1.28)):

Vp =y €y, Qp=0r€r + a0y ey (3.2a)
where
Vo =TW, Ay =—Tw?  a, =T1d. (3.2b)

We now consider the rotation about a fixed point A (Fig. 3.3).
Let the instantaneous direction of the axis of rotation be given by
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the unit vector e,. Assume that the body undergoes a rotation
about this axis with the angle d¢ during the time interval dt.
Then all the particles of the body instantaneously move in circles.

/\ instantaneous
Fig.3.3 axis of rotation

The displacement drp of an arbitrary point P is given by (see
Fig. 3.3)

drp = (ew x r4p) de. (3.3)

Here, the vector e, x r4p is perpendicular to e, and r, p; its ma-
gnitude is equal to the orthogonal distance r of point P from the
instantaneous axis of rotation. We now introduce the infinitesimal
vector of rotation de and the angular velocity vector w:

de

dp =dpe, and w:E:gbew:wew. (3.4)

Then the velocity vp = drp/dt of point P follows from (3.3):
Vp =W X Typ- (3.5)

It should be noted that the infinitesimal rotation d¢ and the
angular velocity w = de/dt are vectors, however, a finite rotation
cannot be represented by a vector. In order to show this we subject
a body to different finite rotations from an initial position to a final
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,\;J/‘ig

P o=
AL
€T
initial position
final position
z
z
z ™
— — (= —
\4 1
4y 1
Yy / r - Yy
/ Pae=75
T T Z

final position

T
b initial position

Fig. 3.4

position. For example, if the block in Fig. 3.4 is first rotated about
the z-axis (angle of rotation , = 7/2) and subsequently rotated
about the y-axis (angle of rotation ¢, = m/2), then the final
position shown in Fig. 3.4a is attained. On the other hand, if we
first rotate the body about the y-axis and then about the z-axis,
we obtain a different final position, see Fig. 3.4b. According to
the commutative law of vector addition, the result of an addition
of vectors has to be independent of the sequence of the addition.
Since finite angles of rotation do not obey this law, they cannot
be classified as vectors.

The acceleration of P is obtained through differentiation of
(3.5):

dvp

ap = I =W XTyptwWXrTyp.

Since point A is fixed in space (74 = 0), we have ¥,p = 7p =
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=vp = w X 14p. Thus,

ap =w X Typ+wX(wxXryp). (3.6)

Equations (3.5) and (3.6) reduce to (3.2a,b) in the special case
of a rotation about a fixed axis.

3.1.3 General Motion

The general motion of a rigid body can be understood as a com-
position of a rotation and a translation. To show this, we first
consider the case of plane motion, where all the particles move in
the z, y-plane or in a plane parallel to it (Fig. 3.5a). Position vec-
tors to arbitrary points P and A which are fixed in the body are
connected by rp = 74 +74p. Let us introduce the unit vectors e,.
(in the direction from A to P) and e, (perpendicular to 7,p).

Y
AP
Yp P?»
€, T
€y
Ya
T
T
O~
Z‘A Z‘P x
a b
a¥ =rw .
AP TW COSp
L.p - ----- = P
TW SN

2 sing

rw

Fig.3.5 ¢ ) d
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They are also fixed in the body and therefore move with the body.
Since r,p = 7 €,, we can write

Tp =Ty +7€.

Note that r = const. Therefore, differentiation yields rp = 7, +
ré,. The vector é, is found through the following considerations.
If the vector 7, p rotates through the angle d¢ during the infinite-
simal time interval d¢, then the vectors e, and e, are also rotated
by d¢. According to Fig. 3.5b we have de, = dp e, and therefore
é, = de,/dt = ¢ e,. Similarly, we obtain é, = —¢ e, (cf. Section
1.1.4). Thus, the velocity of P is given by

'I:’P = ".'A + Tweso
where w = ¢, and the acceleration is found to be
Tp=Ty+trwe,+rweé, =7, +rwe, —rw’e, .

In summary we have

Tp =Ty + rap,
Vp = Uy + Vap, (3.7a)

_ T »
ap =0y +ayp+a,p

with

Tap =T€, Usp=Trwe,,
(3.7b)
aip =—rwle, ajp=rwe,.

Each of the relations (3.7a) consists of two parts. The quanti-
ties r4, v, and a4 represent the translation of the body, whereas
the other terms (see (3.7b)) represent a rotation (circular motion
of P about A, cf. (3.2a,b)). The vectors v, and a}p are perpen-
dicular to 7, p; the vector a) , points in the direction from P to A
(centripetal acceleration). Thus, the velocity (acceleration) of an
arbitrary point P is equal to the sum of the velocity (acceleration)
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of an arbitrary point A and the velocity (acceleration) of point P
due to the rotation about A.

Frequently we have to express the velocity and acceleration of
P in a Cartesian coordinate system. To do so, we first write down
the coordinates of P (see Fig. 3.5a):

Tp=x4 +TCOSPY, Yp=1ys+rsineg.

If we differentiate once (¢ = p(t); chain rule!) we obtain the com-
ponents of the velocity vector and a second time those of the
acceleration vector (¢ = w):

Up, = Tp = Ty — rwsiney,
Upy = Yp = Ya + 7w COS ©,
Ap, = Tp = Ty — rwsin g — rw? cos @,

apy, =Yp zyA—&—rwcosap—rwzsingo.

The meaning of the individual terms can be seen in Figs. 3.5¢,d.

Equations (3.7a,b) can be used to determine the velocity (acce-
leration) of point P graphically with the aid of a velocity diagram
(acceleration diagram). The directions of the individual velocity
vectors (acceleration vectors) have to be taken from a layout dia-
gram which represents the geometrical properties of the problem.
Consider, for example, the body in Fig. 3.6a. We assume that
vy,0a,4,w and w are known in the position shown, i.e., at a given
instant. According to (3.7a) the velocity vp is the sum of the vec-
tors v, and vy p (Fig. 3.6b). The vector v,p has the magnitude
vyp = Tw (see (3.7b)); it is orthogonal to AP.

The acceleration ap (Fig. 3.6¢) is obtained as the sum of ag,
alip (in the direction from P to A, a}p = rw?) and ajp (or-
thogonal to AP, alp = rw). In the case of a purely graphical
solution, the velocity diagram and the acceleration diagram ha-
ve to be drawn to scale. If we want to solve the problem with a
mixed graphical/analytical method (see Volume 1, Section 2.4) it
suffices to sketch the diagrams but not necessarily to scale and
apply trigonometry.
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layout diagram velocity diagram acceleration diagram

Qap ¢ @y
’

,
,
4

. 2

(l'\l/,:N\ Ayp =T

a b c Fig.3.6

As an example, consider the rod in Fig. 3.7a. The velocity v,
and acceleration a, of point A in the position shown are given;
let us find the velocity vz and acceleration ag of point B at this
instant. We first solve the problem analytically by introducing an
x, y-coordinate system and the angle ¢ as shown in Fig. 3.7b. Note
that the horizontal displacement of B is zero. The coordinates of
B can be expressed as

rp =24 —lsinp =0, yg=Icosyp.

Differentiating yields (&, = v,)

. 1é 0 . VA
Tp =vy —lpcosp = — =w= ,
B = U — pCOSY ® lcosg
vg =Yg = —lwsinp = —v, tangp.
We differentiate again and use v, = a, to obtain

Fp =a, —lbcosp +lw?sing =0

an v sing
— = ,
lcosp  [2cos? ¢
2 vh
ag =9p = —lwsinp — lw*cosp = —a, tanp — .
B~ YB 4 P A ¥ lcos? @

The problem can also be solved with a mixed graphical/analyti-
cal method. The magnitude and the direction (horizontal) of the
velocity v, are known. We also know the direction of vap (ortho-
gonal to AB, vap = lw) and the direction of vy (vertical). This
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enables us to sketch the velocity diagram (Fig. 3.7¢) from which
we obtain

VA
lw= , Vg =vatanep.
COS ¢
B
l
A
—
[“A(l\
a
Fig. 3.7 d

To construct the acceleration diagram (Fig. 3.7d) we start with
the given acceleration a, (horizontal). We also know a} 5 (in the
direction from B to A, a}jp = lw?) and the directions of afp (or-
thogonal to AB) and ap (vertical). Now the acceleration diagram
can be sketched. It yields the magnitude of a5:

w2

ag = ay tany + cosg
If we insert w (which is known from the velocity diagram) we
obtain the same result as in the analytical solution.

We will now show that the general spatial motion of a rigid bo-
dy can always be decomposed into a translation and a rotation.
To this end we introduce the Z, ¥, zZ-coordinate system as shown
in Fig. 3.8. Its origin coincides with an arbitrary point A of the
body and it undergoes a translation as the body moves, i.e., the
directions of the axes remain unchanged (translating coordinate
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system). With respect to an observer located at the origin A of
this system and fixed to the translating axes, the rigid body un-
dergoes a rotation. The corresponding velocity and acceleration,
respectively, of a point P are given by (3.5) and (3.6). In additi-
on, we have to account for the velocity v, and acceleration a, of
point A (i.e., of the Z, g, zZ-system) with respect to the fized sys-
tem x,y, z. Thus, the general motion of a rigid body in space is
described by

Tp =Ty +Typ,
Vp = Uy +wW X Typ, (3.8)

ap =0, +WXTup+wx (WXTyp).

Fig.3.8

Equations (3.8) are also valid in the case of a plane motion.
Assuming that the motion takes place in the z,y-plane (cf. Fig.
3.5a), we can write

w=we,, wW=we,, Tup=Te€.

Inserting into (3.8), we obtain Equations (3.7a,b) for the position,
velocity and acceleration of P:

Tp =74+ 7€,

Vp =V, twe, Xre, =14 +1TWey,,

ap=a,twe, xre,+we, x (we, xre,)

=a,t+rwe, +twe; Xrwe, :aA—i—rd)ev—rwzeT.
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Example 3.1 A slider crank mechanism consists of a crankshaft
0A and a connecting rod AK (Fig. 3.9a). The crankshaft rotates
with a constant angular velocity wy.

Determine the angular velocity and the angular acceleration of
the connecting rod as well as the velocity and the acceleration of
the piston K in an arbitrary position.

Fig.3.9

Solution We choose an z,y-coordinate system and the angles «
and ¢ as shown in Fig. 3.9b. The piston K can move only in the
horizontal direction. Therefore, its vertical displacement is zero:

Y =rsina —Ising =0. (a)
This yields the relation

: T o,
sing = 7sina — cosp = 1—1—251n a (b)
between the angles a and . If we differentiate (a), we obtain the
angular velocity ¢ and the angular acceleration ¢ of the connec-

ting rod (& = wy = const):

U = Twocosa —lpcosp =0

. r cosa
- Y =wo 7 3
= l cosy
i = —rwasina + 1p?sing — g cosp =0
. g Tsina 5, sing
- =Wy ¥
= l cosyp cos ¢
o7 [ sina  rcos?asing
= WnH — —_ -
07| cosp 1 cosdo

E3.1
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The velocity @, and the acceleration & of the piston follow from
the position x; and (b):

Ty =rcosa+lcosp,

. . . . T COS (v
Tp = —rwosina —lpsing = —rwpsina |1+ - ,
l cosyp

= —rwi cosa — 12 cos p — [P sin g

5 [ r (sin2a cos2a>}
—rwj |cosa — — -— .
I \cosp cos’yp
The angle ¢ can be replaced by the angle a with the aid of (b). If
the velocity and the acceleration have to be determined as functi-

=

ons of the time ¢ (instead of functions of the angle «), « has to be
replaced by a = wpt, where the initial condition o = 0 for t = 0
has been assumed.

E3.2 Example 3.2 The arm 0A and the disk in Fig. 3.10a rotate with
constant angular velocities w1 and ws, respectively.
Determine the velocity and acceleration of point P as functions
of the angle .

a b c Fig.3.10

Solution We solve the problem with a graphical/analytical me-
thod. The center A of the disk moves in a circle about 0. Thus,

vy = lw; (perpendicular to 0A),

ay = lwi (in the direction from A to 0 since w3 = 0).
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Point P follows a circular path about A:
vyp = rwy (perpendicular to AP),
ayp = rwi (in the direction from P to A since wy = 0).

Now we are able to sketch the velocity diagram (Fig. 3.10b) and
the acceleration diagram (Fig. 3.10c). The law of cosines yields

v% = (lw1)? + (rws)? — 217wy ws cos(m — 1))

—  vp= \/(lwl)Q + (rwe)? + 2lrwy wy cos P

and

ap = \/(ZW%)2 + (rw2)? + 2lrw? w? cos v .

Maximum (minimum) values are obtained for ¢y = 0 (¢ = 7). For
example, the maximum acceleration is given by

7,2 2
ap = lwi+rw;y.

3.1.4 Instantaneous Center of Rotation

According to Section 3.1.3 plane motion of a rigid body is compo-
sed of a translation and a rotation. Alternatively, a plane motion
may also be considered at each instant to be a pure rotation about
a certain point IT. This point is referred to as the instantaneous
center of rotation or the instantaneous center of zero velocity.

We will verify this statement by showing that there always
exists a point A (= instantaneous center of rotation IT) which
has a vanishing velocity. With v, = 0, (3.8) leads to the velocity
(3.5) of an arbitrary point P during a pure rotation about A:

'UP:CUXTAP.

We can solve this equation for r,, if we take the cross product
of both sides with w and insert vp = vpe,, 74p = rpe, and
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w =we; (e, is perpendicular to e, and e,):

0=wx (WXTyp)—wXvp
=wlrpe, x (e. x e,) —wup(e, x e,)
=—wlrpe, —wuple, x e,)

Up

— Typ=rpe,=——(e;xe,).
w

Thus, the vector r4p is orthogonal to the velocity vp (Fig. 3.11);
it has the magnitude rp = vp/w. This uniquely determines the
location of the instantaneous center of rotation II. The instanta-
neous motion of a rigid body may therefore indeed be considered
as being a pure rotation about II.

Fig. 3.11

The velocities of two arbitrary points P and @ can thus be
given by (circular motion)

Up =TpW, Vo =ToWw, (3.9)

where w is the magnitude of the angular velocity vector (which
is orthogonal to the plane of the motion) and r, and ¢ are the
distances of P and @ from II. The velocity vectors are perpendi-
cular to the vectors r;p (from II to P) and ry (from II to Q),
respectively (Fig. 3.11). Hence, the location of II can be found if
the directions of the velocities of two points of the rigid body are
known: it is given by the point of intersection of the two straight
lines which are perpendicular to the velocities. Note that the in-
stantaneous center of rotation may lie outside the body. If there
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exists a point of the body with zero velocity, then this point is the
instantaneous center of rotation. It should be emphasized that the
instantaneous center of rotation is not a fixed point: it moves.

One can also eliminate the angular velocity w from Equations
(3.9). Then one obtains vp/rp = vg/ry which means that the
angles ap and ag are equal (Fig. 3.11). This fact is used when
problems are solved graphically with the aid of the instantaneous
center of rotation (see Example 3.3).

centrode

o\

Fig. 3.12

As an illustrative example let us consider a wheel that moves on
a horizontal plane. Its center C has the velocity v, (Figs. 3.12a,b).
We assume that the wheel rolls (no slipping at point A). As the
wheel moves, its center C travels a distance x along a straight
horizontal line, point A moves to the location A’, and the wheel
undergoes a rotation of angle ¢. The arc length r¢ and the distan-
ce x have to coincide: + = ry. Differentiating and using & = v
and ¢ = w yields

Vo =TWw. (3.10)

The point of contact A with the ground momentarily has zero
velocity (no slipping!): it is the instantaneous center of rotation
IT (Fig. 3.12b). According to (3.9) and (3.10), the velocity of an
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arbitrary point P of the wheel is given by

r
'UP:TPOL):UCi.
r

The velocity vector is perpendicular to the straight line IIP. The
maximum velocity is found at point B. With r5; = 2r we get
v = 2v.

Let us now reconsider the motion of the rod in Fig. 3.7a. The
given velocity v, is horizontal, the unknown velocity vy is vertical
(see Fig. 3.12¢). The rod momentarily rotates about the instanta-
neous center of rotation II which is given by the point of intersec-
tion of the straight lines which are perpendicular to the velocities.
The angular velocity w of the rod can immediately be obtained
from (3.9):

__Ya
~lcosp’

vy =ryw=Iwcosp —
This leads to the velocity of point B:
vp =Tpw =lwsing = v, tanp.

As mentioned before, the instantaneous center of rotation IT
is not a fixed point. Its location depends on the location of the
rod. The locus of points which represent the instantaneous center
of rotation in the space-fixed plane is called the centrode. In the
present example it is a quarter-circle with radius  (Fig. 3.12c).

Example 3.3 The pulley system shown in Fig. 3.13a consists of two
pulleys (1) and (2) and a disk (3). The pulleys rotate with angular
velocities wy and wo, respectively.

Determine the angular velocity of the disk and the velocity of
its center C'. Assume that the disk does not slip on the cable.

Solution The velocities of the points A’ and B’ of the pulleys
(Fig. 3.13b) are given by

Vpr = T1 W1, Vpr = Ta2w2.
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=Ty

Fig.3.13 a b

Since there is no slipping of the cable, the velocities of the points
A and B on the disk coincide with the velocities of A" and B’:

Vg = Vyr, Up = Upr .

To find the center of zero velocity II of the disk, we first draw a
straight line that is perpendicular to the direction of the velocities
vy and vg. Then we connect the tips of the arrows of v, and vg
with another straight line to ensure that the angles ay and «y; are
equal: ooy = az. The point of intersection of these straight lines is
point IT (Fig. 3.13b). From the figure we obtain with the theorem
of intersecting lines
Ty 213—T4 1 W1

= —  ry=2r3 ———mMm8M.
1 W1 T2 Wo Wi + o ws

The angular velocity ws of the disk follows from (3.9):

Uy 71 W1 + ro w2
UA:TAW3 — 3:7'—:727”3 .
A I s S

The velocity of point C' is given by

U_C = (T.A — 7"3)(4)3 = 5(7‘1 w1 — T2 WQ) .

In the special case of 71 w1 = 75 wo the motion of the disk is a pure
rotation (v, = 0).
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Example 3.4 Link (1) of the mechanism in Fig. 3.14a rotates with

angular velocity wy.
Find the velocities of points A and B and the angular velocities

of links (2) and (3) at the instant shown.

n&%d@

e t
@ A j
i |
Y R
DR j

Fig. 3.14

Solution Links (1) and (3) rotate about the points C' and D, respec-
tively (Fig. 3.14b). Thus, these points are the centers IT; and Il
of zero velocity of the respective links. Therefore, the directions of
the velocities of A and B are known. The points A and B are also
points of link (2). Its center II5 of zero velocity is given by the point
of intersection of the two straight lines that are perpendicular to
vy and vg. From Fig. 3.14b we obtain

I« vy = ﬂawl,

w1
115 : UA:Qﬁan — wZ:?,
v = 2aws — U = awi,

II3: v = aws — w3 =uwi.
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3.2 Kinetics of the Rotation about a Fixed Axis

In Section 3.1 we studied the motion of a rigid body without
referring to forces as a cause or as a result of the motion. Now
we will investigate motions under the influence of forces. In this
section we restrict ourselves to the rotation about a fixed axis.

3.2.1 Principle of Angular Momentum

As the body in Fig. 3.15 rotates about the fixed axis a-a, each
point of the body undergoes a circular motion. Therefore, the
principle of angular momentum (1.67) for an infinitesimal mass
element dm of the body is given by

40, & = dM, (3.11)

dF©) 4+ dF®

Fig.3.15

where & = (. Here, dO, = r2dm is the mass moment of inertia
of dm and dM, is the sum of the moments of the external forces
dF() and the internal forces dF® with respect to the axis of
rotation. The superscripts in (1.67) that refer to the reference
point are now replaced by subscripts which refer to the axis a-
a. If we integrate over the complete body and assume that the
moments of the internal forces cancel (cf. Section 2.3), then we
obtain the principle of angular momentum

3.2
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O = M, (3.12)

where
O, = /erm (3.13)

is the mass moment of inertia of the body and M, is the resultant
moment of the external forces with respect to the axis a-a.

The angular momentum of a mass element dm is given by
dL, = rvdm = r?wdm (cf. Section 1.2.6). Integration yields the
angular momentum of a rotating body with respect to the axis
a-a:

L, = /dLa = w/erm — L,=0,w. (3.14)
Thus, (3.12) can be written in the form
Lo=M,. (3.15)

Integration from time ¢y to time ¢ results in
t t
Lo (t) — Lo(to) = /Ma dt — Ou(w—wp) = /Ma dt. (3.16)
to to

Thus, the change of the angular momentum is equal to the time
integral of the applied moment. In the special case of a vanishing
moment M,, the angular momentum L, = ©,w does not change
(conservation of angular momentum).

Equations (3.12), (3.15) and (3.16) are analogous to the equa-
tions of motion (1.38), (1.37) and (1.49) for a particle or for the
translation of a rigid body. To obtain the equations for the rota-
tion of a rigid body about a fixed axis, we have only to replace
the mass with the mass moment of inertia, the velocity with the
angular velocity, the force with the moment, and the linear mo-
mentum with the angular momentum. This is called an analogy
between a translation and a rotation for fixed axis rotations (cf.
Section 3.2.3).
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3.2.2 Mass Moment of Inertia
According to (3.13) the mass moment of inertia, which is also
called the axial moment of inertia, is defined as

O, = /r2dm, (3.17)

where 7 is the perpendicular distance of an arbitrary element dm
from the axis a-a.
In some cases it is helpful to use the radius of gyration rg:

Ou=r2m. (3.18)

One may interpret ry as the distance from the axis a-a at which
the total mass m can be imagined as being concentrated so that
it has the same moment of inertia as the body.

If the density p of the material of the body is constant, then
we use dm = pdV and obtain from (3.17)

O, = p/r2 dv. (3.19a)

If, in addition, the shape of the cross section does not change
through the length of the body (example: cylinder, see Fig. 3.16a),
then we get with dV =1dA

0, = pl/r2 dA=pll,. (3.19b)

Here, I, is the polar moment of area (see Volume 2, Section 4.2).

The mass moments of inertia obey the parallel-azis theorem,
just as the second moments of area do (see Volume 2, Section
4.2.2). In order to derive this theorem, we consider two parallel
axes as shown in Fig. 3.16b. The axis c-c passes through the center
of mass C of the body. With z = z.+Z and y = y.+7 (Fig. 3.16¢)
we obtain

@a:/TQdm:/(x2+y2)dm:(xg+yz)/dm

+2xc/£dm+2yc/gjdm+/(5£2—|—g2)dm.
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o | —f

Fig. 3.16

The first moments [Zdm and [§dm about axes through the
center of mass are zero (cf. Volume 1, Section 4.3). Therefore,
using

@Cz/demz/(i"Q—szQ)dm, iyl =12, mz/dm

the parallel-axis theorem is obtained:

Q,=06.+r’m. (3.20)
From (3.18) we find the relation r2, = 2. + rZ for the radii of
gyration.

+ AT

]
|
far

¥ L g Fig.3.17
a b

dm A

As an illustrative example we consider a slender homogeneous
rod (mass m), see Fig. 3.17a. With dm/m = dr/l we obtain the
moment of inertia

l
12
@A:/erm: %/ﬁdr: mT (3:21a)
0
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with respect to an axis that is perpendicular to the rod and passes
through point A. Here, we replaced the subscript a (reference axis)
by the subscript A (reference point). In the following we will use
both notations. If we choose a reference axis that passes through
the center C' of the rod, (3.20) leads to

A mi?
O =0, — <2> m=-o- (3.21Db)

We now determine the moment of inertia of a homogeneous
circular disk with mass m, thickness ¢, and radius R. We choose
the reference axis c-c that is perpendicular to the plane of the disk
and passes through its center (Fig. 3.17b). With the area element
dA = 27 dr we obtain

R
R2
O, = /r2dm:pt/r2dA:27Tpt/r3dr: gptR4 = m2
0
(3.22)

The moment of inertia ©. depends on the mass m and the radius
R; it is independent of the thickness ¢. Therefore, the result (3.22)
is also valid for a circular cylinder of arbitrary length.

Example 3.5 Determine the moment of inertia of a homogeneous
solid sphere (mass m, radius R) with respect to an axis that passes
through the center C.

Fig. 3.18
Solution We consider the sphere as being composed of circular
disks with infinitesimal thickness dz (Fig. 3.18). According to
(3.22), the moment of inertia of a disk (radius r = VvV R? — 22)
with respect to the axis c-c is given by

1 1
de. = idm r? = E(pr2 ndz)r? = gp(R2 —2%)%dz.

E3.5
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Integration yields the moment of inertia of the sphere:

+R

8
_ _m 2 224, 5
@c—/d@c—2 /(R z)dz——157rpR.

3

With the mass m = pV and the volume V = % 7 R3 of the sphere,
this can be written as

2
("‘)C = g m R2 .
Example 3.6 A homogeneous square plate (weight W = mg) is
suspended by a pin at A (Fig. 3.19a). It is displaced from the
position of equilibrium and then released.
Find the equation of motion.

—| |

a b “=a sing

c Fig.3.19

Solution The plate rotates about the fixed axis that is perpendicu-
lar to the plane of the plate and passes through A. We introduce
the angle ¢ as shown in Fig. 3.19b and apply the principle of
angular momentum:

{\ ..

A: Oy 8 =M,y (a)
with N

MA:—mg;asinga. (b)

The symbol‘?: characterizes the point of reference and the positive
sense of rotation.

To find the moment of inertia we use (3.17) and the notation
in Fig. 3.19c. With the thickness ¢ of the plate and
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dm = pdV = ptdzdy, m=pa*t, r*=2*+y>

we obtain
2 2, .2 2 4_2
O, = [ rdm=npt (x*+y )dxdy:§pta = zma’.
0 0

Inserting ©4 and M4 (see (b)) into (a), the equation of motion
becomes

5 . V2 o 3V2 g

gma ¢=-mg—-asing — <p+——sm<p—0

3.2.3 Work, Energy, Power
Assume that a rigid body rotates about a fixed axis a-a. Then the
kinetic energy T of the body follows from (1.69) with v = rw:

1 1
T:§/02dm:§w2/r2dm

or

1
T =356, w?. (3.23)

The moment M, of the external forces does work dU = M,dy
during an infinitesimal rotation of angle dy. Therefore, the work
during a finite rotation from g to ¢ is obtained as the integral

= /¢ M,dp (3.24)

and the power is given by

AU
- M. 3.25
% w (3.25)
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If we integrate the principle of angular momentum (3.12) from
wo to o, we get the work-energy theorem (note that dp = wdt
and ww = (1w?)")

7] © t ®
1 1
SH / wdp = | M,dg — O, / wwdt = §®aw2 - ieawg = / M,dg
®o %o to ®o

or
T-Ty=U. (3.26)

In the special case that the moment M, can be derived from a
potential V', we have U = — (V — ;) and obtain a statement of
conservation of energy:

T+V =1Ty+ Vo = const . (3.27)
Table 3.1

Translation Rotation about a fixed axis a-a
s displacement angle %)
v=3 velocity angular velocity w=¢
a=0v=3§ acceleration angular acceleration W = ¢
m mass moment of inertia CH
F force (in the direction | moment (about a-a) M,

of the displacement)

p=mv linear momentum angular momentum L, =0, w

ma=F principle of linear principle of angular O,w = M,
momentum momentum

T= %mvz kinetic energy T= %@a w?

W= [Fds work U= [M,dy

P=Fv power P=M,w

In Section 3.2.1 it was already mentioned that there exists an
analogy between the rotation of a rigid body about a fixed axis
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and the translation of a particle (a body). Accordingly, we obtain
the equations for the rotation from those of the translation if we
replace the mass by the moment of inertia, the velocity by the
angular velocity, the force by the moment, etc. This is also valid
for the quantities that were derived in this section (work, energy,
power) and for the principles (e.g., the conservation of energy).
Table 3.1 shows these analogies.

Example 3.7 A drum (moment of inertia ©,) rotates at time tg
with the angular velocity wg. For ¢ > ¢, a brake (coefficient of
kinetic friction p) acts on the drum (Fig. 3.20a).

Determine the number of rotations until the drum comes to a
stop. Assume I’ = const.

| l 1 lﬁ
[=—a —

v A > f

793’ H A\'*
(%

Fig.3.20 a b

3

Solution We separate the drum and the lever; the free-body dia-
gram is shown in Fig. 3.20b (note: R is the friction force). Moment
equilibrium of the lever yields the normal force
l
N=-F.
a

If we apply the principle of angular momentum (3.12) to the drum,
we obtain

N
A . ®A 90 = — T'R.
l
Using Coulomb’s law of friction R = uN = u—F leads to
a

Sb:*’{a

E3.7



E3.8

156 3 Dynamics of Rigid Bodies
rulF .
where the parameter kK = —— has been introduced. We use the

a9
initial conditions ¢(0) = wp, ¢(0) = 0 and integrate twice:
. 1 9
Y =—Kt+wy, = _iﬂt + wot .

The time tg4, the angle s and the number of rotations ns until
the drum comes to a stop follow from the condition ¢ = 0:

2

wo Ps “o

ty = —, s =0 (ts) = =2, s= 0 =0
K 4 o (ts) 2K Ds 27 47k

The problem can also be solved with the aid of the work-energy
theorem. The kinetic energy of the drum at time ¢, = 0 (i.e.,
¢ = 0) is given by

1
T(): §®Aw(2).

At time t (ie., ¢ = ) we have
T, = 0.

The work of the external forces done during the time interval from
0 to tg is
®s

Ps
U:/MAd<p= —/er(p:—TRnps.
0 0

Thus, (3.26) yields

1 %) O,w w
—Z0,w2=—rRey, y= P _Za% _ Yo
2 A0 rae L 21 4d7rR 47wk

Example 3.8 Determine the velocity of the block (mass m;) as a
function of its displacement if the system in Fig. 3.21a is released
from rest. Neglect the mass of the pulley R and assume both
pulleys are ideal (frictionless).
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pulley R
(amplified)

Ig

W=myg

Fig.3.21

Solution The only external force (the weight W) acting on the
system is a conservative force. Since the velocity has to be de-
termined as a function of the displacement of the block, it is of
advantage to use the conservation of energy:

T+V=Ty+V,.

We denote the displacement of the block from the initial position
with x and the corresponding rotation of the upper pulley with ¢
(Fig. 3.21b). Then the kinetic and the potential energy are given
by

To=0, V=0
in the initial position and by
1 g 1 .9
Tzimlx +§®A<p, V=—mgx

in a displaced position. The kinetic energy results from the transla-
tion of the block and the rotation of the pulley. With the kinematic
relation (see Fig. 3.21c¢)

N . &
T=_r¢ — p=2-
2 r

and the moment of inertia © , = 1mor? (see (3.22)) we find

1 o 1 /1 x
M +§ imgr —2 —migr =0
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P4 2my
—_— V=r = — gx .
m1+2mgg

In the special case of a negligible mass of the pulley (ma < mq)
we obtain the velocity vo = /2 gz of the free fall of a point mass.

3.3 Kinetics of a Rigid Body in Plane Motion

3.3.1 Principles of Linear and Angular Momentum

Let us consider a rigid body whose particles move in the x, y-plane
or in a plane parallel to it (Fig. 3.22). Then the body is said to
undergo a plane (planar) motion. The external force dF that acts
on a mass element dm has the components dF, and dF),. Internal
forces need not be taken into account in the case of a rigid body
(cf. Chapter 2). Let A be an arbitrary point that is fixed in the
body. Since

E=rcosp, n=rsing (3.28)
(see Fig. 3.22) the coordinates of the element dm are given by
r=x4+E=x4+1COSP, Y=y, +Nn=ys+rsine.

If we differentiate these equations, use ¢ = w and (3.28), we obtain
the components of the velocity and acceleration:

T =a, —rwsing =, —wn, Y=Yy +rwecosp =7, + wé,
(3.29a)
=i, —rosing —rw? cosg i = iy + 7w cos p — Tw? sin

=iy —wn —w, = §jy +wE —wn.  (3.29b)
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YA

Ygp [F-----%---

Fig. 3.22 Ta ‘ .

Thus, the equations of motion for the element dm are
Fdm =i, dm — ondm — w?Edm = dF,,
jdm = jjy dm +w&dm — w?ndm = dF, .

Integration yields the forces F, F}, and the moment M, with re-
spect to point A (note the positive sense of rotation!):

F,=[dF, =%, [dn—& [ndm —w? [ £dm,
J aJ J J (3:300)
Fy=[dF, =i, [ dn+w [&dm —w? [ ndm,
M, = [¢dF, — [ndF, =4, [édm+& [£2dm
= ] €48, [naF, = [€am 5 o
—w? [&ndm — i, [ndm+& [nPdm+w? [Endm.

We now choose point A to be the center of mass C' of the bo-
dy. Then the first moments [&dm and [ndm are zero. With
m= [dm and O, = [r?dm= [(&* + n*)dm Equations (3.30a,b)
reduce to

mi. = Fy, my.=F,, (3.31a)

Here, F, and F, are the resultants in the 2- and y-directions, re-
spectively, of the external forces and M, is the resultant external
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moment with respect to C. Equations (3.31a) describe the moti-
on of the center of mass. They are analogous to the equations of
motion (1.38) of a particle and are referred to as the principle of
linear momentum. Equation (3.31b) describes the rotation of the
body about the mass center; it represents the principle of angular
momentum . The point of reference thereby has to be the center of
mass C. The principles of linear and angular momentum describe
the general plane motion of a rigid body. In the special case of a
body at rest (Z. = 0, . = 0, ¢ = 0) Equations (3.31a,b) reduce
to the equilibrium conditions in statics.

If the body undergoes a translation (¢ = 0, = 0), then (3.31b)
requires

My =0. (3.32a)

Hence, the moment of the external forces with respect to the center
of mass C' has to be zero. Then the motion of C' and thus of any
point of the body can be found from

We now refer to the special case of a planar motion where the
body undergoes a pure rotation about a fixed point A. Then we
obtain from (3.30b) with Z, =, =0 and [(£2 +7?)dm = 0,

This is the result that we already found in the case of a rotation
about a fixed axis (see Section 3.2.1). The axis is perpendicular to
the x, y-plane and it passes through point A. In this case, the point
of reference in the principle of angular momentum may either be
the center of mass C' or the fixed point A.

As an illustrative example we consider a homogeneous solid
sphere that moves down a rough inclined plane (Fig. 3.23a). We
first assume that the sphere rolls without slipping. The free-body
diagram (Fig. 3.23b) shows the forces acting on the sphere. The
coordinates that describe the motion are the position z. of the
center of the sphere and the angle ¢ of rotation. With ¢. = 0,
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Fig. 3.23 a

the principles of linear and angular momentum yield

N mi.=mgsina— H, (a)
/"t 0=N—-mgcosae — N =mgcosa, (b)
n ..

C: O©c¢p=rH. (c)

The moment of inertia of the sphere is given by O~ = % mr? (see
Example 3.5).
Since it is assumed that the sphere rolls without slipping, the
kinematic relation
Fo=rp - = (@)
r
holds (see (3.10)). Thus, (a), (¢), and (d) yield the acceleration of

the center of mass C':

.. . C . .. gsina 5 .
mxc:mgsmafﬁl‘c — LEC:i@C:?gSan{.
1+ —2
mr?

The friction force during rolling follows from (a):

2
H=m(gsina — ;) = ?mgsinoz.

Now we are able to formulate the condition which must be satisfied
by the coefficient of static friction pg in order to ensure rolling of
the sphere:
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H Z2mgsina 2
H < yoN >__Tr I _Zy )
= Ho — o= N mg cos o 7 ane
If po does not satisfy this condition, the sphere will slip on the
inclined plane. Then the friction force H has to be replaced by

the dynamic friction force R in Fig. 3.23b and in (a) and (c):
mi. =mgsina — R, N =mgcosa, Oprp=rR. (e)
In addition we have to use the friction law
R=puN. ()

When the sphere is slipping, no relation exists between . and ¢:
they are independent of each other. From (e) and (f) we obtain
the accelerations

. . oug
F.=g(sina—pcosa), @= -5, cosa.

Example 3.9 A simplified model of a car is shown in Fig. 3.24a.
It consists of a rigid body (weight W = myg, center of mass at C)
and massless wheels.

Find the maximum acceleration of the car on a rough horizontal
surface (coefficient of static friction pug), if the engine only drives
a) the rear wheels (the front wheels are rolling freely), b) the front
wheels (the rear wheels are rolling freely).

u/2 a

Im(/ | "7(1

Ho
a b c

Fig. 3.24

Solution a) Fig. 3.24b shows the free-body diagram if the engine
drives the rear wheels. Since the rigid body undergoes a transla-
tion in the horizontal direction, the forces in the vertical direction
and the moments with respect to the center of mass have to be in
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equilibrium. Thus, the principles of linear and angular momentum
yield

—: mi=H,

T: O:N1+N27mg,
Ny
s 0= 2NNy b,

which leads to
h h
M="9 0y N="9 Dy
2 a 2 a

We now consider the limiting case of impending slip at the rear
wheels. Then the condition

Hmax = Mo Nl

has to be satisfied. We insert N7 to obtain

m, h
Hmax = Mo |:7g + E Hmax:| - Hmax -

mg__ Mo
2 h’
1—po—
a
Since MImax = Hmax, the maximum acceleration is found to be

g_ Hto
2 h’
1= po—

a

Tmax =

Note that this result is not valid if Ny < 0. Then the front wheels
lift off the ground.

b) We now assume that the engine drives the front wheels (Fig. 3.24
¢). Then, the principles of linear and angular momentum remain

unchanged, whereas the condition of limiting friction is now given
by

Hmax - ,UJON2-

This yields the maximum acceleration
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g Mo

Tmax =

N |

h
T+ po—
a

which, for this model, is smaller than the one obtained in part a)
of the example.

Example 3.10 A wheel (weight W = mg, moment of inertia ©.)
rolls without slipping on its hub on a horizontal track (Fig. 3.25a).

Determine the acceleration of the center of mass C' and the
contact forces between the wheel and the track. Assume F =
const.

rotation

a~

c>b

Oy, W=my
rotation
— A
P
c<b
F
a b c
Fig.3.25

Solution The free-body diagram (Fig. 3.25b) shows the forces that
act on the wheel. We introduce the coordinates x and . Then the
principles of linear and angular momentum yield

—: mi.=F—H,
T: 0=N—-—mg,

N

C: Oc¢p=0bH —cF.

In addition, we have the kinematic relation



3.3 Kinetics of a Rigid Body in Plane Motion 165

fo=bp — p=°

between @, and ¢ (rolling without slip). Thus, we have four equati-
ons for the four unknowns N, H, &. and . We solve the equations
to obtain the acceleration of the center of mass:

(G-)

Oc\

The acceleration is negative for ¢ > b (motion to the left) and it

Fo = —

is positive for ¢ < b (motion to the right). The directions of the
motion are illustrated in Fig. 3.25c.

The contact forces between the wheel and the track are found
to be

N=mg, H=F

Example 3.11 A homogeneous slender rod (weight W = myg) is
pin-supported at point A (Fig. 3.26a). It is released from rest
when it is horizontal.

Find the angular acceleration, the angular velocity and the sup-
port reactions as functions of the position of the rod.

Fig. 3.26

E3.11
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Solution The rod rotates about the fixed point A. Therefore, we
apply the principle of angular momentum (3.12). With the angle
1 as introduced in Fig. 3.26b we obtain

In'

A G)A@Z} = mgé cos .

This yields the angular acceleration
123 = z—? cos

where the moment of inertia © 4 = ml? /3 has been introduced.
The angular velocity is obtained through integration and app-

lication of ¢ = %w

2 . 3
%:/¢d¢:2—§’smw+K.

To calculate the constant of integration K we use the initial con-
dition ¢ (1) = 0) = 0 which yields K = 0. Thus,

zj;:i,/s%sinw.

The support reactions follow from the principle of linear mo-

mentums:
—: mi.=Ag, T: mj.=Ay —mg.

Starting with the coordinates of the center of mass C' (Fig. 3.26b)
we obtain the acceleration of C' through differentiation and inser-
tion of ¢ and :

l l
JCC:§COSQZJ, yc:_§Sin’¢)7
. l. . . L.
$c=—§¢51n¢7 yc=—§¢005¢7

— %ﬂ}cosdﬂr éi/')QSiIlﬂ}

gg(l —3cos2).

l . l .
£6:75wsin¢f§¢2cos¢ e

= fggsin%b,
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Hence,

&

=mi. = f§Wsin21/z,

11
A_:mg+myc:W(§—§cos2@/}).

In the initial position (horizontal rod: ¢ = 0) we get Ag = 0
and Ay = W/4. For ¢ = m/2 (vertical rod) we find Ay = 0 and
Ay = 5W/2.

Example 3.12 A block (mass m;) can move horizontally on a
smooth surface (Fig. 3.27a). A homogeneous rod (mass mg) is
connected to the block by a pin. The rod is displaced from its
equilibrium position and then released.

Find the equations of motion for the special case m; = ms.

my

2a

W =mag
a b asin g c
Fig.3.27

Solution The system has two degrees of freedom. We separate
the two rigid bodies in the free-body diagram and we introduce a
coordinate system x,y and the angle ¢ (Fig. 3.27b). For block (1)
we obtain

— omE = — Ay,
(a)
T: 0=N—-—mig— A4,
and for rod (2)

— 1 MoZ. = va (b>

E3.12



168 3 Dynamics of Rigid Bodies

T: maje=Ay —mag, (c)
2
C: Opp=—acospA; —asinp A, (d)
where

o ~ ma(2a)  mgad?
©T 12 3

The motion of the block and the motion of the rod are kinemati-
cally related:

T. = 1+ asingp, Yo = — G COS P,

te = 21 + apcosp, Yo = apsin @, (e)

Fe =31 +apcose —ap?sing, f. = a@sing + ap?cosp.
We can solve this system of equations to find the equation of

motion for the angle (t). Using (e), (a) and m; = mg = m, we
find from (b) and (c)

ma, .. . .
— (Beosp — ¢* sinp),

Ay = mg +ma(@sing + ¢? cos @) .
Substituting into (d) leads to

A, =
(f)

(8 — 3cos? @) +3gb2$in<pcosnp+6gsin<p20.
a

If a solution of this nonlinear differential equation is known, we
can find the displacement z; from (f) and (a).

A kinematic relation between x; and ¢ may also be obtained
in the following way. There is no external horizontal force acting
on the system. Therefore the center of gravity C* (Fig. 3.27c¢) of
the complete system can not undergo a horizontal displacement
(if it was at rest initially). If we now measure the coordinate x
from C* (at a distance a/2 from the pin), we obtain the relation
1 = —a/2sing. In this example, the motion of the system with
two degrees of freedom can be described by only ¢ or only z7.
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3.3.2 Impulse Laws, Work-Energy Theorem and Conservation of
Energy

We will now integrate Equations (3.31a,b) from ¢, to ¢. Using the

notations z.o = x.(to) etc, we obtain

MEe — Moo = Fyp, mMYe — Mo = Fy, (3.34a)
@C QD - ec Qb() — MC . (334b)

Equations (3.34a,b) are referred to as the Impulse Laws. In par-
ticular, (3.34a) is the principle of linear impulse and momentum,
(3.34b) is called the principle of angular impulse and momentum.
The quantities with the caret placed over the letter symbol denote
the time integrals of the forces or the moments, respectively. For
example,

t

Fm:/FIdf.

to

When the body rotates about a fixed point, the principle of
angular impulse and momentum (3.34b) may also be applied with
respect to this point. In particular, we will use Equations (3.34a,b)
to solve problems involving impacts (see Section 3.3.3).

Let us now determine the kinetic energy 7' of a rigid body in
planar motion. If we choose the center of gravity C' as the point of
reference, the components of the velocity of an arbitrary particle
of the body are given by & = &.—wn and § = §.+w& (see (3.29a)).
Thus,

1 1
T:i/v2dm:§/(ﬂb2+y2)dm

1
= 5{(g'cier'f) /dm—2:iscw/ndm

+2y’cw/§dm+w2/(§2+n2)dm}.
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The first moments [ £ dm and [ ndm with respect to the center of
mass are zero. Therefore, using @2 +y2 = v2? and [(£2 +n?)dm =
O, we obtain the kinetic energy:

1 1
T:Emﬁ+§ecﬁ. (3.35)

It is composed of two parts: the translational kinetic energy mv? /2
and the rotational kinetic energy © w?/2.

The work-energy theorem which was derived for particles and
systems of particles is also valid for rigid bodies:

= (3.36)

Here, U is the work done by the external forces (moments) during
the motion of the body from an initial position (0) to an arbitrary
position. If the external forces (moments) can be derived from a
potential V', then with U = —(V — Vp) we obtain from (3.36) the
conservation of energy relation

T+V =T+ Vp = const . (3.37)

Example 3.13 A homogeneous slender rod hits the support A with
velocity v as shown in Fig. 3.28a. At the instant of impact, the
rod latches onto the support and starts to rotate about point A
without rebounding.

Calculate the angular velocity of the rod immediately after the
impact. Determine the loss of kinetic energy.

‘ l ‘ 1/6
- 1/3 1 ‘
L 1 A Q \‘VH'
) ¢ v m TA ‘/' )
A #27 I3

b Fig.3.28

Solution The changes of the velocities due to the impact are des-
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cribed by the principles of impulse and momentum (3.34a,b). The
center of gravity of the rod has velocity v before the impact and
the angular velocity of the rod is zero. Immediately after the im-
pact we have the corresponding velocities v and @, respectively.
There are no horizontal components of the velocity or the impact
force. Therefore, using the notation in Fig. 3.28b, we get

l: mo—mv=—-F,
N . [ .
C: @C()Z:EF.

The rod is still in the horizontal position immediately after the
impact. Since it undergoes a rotation about point A, the kinematic
relation between ¢ and  is given by
Q.
We can solve these equations to obtain the angular velocity of the
rod (O, = mi?/12):

L 3v

Yol

v =

S|~

It is also possible to calculate the angular velocity from only one
equation. To do this we apply the principle of angular momentum
and choose the fixed point A as the reference point. There exists
no external moment with respect to A (the weight W can be
neglected during the impact). Therefore the angular momentum
is conserved:

~n . . Imw Imv 3v
A L= = = = E g
g =019 = P=5g. 2 NZ 20

The loss of kinetic energy is the difference between the kinetic
energies before the impact (pure translation) and after the impact
(pure rotation about A):

1 1.
AT =Ty = T = 5mv’ = 50, ¢°
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1, 1|mp? N l9v2 3, 3
= cm?— - |8 LT A 1
2" T g [ 12 +m(e’) 42— 8" T4

Example 3.14 The center of a homogeneous wheel (mass m, radius
r) has the velocity vy in the initial position as shown in Fig. 3.29.
The wheel rolls without slipping.

Calculate the velocity v of its center in the position shown by
the broken lines.

Fig.3.29

Solution The only external force that acts on the system is the
weight W of the wheel; it is a conservative force. Therefore conser-
vation of energy immediately leads to the solution. With vy = rwy

(the wheel rolls) and O = $mr? we have
1 1 3
Vo=0, Tp= §mv§+§@cw§ = va%

in the initial position. In the final position (height difference h)
we have

2

V=—mgh, T=-mv~.

=] w

Substituting into (3.37

4
fuzwggh—i—v%.

Example 3.15 A rope is wrapped around the circumference of a

~—

yields

wheel (mass mo, moment of inertia ©), guided over an ideal
pulley and attached to a block (mass mq) as shown in Fig. 3.30a.
The system is released from rest (unstretched spring).
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Determine the velocity of the block as a function of the distance
travelled. Assume that the wheel rolls without slipping and neglect
the masses of the rope and pulley.

W=myg
Fig.330 a b Iy

Solution We introduce the coordinates z1,x. and ¢, measured
from the initial position (Fig. 3.30b). In this position, the potential
and the kinetic energy are zero:

Using the kinematic relations
T =T, T1 =2, — To=Tp, T1=22%,
we obtain the energies in a displaced position:

k k
Vz—m1gm1+§$z=—m1gx1+§$%,

1 1 1
T=-myi?+ (—m2¢§+§@c¢2>

2 2
1. 2 @C
:51‘1 <m1+4+4:712>

Conservation of energy T+ V =Ty + V (see (3.37)) leads to the
unknown velocity of the block:

2migx — 1 x%
r=*|—.
+ m2 + ®C
me 4+ —2 1 2C
"4 T
In the special case of a vanishing numerator (x;1 = 0 or 1 =

8my g/k), the velocity of the block is zero and the direction of
the velocity reverses.
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3.3.3 Eccentric Impact

In Section 2.5 we had to restrict ourselves to the investigation of
problems involving central impact. The Equations (3.34a,b) allow
us now to consider also problems where eccentric impact occurs
(Fig. 3.31a). In such problems, the line connecting the centers
of mass of the two bodies does not coincide with the normal to
the plane of contact. In the following, we will always choose this
normal (the line of impact) to be the x-axis.

"

b smooth (no friction)

rough (no slip)

Fig.3.31

A collision may be direct or oblique. We refer to a collision as
being direct, if the velocities v{ and v{" of the points of contact P
of both bodies have the direction of the line of impact immediately
before the impact. An impact that is not direct is called oblique. If
the surfaces of the bodies are smooth, the direction of the contact
force coincides with the direction of the line of impact (Fig. 3.31b).
If the surfaces are sufficiently rough, the bodies do not slip at
point P during the impact. Then the contact force also has a
component perpendicular to the line of impact in the case of an
oblique collision (Fig. 3.31c).

The approach to a problem involving eccentric collision is ana-
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logous to the treatment in the case of a central collision. We have
to apply the impulse laws (3.34a,b) to both bodies. In addition, we
use the hypothesis (2.40) which we formally extend to an eccentric
impact:

P P
Vi, — VU

e=— 1 2z (3.38)
Vlg — V2g

The quantities with a bar are the components of the velocities just
after the impact (see Section 2.5). According to (3.38), the coef-
ficient of restitution e is equal to the ratio of the relative velocity
of separation (immediately after impact) to the relative velocity
of approach (just before impact) of the contact points P on both
bodies.

In the case of bodies with rough surfaces where no slipping
occurs during the contact, we need an additional equation: the
components of the velocities at P in the plane of impact (i.e.,
perpendicular to the line of impact) are equal during the collision
and therefore also equal immediately after the collision:

vy, = U, - (3.39)

As an illustrative example of an eccentric and oblique impact we
consider the collision of two bodies (1) and (2) with smooth surfaces
(Fig. 3.32a). The masses my and mg and the moments of inertia
O¢, and O, are given. The velocities of the centers of mass and
the angular velocities just before the collision are vi, v1y, w1 and
Vo, V2y, wa (positive sense of rotation counterclockwise). Since
the surfaces are smooth, the impulsive force has the direction of
the line of impact. Using the notations given in Fig. 3.32b, the
principles of impulse and momentum are for body (1)

= my (Vg — V1g) = —Fy, Trom (V1y —v1y) =0,
~ A (3.40a)
ChL: 601 ((I)l - wl) = ai Fm
and for body (2)
— : My (1_)21 — 'ng) = Fm, TI mo (’l_JQy — 'Ugy) = O,
(3.40b)

{‘\ —
C’QI 902 (wg—wg):—ang.
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)
my, @CI ma, (—)C2
/VE N
P x allJ - FI" 0
o o}
Cl CQ C] CQ
@© ® @® @
a b

Fig. 3.32

In order to be able to apply (3.38)

P _ =P

e = — Vg — Voy
=P _ P
Vig = Vag

we have to write down the components of the velocities at point
P in the direction of the line of impact just before and after the
collision (cf. (3.29a)):

P P
Vip = Vig — A1 W1, Vo, = V24 — G2 W2,

~P _ = — ~P
Vip = Vig — Q1 W1, Uy

z = U2z — Q2 W2 .

If the coefficient of restitution e is known, we now have 9 equations
for the 9 unknowns (the velocities with a bar and F, ). We can solve
these equations to obtain, for example, the impulsive force F:

- Vip — a1 w1 — (Vag — a2 wo)
E =0 .
(1+e) 1 1 a? a3

— +—+ L+
miy ma 901 902

Then the Equations (3.40a,b) yield the velocities of the centers of

mass and the angular velocities immediately after the impact:

_ Fx _ _ ay Fz
Vig = Vizg — ——, Viy = V1y, W1 =W1 + )
mi 901
_ Fx _ - az Fz
Vg = V2g + ——, U2y = Vg, Wo =Wy — .
ma 662

Let us now consider a body that is pin-supported at A and
therefore constrained to rotate about this point. It is struck by
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a linear impulse F' (Fig. 3.33a). This generates a linear impulse
reaction at A. All the impulses acting on the body are shown in
the free-body diagram, Fig. 3.33b (the weight of the body can be
neglected!). Assume that the body is at rest before the impact.
Then the principles of impulse and momentum are given by

e m@x:ﬁ’—Ax, N mvy =—A4,,

A center of percussion

A
m,0,
F
Fig.3.33 a c
With the velocities v, = cw and vy = —d of the center of mass
(rotation about the fixed point A) we obtain the impulsive pin
reactions
R . b . . mdb
A, =F 1 -2 4, =FZ2
0,4 0,4

These reactions are zero if we choose the position of the pin in
such a way that it satisfies the conditions

O4 7"_(2;,4
c= = d=0. (3.41)
Here, 1, 4 is the radius of gyration (see (3.18)). The point II which
is determined by (3.41) is referred to as the center of percussion.
It lies on the straight line which is perpendicular to the direction
of F and passes through C'. Its distance from the center of mass
is given by ¢ (Fig. 3.33c). If the body is supported at this point,
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the impulsive reactions are zero. One makes use of this fact, for
example, with a hammer or a tennis racket: the length of the
handle is chosen in such a way that there are only small impulsive
forces acting on the hand while striking a nail or a tennis ball,
respectively. Note that the center of percussion coincides with the
instantaneous center of rotation in the case that the body is not
supported and therefore free to move in the plane immediately
after the impact.

m, 0, (\I
C
Uy
//"' (i
/ 1
\ -F o
(i
~_7 !
N—+"
a “ b c Fig.3.34

We will now investigate a problem involving oblique impact
and rough surfaces. A homogeneous sphere strikes a rough wall as
shown in Fig. 3.34a. We assume that there is no slipping at the
point of contact P during the collision. The velocities v, v, of the
center of mass and the angular velocity w just before the impact
are given; the corresponding velocities v, U, and @ just after the
impact are unknown. The principles of linear and angular impulse
and momentum are

= m (U — ) = —Fy, T m(B, —v,) = — F,

¥ N

C: Op(w—-w) =—1rF,
(cf. Fig. 3.34b). With v = v, and vf = v,, Equation (3.38)
becomes

Uy
cC=—— = — —

Uz
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There is no slipping at P during the collision. Therefore, using
o) = vy +rw we find

o) =0 — U,+rw=0.

Solving these equations and inserting O, = %mr2 we obtain the
velocities immediately after the impact:

Oc¢
~ Uy rWw 5 5 2
Up = — €Uy, Uy= @rcm:?vy =W,
1+ 5
r2m
L 1‘@_2 S vy
T T 7o

Note that the velocity v, is negative for w > 5v,,/(2r) (Fig. 3.34c).
In the case of w < 5wv,/(27), the sense of rotation is reversed
during the impact (0 < 0).

Example 3.16 A homogeneous rod (mass mg = 2m) is initially at
rest in the vertical position. It is struck by a particle (mass m; =
m) with the velocity v (Fig. 3.35a). The coeflicient of restitution
e is given.

Calculate the velocity of the particle and the angular velocity
of the rod immediately after the impact.

l
i’ﬂll v ﬁ
QO— QO=-— —
P

Fig.3.35 a b

Solution The particle performs a direct collision with the rod; the
linear impulse acts along the line of impact (Fig. 3.35b). The prin-
ciple of linear impulse and momentum for the particle is given by

E3.16
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—: m(t—v)=—F

and the principle of angular impulse and momentum for the rod
(w=0) reads
A

O,0==:I1F.

[SCRI )

The velocity of the rod at the point of impact just after the colli-
sion is %l&). Thus, Equation (3.38) becomes
_ 27—
v — £l
e=—-—23"
v
Now we have three equations for the three unknowns F, 7 and @.
Introduction of the given values of the masses and of ©, = my1?/3
yields the velocities
3
5= %(%3@), o=22

5l(1+6).

In the case of an ideal plastic impact (e = 0) we obtain o = %v
and @ = 2v/l. An ideal elastic impact (e = 1) results in o = —v/5
and @ = %v /1. There is no loss of kinetic energy in the case of an
ideal elastic impact: T' = +mv? 4+ 0, 0 = fmov? =T.

Example 3.17 Find the height h at which a homogeneous billi-
ard ball (mass m) must be struck by a horizontal linear impulse
(Fig. 3.36a) in order to have no sliding at the point of contact
with the smooth horizontal surface.

— - F
T:— — T
h h
4 4
a b 4 Fig.3.36

Solution There is no sliding at the point of contact A if the force F
does not generate a horizontal linear impule at A. Thus, this point
has to be the center of percussion (= instantaneous center of ro-
tation). With ¢ = r and b = h (Fig. 3.36b), Equation (3.41) yields
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= % .
Since .
0, =0y +mr? = %mrz—i—mrQ = gmr2

we obtain
h_©a_ T,

Example 3.18 A homogeneous rod strikes a rough surface with
velocity v as shown in Fig. 3.37a. Assume that the rod does not
slide on the surface during the impact.

Determine the velocity of the center of mass of the rod and the
angular velocity just after the impact. Assume e = 1 (ideal elastic
impact).

a
Fig.3.37 rough

Solution Since the rod does not slide at the point of contact, linear
impulses in the - and in the y-direction are exerted on the rod
(Fig. 3.37b). With the velocities v, = v, = v/+/2 of the center of
mass and w = 0, the principles of impulse and momentum yield

L m(@z—i)ﬁz, (a)

.y m<vy_%>:_ﬁy, (b)
1(F, —F,). (c)

E3.18
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The velocities of the point of contact P in the direction of the
z-axis (line of impact) just before and after the collision are given

by /s
2
P:’U$:L7 T)P:T}x——l@
V2

z 4
Then Equation (3.38) for an ideal elastic impact

V2

op g
ec=—p= =1
V2
leads to

The condition that there is no sliding at P during the collision
yields
2
vy =0 — @y+§l@:0. (e)
l2
With 6, = %, the unknown velocities follow from Equations

3.4 Kinetics of a Rigid Body in Three
Dimensional Motion

We will now discuss the equations which describe the three dimen-
sional kinetics of a rigid body. The approach is analogous to the
one we have used for the plane motion: by appropriate integration
of Newton’s second law for the motion of a particle we obtain the
principles of linear and angular momentum. Here again we assu-
me that the internal forces between the particles cancel out each
other and therefore need not be considered (cf. Section 3.3.1).
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3.4.1 Principles of Linear and Angular Momentum

Let us consider a rigid body with mass m which may be thought to
consist of infinitesimal mass elements dm (Fig. 3.38). The external
forces dF' act on the elements while internal forces are assumed to
cancel out. The location 7 of the center of mass C' with respect
to a fized coordinate system z,y, z is given by (cf. Volume 1)

mrcz/'rdm.

Differentiating this equation twice with respect to time, we obtain
miro = /fdm, (3.42)

mis = /i‘dm. (3.43)

The right-hand side of (3.42) represents the momentum p of the
rigid body (sum of infinitesimal momenta). Thus, the momentum
can be written as (cf. Section 2.2)

pP=muys. (3.44)

Because #dm = dF and F = [ dF, the right-hand side of (3.43)
represents the resultant of the external forces. Thus, the principle
of linear momentum reads

Fig.3.38
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mi-=F or p=F. (3.45)

Accordingly, the motion of the center of mass is the same as the
motion of a point mass m, acted upon by the resultant external
force.

We will derive the principle of angular momentum only with re-
spect to a body-fized point A (Fig. 3.38). Taking the cross product
of the equation of motion ©dm = dF with r,, and integration
over the entire body yields

/TAP X'l}dm:/'l"AP x dF'. (346)

The right-hand side represents the resultant moment M (4) of the
external forces with respect to point A. The left-hand side may
be appropriately transformed by applying the identity

Tap X U= (ryp XV) —Typ X0.
Using the relations (cf. Section 3.1.3)
V=1Uy+Vpp, Vpap =Tap =W X Typ
and
(WX 1yp) X (WX T4p) =0, Tap=Tac+T0op
it can be written as

Tap XV = (ryp X 0)

Introducing now the angular momentum (sum of infinitesimal mo-
ments of momenta) with respect to A

LW = / rap X vdm (3.47)
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and taking the relations [r,pdm = 0 (center of mass) and
[ dm = m into account, the left-hand side of (3.46) leads to

/TAPxinm %/(rAva)dm—(wxrAC)XUA/dm

— (w x /rcpdm) X Uy
dLA

= az —(WX'I“Ac)X’UAm.

Inserting this equation into (3.46) finally yields the principle of
angular momentum in general form:

L™ —(wx 1) xvym =MD (3.48)

Equation (3.48) takes a simpler form if either the center of mass
C'is chosen as the point of reference A (1, = 0) or if the body-
fixed point A coincides with a fized in space point (v, = 0). In
both cases the second term in (3.48) vanishes and the principle of
angular momentum alternatively reads

L9 =MD or 1™ = MY, A fixed in space. (3.49)

In words: the time rate of change of the moment of momentum
(or angular momentum) is equal to the moment of the external
forces.

3.4.2 Angular Momentum, Inertia Tensor, Euler’s Equations
Introducing the velocity v = v, +w X r, p into (3.47), one obtains

yAS) :/TAPdmva—i—/rAp X (wx7ryp)dm.

The first term on the right-hand side vanishes if we again choose
the center of mass or a fixed in space point as our reference point
A. The angular momentum then can be written as

LW = /’I“Ap X (wxryp)dm. (3.50)
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body-fixed coordinate system Fig. 3.39

When L) needs to be expressed explicitly, it is practical to use
a body-fixed coordinate system z, y, z (Fig. 3.39). If we introduce

T Wy
¥4 Wy

and evaluate the cross products, (3.50) yields

L Ouws + Ouywy + Opsw:
L(A) = L?(JA) = @ym Wy + @y wy + @yz Wy (3.52)
L Orpwr + Orywy + O, w.

where
@x = f(y2+22)dm, @my = @,ym = — fxydm,
Oy = [(Z2+2%)dm, O, =0.,=— [yzdm, (3.53)

@Z:f(xQ—’_yQ)dma @zzz@xz:—fzxdm.

The quantities ©,,0,, ©, are the moments of inertia with respect
to the x-, the y- and the z-axes. They coincide with the moments of
inertia which have been discussed in Section 3.2.2. The quantities
Oy, Oy, and O, are called the products of inertia.

Moments of inertia and products of inertia are components of
the so-called inertia tensor @@, They can be assembled in the
following matrix:
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eW=10, 6, ©6,]. (3.54)
Because ©,, = O, etc. the inertia tensor is symmetric. The

inertial properties of the rigid body with respect to point A are
uniquely described by IR

The moments of inertia and products of inertia (3.53) and con-
sequently also the inertia tensor (3.54) depend on the chosen point
of reference A as well as on the orientation of the axes x,y and z.
Without going into the details of the derivation it shall be noted
that for each reference point there exists a specific coordinate sys-
tem with three orthogonal axes 1, 2 and 3 for which all products of
inertia are zero. These axes are referred to as principal azes (of in-
ertia). The respective moments of inertia are extremal values and
called principal moments of inertia. In the principal axes system
the inertia tensor takes the simple form

© 0 0
eW=10 0, 0 (3.55)
0 0 O3

where ©1, 05 and O3 are the principal moments of inertia.

In the case of a homogeneous symmetric body, the symme-
try axes are principal axes. Fig. 3.40a shows as an example the
principal axes of a cuboid with respect to its center of mass. For
axisymmetric bodies, the symmetry axis and any orthogonal axis
are principal axes (Fig. 3.40b).

In the special case of a homogeneous thin plate, the mass of an
element is given by dm = ptdA, see Fig. 3.40c. Since z is small
compared with x and y, it can be neglected in the integration
(z =~ 0). It then follows from (3.53) that the moment of inertia
with respect to the z-axis can be written as

@m:pt/deA:ptIm.
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Fig.3.40

Here, I, is the area moment of inertia with respect to the z-axis
(cf. Volume 2). Applying this procedure for all components of the
inertia tensor, we obtain

O, =ptl,, 0, =ptl,, Ouy = pt 1y,
y y Y y (3.56)
0, =pt(I, +1,) =ptl, Oy =0,.=0.

Thus, in this case a direct relation exists between the mass mo-
ments of inertia and the area moments of inertia. Since the x, y-
plane is a symmetry plane, one principal axis is orthogonal to the
plane. The remaining two principal axes are located in the z,y-
plane. Their orientation can be determined using the method valid
for area moments of inertia.

We now return to the angular momentum as it is given by
(3.52). With the inertia tensor (3.54) and the angular velocity
vector according to (3.51) it can be represented as the matrix
vector product:

LW =W .u. (3.57)

This equation is the generalization of (3.14) to the three dimen-
sional case. In mathematical terms it can be said: the angular mo-
mentum is a linear vector function of the angular velocity. Equa-
tion (3.57) can also be regarded as the mapping of the vector w
onto the vector L(4),

Generally, the angular momentum L) and the angular velo-
city w of the body do not have the same direction. This can easily
be seen from the representation (3.52). If, for example, we assu-
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me that w has the direction of the z-axis, then the components
wy and w, are zero. In contrast, the y- and z-components of the
angular momentum are only zero if the products of inertia vanish.
As a consequence, L) and w have the same direction only if the
body rotates about a principal axis.

We will now introduce the angular momentum (3.57) into (3.49).
When doing so we must take into account that the time derivative
in (3.49) has to be taken with respect to a fixed in space (immo-
vable) system while the angular momentum is given with respect
to a body-fixed (moving) system. In Chapter 6 it will be shown
that the relation between the time derivative d/dt of a vector L
with respect to a fixed in space system and the time derivative
d*/dt with respect to a moving system is given by

dL d*L

At dt
where w is the angular velocity of this system. Considering (3.58),
we obtain from (3.49) and (3.57)

+wx L (3.58)

OW . s+ wx (OW. w)=MAD, (3.59)

Here A may be either the center of mass or a fixed in space point.

If the body-fixed system is chosen as the principal axes system
where the inertia tensor takes the form (3.55), then (3.59) can be
written in components as

@1 d)1 = (@2 = 93)&)2 w3 = M17

Orwy — (O3 — O1)wswy = Mo,
@3 (.bg — (@1 — @2)wl Wwo = Mg.

(3.60)

Here, My, M5 and M3 are the moments about the respective prin-
cipal axes. Equations (3.60) are referred to as Euler’s equations,
named after the mathematician Leonhard Euler (1707-1783). This
system of coupled nonlinear differential equations represents the
principle of angular momentum with respect to a body-fixed prin-
cipal axes system.
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To solve Euler’s equations may be difficult if the motion of the
body-fixed system is not known a priori (e.g. gyroscope).

a

1 N
c d Fig. 3.41

As an illustrative example where this difficulty does not oc-
cur, we consider the rolling motion of a wheel in a grinding mill
whose vertical king shaft rotates with constant angular velocity
wo (Fig. 3.41a). We assume that the moments of inertia with re-
spect to the wheel-fixed rotating principal axes (see Fig. 3.41b)
are known. Furthermore, because the wheel is assumed to be axi-
symmetric, O, = 3. From kinematics we obtain

. R .
w1 =& = — wo, wr =0,
r
Wy = W COS @, Wy = —wpasina = wy w3,
w3 = — wpsin a, W3 = —wopCoSx = — Wy wsy .

Thus, Euler’s equations (3.60) lead to

Ml :07
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2 R :
M22(62—63+@1) wlwsy = —@1w0—sma,
T

R
Mz = (=03 —-01+62) wiwy = *@1w§?cosa.

Accordingly, the moment (couple) that acts on the wheel has the
magnitude (see Fig. 3.41c)

R
M = \/M3+ M2 =0,w; —.
T

Its direction is horizontal and perpendicular to the axis of the
wheel. The compression force N between the wheel and the crus-
hing bed is given by the sum of the weight W of the wheel and
the gyroscopic part M/R (Fig. 3.41d):

M @1 w%

N=W+—==W
+ 3 +

Therefore, the compression force can be considerably increased by
increasing wy.

Example 3.19 Determine the moments and products of inertia with
respect to the axes Z, ¥, Z and x,y, z for the homogeneous cuboid
of mass m shown in Fig. 3.42.

Fig. 3.42

Solution With dm = pdzdydz and m = pabc the quantities O
and Oz are obtained as

E (b2 -‘1-02),

(g% + 2?)dzdydz = 3

cba
ex:/(y2+z2>dm=pbfofof

E3.19
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cba b
@@:—/:Egjdm:—pffffgjd:idgjdéz—%.
Analogously we find

Mmoo 9 _Mmo 2 2 __ _mbc L _mca
@y—g(c +a)7 62—3(0‘ +b)7 @yz_ 4 9 6,2:6— 4 .

Because x,y, z are axes of symmetry, they are principal axes.
Therefore, the products of inertia ©.y,0,.,0., are zero. The
principal moments of inertia are given by

c/2b/2a/2 m
01=0,=8p [ [ [(*+2P)dedydz= (0" +c?),
0 - @@

0 0

@2:99:1—”;(8%2), eg:ezzg(auzﬁ).

For ¢ < a < b we find ©3 < ©1 < ©3 and for a = b = ¢ (cube) all
principal moments are equal: ©; = O3 = O3 = ma?/6.

Example 3.20 Determine the principal moments of inertia of a ho-
mogeneous circular shaft (radius r, length [, mass m) with respect
to axes with their origin at the center of mass.

Fig.3.43

Solution Since the body is axisymmetric, axes z,y and z shown in
Fig. 3.43 are the principal axes 1, 2 and 3. The moment of inertia
about the z-axis has already been determined in Section 3.2.2:

mr2

GIZGIZ 2

The moments of inertia about y and z are equal (symmetry).
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To determine them we first calculate the moment of inertia of a
circular disk having the mass dm and thickness dz (Fig. 3.43).
Using the area moments of inertia I, = I, = 7r?/4 of a circular
area (cf. Volume 2) we obtain

4
40, =dO. = pdz I, = p%daj.

Introducing dm = prr? daz, m = prr? [ and applying the parallel
axis theorem (3.20) finally yields
@y =0,=0,=03= /[d@y/ +x2dm]
+1/2
1
/ {— prrt da 4 22 prr? dz} = E(3 r? +1%).
4 12
~1/2 e

Example 3.21 A homogeneous circular cylinder (mass m, radi-
us 7, length [) rotates with constant angular velocity w about a
fixed axis having the angle o with respect to the cylinder axis
(Fig. 3.44a). The center of mass C' is located on the axis of rota-
tion.

Determine the support reactions.

O]

Fig. 3.44

Solution The center of mass C of the cylinder is at rest (7, = 0).
According to (3.45) the resultant of the support reactions must

vanish.

The moment of the support forces can be determined by using
Euler’s equations (3.60). For this purpose we introduce, according
to Fig. 3.44b, the principal axes 1 and 2 (in the projection plane)
and 3 (pointing outwards from the projection plane). The respecti-
ve principal moments of inertia were determined in Example 3.20:

E3.21



194 3 Dynamics of Rigid Bodies

2

mrt g e, ™

O1="- 12

(1 +377).

With the components of the angular velocity vector (with respect
to the principal axes)

w1 = W CoS wy = —wsina, w3 =0

and Wy = we = w3 = 0 we obtain from (3.60)

M, = 0,

My = 0,

Mz = —(01 — O2)wiwy = [%TQ— %(12—&-37“2)} w?sin a cos a
= —;71—4(12—37"2)(,025111204.

Accordingly, the support forces must provide the couple M3 about
the third principal axis. Thus, with the notation according to
Fig. 3.44c and B = A (no resultant force) we obtain the support
forces:

(12 = 37r%) w?

Ms=—aA—aB=-2aA — A:B:m sin2a.
48 a

3.4.3 Support Reactions in Plane Motion
In Section 3.3 we discussed plane motion of a rigid body. We
will now investigate, from a three dimensional point of view, the
conditions for such a motion to take place. If the x,y-plane is
chosen as the plane of motion, the angular velocity vector points
in the z-direction: w = we,. Thus, we have

we =0, wy =0, W, = W.
In this case, from (3.59) with (3.45) the principle of angular mo-
mentum in component form reads

Op.w — @yzwz =M,,
O, w=DM,.
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Here, the superscript A indicating the reference point (center of
mass or fixed point) has been omitted.

The third equation of (3.61) represents the principle of angu-
lar momentum which was already derived in Section 3.3.1. The
first and second equation of (3.61) indicate that moments M,, M,
perpendicular to the z-axis must act if the products of inertia
O, 0, are nonzero. Due to the principle actio = reactio, oppo-
site moments are exerted on the supports.

An important application is the rotation of a body about a fized
axis. In this case, generally undesirable moments (couples) occur
in the supports of technical systems (rotor, wheel). The rotating
body is then referred to as unbalanced. The moments perpendi-
cular to the rotation axis are only zero if the products of inertia
vanish, i.e. if the rotation axis is a principal axis. During dynamic
balancing the products of inertia of the body are brought to zero
(or nearly zero) by affixing additional masses to the rotating body.
A body is called statically balanced if its center of mass is located
on the rotation axis.

Example 3.22 A thin homogeneous plate of mass m is free to rotate
in supports A and B as shown in Fig. 3.45. Its rotation is driven
by a constant moment M.

Formulate the equations of motion and determine the support
reactions.

E3.22
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Solution To describe the motion of the plate it would be sufficient
to apply the principle of angular momentum about the fixed axis.
However, to determine the support forces, the principles of angular
momentum about the axes perpendicular to the rotation axis and
the principle of linear momentum are needed.

We free the plate from the supports and choose a body-fixed
(rotating) coordinate system x, y, z whose origin A is at rest (fixed
in space). The center of mass rotates on a circle (Fig. 3.45b). With
centripetal acceleration a., = —cw?/3 and tangential acceleration
ey = cw/3 the components of the principle of linear momentum
in the z- and in y-direction read

2

mace = Az + Bz - - mc?)w == Aac + Ba:a (a)
mew
Maey =Ay+ B, — 3 =A,+B,. (b)

To set up the components of the principle of angular momen-
tum, the moments and products of inertia are needed. With dm =
ptdA and m = %ptcb they are calculated as (cf. Fig. 3.45¢)

b ( cz/b me2
@z—ptf:csz—ptf{ J mzdx}dz—T,
0o L0

b (cz/b
O, = —ptfmsz:—ptf{ Ik xdx}zdz:—m—Cb,
0

0 4

0,.=0.
Thus, from (3.61) we obtain

omeb

M, =0,.0 — —bByz—wZC : (c)
9 w?mcb
wmc?

Mz = @Z w — MO = 6 . (e)

The last equation represents the equation of motion. Assuming
the initial condition w(0) = 0 leads to
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. 6M, 6 Mo
w = - w= t
mc? mc?
Insertion into (a) - (d) finally yields
2 M, 2 3 M
wmc7 y:_o7 Bm:_wmc’ B, = 0
12 2c 4 2c

A, =—

Example 3.23 A parasitic mass mg is attached to the wheel of a
car with rotation axis z as shown in Fig. 3.46.

Determine the masses m; and ms that must be attached at
locations (1) and (2) in order to balance the wheel.

[ y

3
"/

Fig. 3.46

Solution The wheel is balanced if the center of mass is located on
the rotation axis and if all the products of inertia vanish. Thus,
with the notation according to Fig. 3.46 the following conditions
must be fulfilled:

morog+more =mir1,

O,y =—mgroeg+mirier +marases =0.

Solving yields the masses

To €g + €2 To €9 — €1
mi = mgy— , me = Mgy — .
ryer+es ro €1+ e

3.4.4 The Torque-Free Gyroscope
A rigid body rotating arbitrarily about its center of mass C or a
fixed in space point A (e.g. a pivot) is referred to as gyroscope.

E3.23
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We call a gyroscope torque-free if the moment of the external
forces about the reference point C' or A vanishes. This condition
is fulfilled e.g. for the rotation of a satellite. Then, from (3.49) with
M(©) =0 or M = 0 the conservation of angular momentum
is obtained:

L©) = const or L™ = const . (3.62)
In this case, Euler’s equations (3.60) after inserting M; = 0 read

@1 d)l — (92 — @3)&]2 w3 = 0,
O2wy; — (03 —O1)wzw; =0, (3.63)
@3@3 — (91 — 62)w1w2 =0.

A special solution of (3.63) is the rotation with constant angular
velocity wy about one of the principal axes, e.g. the l-axis: w; =
wg = const, ws = w3z = 0. In this case we have wy, = w3 = 0, i.e.
the 1-axis is fixed in space.

Of practical interest is the question of how the system reacts to
a small perturbation of the state of motion. To answer this ques-
tion let us consider a neighboring state deviating only “slightly”
from the initial state: w1 ~ wg, ws K wi, wy < wi. If we ne-
glect the small product wows, then the first equation of (3.63) is
approximately satisfied. The last two equations take the form

O2w2 — (O3 — O1)wows =0,
@3&)3 - (@1—@2)&)0&}2 =0.

Eliminating e.g. w3, we obtain an equation for ws:

Gyt Nun =0 with 2 =2 91 79(0170:)
6,03

Tts solution is given by (cf. also Section 5.2.1)

AjcosAt+ BysinAt  for A2 >0,
=] T
Agert 4 Bye Mt for A2 =—-X"2<0.
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For A% > 0 the time dependent behavior of wy (and also ws) is
periodic; nevertheless, the perturbation remains bounded. Such a
rotation is called stable. In contrast, for A2 < 0 the perturbation ws
increases exponentially with time. The motion then increasingly
deviates from the initial state; this state is called unstable. Thus,
a stable rotation about the principal axis 1 occurs for

(@1 — @2)(@1 — @3) >0,

i.e. if the rotation axis coincides with the axis of the maximum
principal moment (01 > 04, 03) or with the axis of the minimum
principal moment (01 < ©2,03). A stable rotation about the
axis of the intermediate principal moment (02 < 01 < O3) is not
possible.
As a special case we finally consider the spherical gyrostat

(01 = ©3 = O3). Here, from (3.63) we directly obtain the re-
sult w1 = wy = w3 = 0, i.e. the rotation is always stable.

3.5 Supplementary Examples

Detailed solutions to the following examples are given in (A)
D. Gross et al. Formeln und Aufgaben zur Technischen Mechanik
3, Springer, Berlin 2010, or (B) W. Hauger et al. Aufgaben zur
Technischen Mechanik 1-3, Springer, Berlin 2008.

Example 3.24 Point A of the rod e,
in Fig. 3.47 moves with the con-
stant velocity va to the left.

Determine the velocity and '
the acceleration of point B of the ‘
rod (point of contact with the h
step) as a function of the angle
¢. Find the path y(z) of the in- J_ ‘
stantaneous center of rotation. x

Fig. 3.47
Results: see (B) vp = vacospe,,

2 2

apg = Ufsin%o(fsingoer +2cospe,), Y= % +h.

3.5

E3.24
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Example 3.25 The wheel of a
crank drive rotates with
constant angular velocity w
(Fig. 3.48).

Determine the velocity and

the acceleration of the piston
P.

Results: see (A) vp = —rw{sinnp 4+ W} )
[ cosy

.2 2
B 5 r[sm ©  cos <p}}
=— cosp — — | —— — .

ap TW{ L costp  cos?p

Example 3.26 Link MA of the mechanism in Fig. 3.49 rotates with
the angular velocity ¢(t).

Determine the velocities of points B and C, the angular velo-
city w and the angular acceleration w of the angled member ABC
at the instant shown.

e

/ A C

Fig.3.49

COS

Results: see (B) vp =71¢ — [~ cosa, sina, 0],
sin «
. . . cosp 17T
Ve =TQ {—sm@, singp + cosp — ——, } ,
tan «

ra@(, coscp)
w=—|(siny — ,
l tan «

1
l

w= [rgbsingp—l—mfcosgp— (rgbcosgo—rgfsingo—&—le)}.

tan «
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Example 3.27 Wheel (1) rolls in E3.27
a gear mechanism without slip
along circle (2). The mechanism
is driven with a constant angu-
lar velocity © (Fig. 3.50).
Determine the magnitudes

of the velocity and the accele-
ration of point P on the wheel. Fig.3.50

Results: see (A)

vp:2QRsin§, ap_QQR\/1+(§)2+2§cosga.

Example 3.28 A disk (1) (mass m, radius r1) rests in a frictionless E3.28
support (wo = 0). A second disk o

(2 (mass m, radius 7o) rotates

with the angular velocity ws. It m *”’3

is placed on disk (1) as shown in m Itl;l:l ©)

Fig. 3.51. Due to friction, both ' (D

disks eventually rotate with the S

same angular velocity . le—r1 —=

Determine w. Calculate the Fig.3.51
change AT of the kinetic energy.

r% 1 9 r% T%
Results: see (B) 0= 5"5ws, AT =——mw) —5—>5.
r{ +713 4 r{ + 715
Example 3.29 The door (mass m, moment E3.29

of inertia ©4) of a car is open (Fig. 3.52).
Its center of mass C has a distance b from
the frictionless hinges. The car starts to
move with the constant acceleration ag.

Determine the angular velocity of the
door when it bangs shut.

2magb
O4

Result: see (B) ¢(5) =
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Example 3.30 A child (mass m) runs along the rim of a circular
platform (mass M, radius r) starting from point A (Fig. 3.53).
The platform is initially at rest; its support is frictionless.
Determine the angle
of rotation of the plat-
form when the child ar-
rives again at point A.

Result: see (B) ¢ = M 1

Example 3.31 A homogeneous

triangular plate of weight W =

mg is suspended from three

strings with negligible mass.
Determine the acceleration of

the plate and the forces in the
strings just after string 3 is cut.

_ Fig. 3.54
Results: see (A) a=gsina,

51:%(sinoz+4cosa), ngﬁé (—sina+2cosa).

E

Example 3.32 A sphere (mass
my, radius ) and a cylindrical
wheel (mass mq, radius r) are
connected by two bars (mass
of each bar ms/2, length ).
They roll down a rough incli-
ned plane (with angle o) wi-
thout slipping (Fig. 3.55).

Find the acceleration of the Fig. 3.55
bars.

(m1 + ma 4+ m3)sin «
Result: B =
esult: see (B) a 7m1/5+3m2/2+m39
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Example 3.33 The cylindrical E3.33
shaft shown in Fig. 3.56 has a
varying mass density given by
p=po(l+ar).

Find the moments of iner-
tia O, and ©,,. Fig. 3.56

T 4 4
Results: see (A) O, = 50053 (1 + 504R) ,
R? 2 R 2
O, = mpo B[+ +a( s+ SR
y = TPO 1 + 3 + « 5 + 9
Example 3.34  Determine the al E3.34
moment of inertia ©, of a ho- i R~
mogeneous torus with a circular O : @
cross section and mass m. |
a!
Fig. 3.57
3

Result: see (A) O, = m(R2 + 1 02) .
Example 3.35 A rope drum on a E3.35

rough surface is set into motion
by pulling the rope with a con-
stant force Fj.

Determine the acceleration of
point C' assuming that the drum
rolls (no slipping). What coeffi-
cient of static friction po is ne-

cessary to ensure rolling?

Ho
Fig.3.58
Results: see (A)
ro O.cosa 1o
cosa — — — t+ —
o — & r S rim 71
c — m @C ) Ho = mg ] ®c .
1+ = — —sina |1+ —
rym Fy rim
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Example 3.36 A homogeneous beam (mass M, length 1) is initially
in vertical position (1) (Fig. 3.59). A small disturbance causes the
beam to rotate about the frictionless

support A (initial velocity equal to ze- e ) T
ro). In position (2) it strikes a small / @ m l
sphere (mass m, radius r < ). Assu- / i
me the impact to be elastic (e = 1). \ A 0
Determine the angular velocities of N @
the beam immediately before and af- AN I
S e™

ter the impact and the velocity of the

sphere after the impact. Fig.3.59
M — 21 M
Results: see (B) w=+/6g/l, @ = Wgz% b= - +3mw

Example 3.37 A thin half-cylin-
drical shell of weight W = mg w
rolls without sliding on a flat sur-
face (Fig. 3.60).

Determine the angular velocity R
as a function of ¢ when the initial
condition ¢(0) = 0 is given.

[ 29 sin o Fig. 3.60
Result: see (A) W(QD) = m .

Example 3.38  An elevator con- ‘ I ‘
sists of a cabin (weight W = mg) ‘ ‘
which is connected through a ro- T2

pe (of negligible mass) with a ro- g - o

pe drum and a band brake (coef- N
ficient of dynamic friction p). Oy *

Determine the necessary bra-
king force F' such that a cabin A
travelling downwards with velo- III i o Fig. 3.61
city vg stops after a distance h.

rivgm O 2gh

Ih(1 —e_l“r)( _)

Result: see (A) F =

2 2
mr{ = v;
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Example 3.39 A homogeneous beam (mass m, length [) rotates
about frictionless support A (Fig. 3.62) until it hits support C.
The motion starts with zero
initial velocity in the vertical / \
position. The coefficient of re-
stitution e is given.
Calculate the impulsive
forces at A and C. Determi-
ne the distance a so that the
impulsive force at A vanishes. \ a \
Calculate the change of the
kinetic energy.

Fig. 3.62

Results: see (B) Ag =0, Ay = (1+ 6)(2(1 - 2l)m\/3gl,
a

¢ = ma /3gl, a=2/3, AT = —(1—e*)mgl/2.
a

Example 3.40 A homogeneous cir-
cular disk of weight W = mg is sus-
pended from a pin-supported bar (of
negligible mass). Initially the disk
rotates with the angular velocity wy.
a) Determine the amplitude of os-

e

cillation of the pendulum, if the
bar suddenly prevents the disk
from rotating.

b) Calculate the energy loss AE.

Fig. 3.63

Results: see (A)

r%g r? mrgwg 12

—_— AE = —_—
4gl 12 42127 2 r2422

cosp; =1—

E3.39

E3.40
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Example 3.41 A homogeneous an-
gled bar of mass m is attached to a
shaft with negligible mass. The ro-
tation of the system is driven by the
moment M.

Determine the angular accelera-
tion and the support reactions.

9M,
Results: see (A) w = 2()m(l)2 '
3 27 My
Ag = -7 mlw?*, Ay = o5 =7
¢ 4 miw-, n 80 Z ’ ¢

21

Example 3.42 A shaft (principal moments of inertia ©1, ©4, O3)

rotates with constant angular velocity wgy about its longitudinal

axis. This axis undergoes a rota-

tion «(t) about the z-axis of the

fixed in space system x,y, z.
Calculate the moment which

is exerted by the bearings on the

shaft for

a) uniform rotation a = Qt,

b) harmonic motion «a = a sin Q.

Results: see (A) a) My = M3 =0,

Fig. 3.65

M2 = (@1 - @3)&]09,
b) Ml = 07 M2 = (91 — @3)0.)090(0 COSQt,

Example 3.43 A pin-supported rigid beam

(mass m, length [) is initially at rest. At

time ty = 0 it starts to rotate due to an

applied constant moment Mj.

Determine the stress resultants (inter-
nal forces and moments) as functions of x
for t > to. Neglect gravitational effects.

V(z) =

N W

Results: see (A) M (x) = —M, (1 - _)2 (
9
2

Th-@)] v

My = —050%00 sin Q.
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3.6 Summary

e The motion of a rigid body may be composed of translation
and rotation; e.g. the velocity of a body-fixed point P is given
by wvp=v4+w X7rsp.

Plane motion at any instant may also be regarded as a pure ro-
tation with angular velocity w about the instantaneous center
of rotation II.

e During the rotation about a fixed axis, all body-fixed points
undergo a circular motion with one and the same angular ve-
locity w = ¢ and angular acceleration ¢.

e Under the action of external forces a rigid body undergoes a
motion which is described by the principle of linear momentum
and the principle of angular momentum:

. (A
mi.=F, FARN Y () (A = C or fixed).
In the plane case these reduce to three equations:
mfic:Fx, myC:Fy, @A@:MA or (’-‘)C(p:MC

e The kinetic energy of a rigid body is composed of translational
and rotational energy. In the plane case it is given by

T =1imv?+ 100w,

e The impulse law and the work-energy theorem are analogous
to those of a point mass or a system of point masses.
e When solving rigid body motion problems the following steps
are usually necessary:
o Sketch of a free-body diagram containing all forces.
o Choice of coordinate system.
o Set-up of equations of motion. Reference point for principle
of angular momentum is center of mass or a fixed point!
o Impact problems: set-up of impulse laws for the bodies in-
volved and an impact hypothesis.
¢ Set-up of the necessary kinematical relations.
¢ Depending on the problem it might be advantageous to
apply the work-energy theorem.
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Objectives: Until now we have used Newton’s axioms
to describe the motion of bodies. Equivalent are other basic laws
which frequently are called Principles of Mechanics. In many cases
it is of advantage to use these principles instead of Newton’s laws
when formulating the equations of motion. Several of them shall
be discussed in this chapter and we will learn how to apply them.
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4.1 Formal Reduction of Kinetics to Statics

According to Section 1.2.1, the motion of a point mass can be
described by Newton’s law of motion

ma = F (4.1)

where F' is the resultant of all forces acting on the point mass.
We now rewrite (4.1) in the form

F—-ma=0 (4.2)

and consider the negative product of mass m and acceleration a
formally as a force which after Jean Lerond d’Alembert (1717-
1783) is referred to as d’Alembert’s inertial force Fy:

F, =—ma. (4.3)

This force is not a force in terms of Newton’s force definition
since no opposite force exists, i.e. the axiom of action and reaction
is violated. Therefore we call it a pseudo force (fictitious force);
its direction is opposite to the direction of the acceleration a.
Inserting (4.3) into (4.2), the law of motion can be written as

F+F, =0. (4.4)

Accordingly, the motion of a point mass takes place such that the
resultant F' of the acting forces and d’Alembert’s inertial force
F; are “in equilibrium”. Since the point mass is not at rest but
undergoes a motion, this is often referred to as a state of dynamic
equilibrium.

By introducing the inertial force (4.3) we have formally reduced
the law of motion (4.1) to the equilibrium condition (4.4). This
procedure may be advantageous when setting up the equations of
motion. If we want to apply this method to a problem, the inertial
force F; must be drawn into the free-body diagram in addition
to the real forces. The equations of motion then are given by the
condition “sum of all forces is equal to zero”.

4.1
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The plane motion of a rigid body, according to (3.31a,b), is
described by the equations

mic=Fy,  mie.=F,  Og@=Mg. (4.5)

If in analogy to (4.3) the pseudo forces

Fp =—mic, Fp=—mijc (4.6)
and the pseudo moment
Mg =—-6¢c¢ (4.7)

are introduced, the dynamic equilibrium conditions

are obtained. In the case of a pure rotation of a rigid body, the
fixed point A may also be chosen as the reference point in the
third equation of (4.8) instead of the center of mass C' (cf. (3.33)).

If the motion of a system of rigid bodies is to be described with
this method, the system must be cut into its individual bodies.
Then, for each of the bodies the dynamic equilibrium conditions
(4.4) or (4.8) can be written down.

Example 4.1 A ship (mass m) has velocity vy after engine shut-
down (Fig. 4.1a). The resistance force during gliding through the
water is in good approximation given by F, = k/v.

Assuming a straight path, determine the velocity as a function

of time.
x
[
m A\A 17 mi F.=kyv
I —_— -— -—
Up
a b Fig.4.1

Solution We introduce the coordinate = in the direction of the
path, cf. Fig. 4.1b. The resistance force F;. acts on the vessel op-
posite to its direction of travel (in the vertical direction, the weight
and the buoyancy are in equilibrium). According to the chosen a-
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coordinate, a positive acceleration & points to the right. The iner-
tial force has the opposite direction (to the left) and the magnitude
ma.

Dynamic equilibrium in the z-direction with & = v yields the
equation of motion

—: mi+ky/u=0.

Separation of variables and integration lead in conjunction with
the initial condition v(0) = v to

v t
dv k _ k
—=-2d - 2v—w)=——t.
Vo m/ (Vo %) m

0 0

Ui

Thus, the velocity as a function of time is given by

0= (@—%tf.

Example 4.2 A point mass of weight W = mg on a half-sphere (ra-
dius r) slips without friction downwards (Fig. 4.2a). The motion
starts at the highest point with an initial velocity vg.

At what location does the point mass lift-off from the sphere?

, mre /ml‘»bQ
- 5 RN

£

N

Solution Until lift-off the point mass moves along a circular path;

W

a

Fig. 4.2

its location can be described by the coordinate ¢ (Fig. 4.2b). The
point mass is subjected to its weight W (active force) and to the
normal force N (reaction force). With the tangential acceleration
a; = r¢ (in the positive ¢-direction) and the normal acceleration

E4.2
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a, = rp? (directed towards 0) the inertial forces of magnitude
ma, (opposite to a;) and ma,, (opposite to a,) can be drawn in
the free-body diagram (Fig. 4.2¢).

Force equilibrium according to (4.4) in the normal and tangen-
tial directions yields the equations of motion

/'t N —mgcosp+mre? =0, (a)

N mgsing —mry =0. (b)
We multiply (b) with ¢ and integrate to obtain
1
YP= gsingpgb e —gcosgo—i—C.
T 2 T

Using v = r¢, the constant of integration C' can be determined
from the initial condition v(p = 0) = vo:

1 v} g 1w} g
— 2 =-2Z24C C=-—=2+=.
2 r2 r+ - 2r2+r
Thus we have
_ 2 v 2 2 2
@2:——gcosga+—g+—g:—g(l—cosgo)—I——g.
r r r r r

Insertion into (a) yields the normal force N as a function of the
angle ¢:
02
N =mgcosp — mr¢* =mg(3 cosp — 2) — mTO.
The location of lift-off is characterized by the condition of a va-
nishing normal force:

N=0 — mg(3cosp—2)—m—=0.
Thus, the lift-off angle ¢* is given by
2, Y%

cosgt =gt 3gr’

Since cosp < 1 it follows that vg < \/gr. For vy = /gr the point
mass immediately loses contact with the sphere.
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Example 4.3 A block (mass m;) is held by a rope which is guided
over an ideal pulley (pulley and rope have negligible masses) and
wrapped around a rope drum (mass msg, moment of inertia ,);
see Fig. 4.3a.

Find the equation of motion of the drum under the assumption
that it rolls without slipping.

ma, ®C

a mig

Mol

U: Mmag

-

H T
N
myy
b P
Vs s

Solution By appropriate section cuts we decompose the system
into the individual bodies (Fig. 4.3b). To describe the motion, the
coordinates x, ¢ (for the drum) and y (for the block) are introdu-
ced. The forces exerted upon the drum are its weight We = may g,
the normal force IV, the static friction force H and the force F' from
the rope. The inertial force moZ. points in negative z-direction
and the pseudo moment ©, ¢ acts in the negative p-direction
(since the center of mass C' moves in the z-direction, no inertial
force in y-direction occurs). The block is subjected to its weight
Wi = m g and the force F' exerted by the rope. The inertial force
m1 § points in the negative y-direction.

Fig. 4.3

Dynamic equilibrium yields for the drum

E4.3
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—: F—H—-myi.=0,

T: N—meg=0,

N

C: rF+rH-0,¢=0
and for the block

l: mg—F—-—m1y=0.

Since the drum is rolling (rotation about the instantaneous cen-
ter of rotation II) the following kinematic relation holds according
to (3.10), cf. Fig. 4.3c:

Te=Tqp — Ze=TgP.

The rope is considered as being inextensible. Therefore the velo-
cities of the block and of point A are equal: y = 4,. Thus, with
&4 = (r; + r4)¢ an additional kinematic relation is obtained:

Y= (Ti + ra)‘:b - = (ri + 7Aa)ﬁb-

Combining the equations yields the acceleration of the center
of mass
M1 Tq (i +74a)
my (15 +74)? +mar2 + O

T, = g.

4.2 D’Alembert’s Principle

When we investigate the motion of a body by applying Newton’s
law of motion or the dynamic equilibrium relation, we always ob-
tain equations that contain all the forces acting on the body in-
cluding the constraint forces. This procedure may be cumbersome
for systems of point masses or bodies. Therefore, in this section
we will become acquainted with a principle which leads to equa-
tions of motion that do not contain the constraint forces. This
method is particularly advantageous when the constraint forces
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need not be determined. In the following we will restrict ourselves
to motions where dry friction does not occur.

For simplicity, we will first consider the motion of a point mass
on a prescribed path. According to (1.45) Newton’s law reads

ma = F@ + F©) (4.9)

where F(@) are the applied forces and F(°) the constraint forces.

In order to obtain a formulation not containing the constraint or
reaction forces, we use the notion of virtual displacements. These
quantities are understood as fictitious, infinitesimal displacements
that are kinematically admissible, i.e. consistent with the cons-
traints of the system (cf. Volume 1, Section 8.2). Since the cons-
traint forces F(©) are perpendicular to the path and consequently
perpendicular to the virtual displacements 7, their virtual work
vanishes:

F© . 5r=0. (4.10)

This statement is referred to as principle of d’Alembert. It may be

expressed in words as: the motion of a point mass takes place such

that the virtual work of the constraint forces vanishes at all times.
Inserting (4.9) into (4.10) yields

(F(9 —ma)-6r=0. (4.11)

Introducing the virtual work §U = F(®) . §r of the applied forces
F(®) and the virtual work 0U; = F; - or = —ma - ér for d’Alem-
bert’s inertial force F;, Equation (4.11) may be written as follows:

SU +6U; =0. (4.12)

This form of the principle of d’Alembert is also referred to as
principle of virtual work:
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The motion of a point mass takes place such that the
sum of the virtual works of the applied forces and
d’Alembert’s inertial force vanishes at all times.

Equation (4.12) does not contain the constraint forces any more.

The principle of virtual work (4.12) is also valid for a system
of point masses with rigid constraints. To reveal this, Newton’s
equations of motion for a system of n point masses are written in
analogy to (4.9) as (see also Chapter 2)

mii; = F + F9, i=1,...,n. (4.13)

During a virtual displacement of the system the total virtual work
of the constraint forces vanishes:

STF9 o =o0. (4.14)

If the equations of motion (4.13) are dotted with dr; and summed
up over all point masses, we obtain with (4.14)

Z(E(“) —m;t) - 61 = 0. (4.15)

Inserting Zﬂ(a) -or; = 06U and ) (—my#;) - dr; = dU; yields

(4.12) agaizn. The principle of virtual work (4.12) analogously is
valid for rigid bodies.

If a system has several degrees of freedom, the number of inde-
pendent virtual displacements is equal to the number of degrees
of freedom. The principle of virtual displacements then yields just
as many equations of motion as degrees of freedom exist.

Example 4.4 Find the solution of Example 4.3 using the principle
of virtual work.

Solution Since the constraint forces (normal force and static fric-
tion force at the drum, force in the rope) need not be calcula-
ted, the example may be treated with the principle of virtual
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Fig. 4.4 l Wi=mug

work rather than with the method used in Example 4.3: freeing
of the system then is not necessary!

The motion again is described by the coordinates z and ¢ for
the drum and y for the block. The drum is subjected to the applied
force Wy = my g, the inertial force mg &, and the pseudo moment
O4¢. The weight W7 = myg and the inertial force m;j act at the
block (Fig. 4.4a).

The system has one degree of freedom. For a virtual displace-
ment the kinematic relations

dxe =14 00, dy = dxy = (r; +74) 00 (a)
hold (Fig. 4.4b). Analogously we obtain (cf. Example 4.3)
Te=rap, Y=d4=(r+ra)p. (b)

The virtual work of the applied forces and of the pseudo forces
and moments are given by (cf. Fig. 4.4a)

oU = W1y oy = my g 0y,
(c)
Uy =—m1§dy —madcdx. —On Pop.

Using (a) and (b), the variables z. and y in (¢) may be replaced
by ¢:
6U =ma g (ri +7a) 5,

oU; = —mq (r; + 70)2p 8p — ma rng&p —Bcpip.
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Thus, the principle of virtual work U + 6U; = 0 yields
{myg(ri +7ra) — [mi(ri +74)? + mar? + 0] $}dp = 0.
Since dp # 0, it follows
[y (ri +74)* + ma 72 + Op] ¢ = ma g (ri + 74)

my (1 +74)
my (ri +rq)2 +mor2 4+ 0,

— gb: g.

With Z. = r, ¢, the result of Example 4.3 is obtained again.

4.3 Lagrange Equations of the 2nd Kind

The equations of motion for a system of point masses may often
be formulated in a substantially easier manner when specific coor-
dinates are used. Then, by appropriately recasting the principle
of virtual work (4.15), the so-called Lagrange equations of the 2nd
kind are obtained. In the following we will derive these equations
where we restrict ourselves to systems with either rigid constraints
or internal forces which can be derived from a potential (e.g. the
force of a spring).

According to (2.2), the number of degrees of freedom f of a
system of n point masses in space, subjected to r kinematic cons-
traints, is given by

f=3n—-r (4.16)

(in a plane we have f = 2n —r). Thus, the position of the system
can be determined uniquely either by 3n (e.g. cartesian) coordina-
tes which are linked by r constraint equations, or by f independent
coordinates. These independent coordinates are called generalized
coordinates.

As an example let us consider the simple pendulum as shown
in Fig. 4.5. On the one hand we can specify the position of the
mass m by the cartesian coordinates x and z. However, these
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coordinates are not independent of each other; they are linked by
the constraint equation 2 + 22 = [2. On the other hand, since the
pendulum has one degree of freedom, its position can be specified
by the single coordinate ¢ (= generalized coordinate). The relation
between the cartesian coordinates and the generalized coordinate
in our example is given by

r=Ising, z=Icosp.

&

o

Fig. 4.5 z

The positions of the individual masses of a system of n point
masses are described by the position vectors r;. The n position
vectors r; and the f generalized coordinates, denoted by g¢;, then
are related by

rz:Tz(QJ)7 221,,71, j:17)f (417)

To derive the Lagrange equations from (4.15), the virtual dis-
placements d7; are needed. According to (4.17), the n position
vectors 7; depend, as just mentioned, on the f generalized coor-
dinates ¢;. Thus, the virtual displacements d7; can be calculated
analogously to the total differential of a function with several va-
riables as follows:

37@
I n dqy

Sqp =Y ——dq; . (4.18)
; J

Inserting into (4.15) yields
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and after multiplication we obtain

Z (Z aﬁé%‘) me ( 8”5%—):0. (4.19)

Interchanging the order of the Summatlon this can be written as

Z Z F. a” Z Z i a” 5,00 =0 (4.20)

We now recast the second term in (4‘20). For this purpose we use
the identity
(97"i - d . 67’2' 67'1
e = it ™ o
The correctness of this relation can be checked by differentiating
the term in the square brackets.

Differentiation of (4.17) with respect to time leads to

or; or; or; . or; .
P = a+...+—q¢+...+ qr = —q; - 4.22
8(] aq7 J 8Qf f ;8%‘ J ( )

If we now differentiate with respect to ¢;, only the single term

8’);'1' o 87”i

L= 4.23
(9(]]‘ an ( )
of the sum remains. Thus, (4.21) takes the form
iTi o — = |- 5| — T -
T Bg T 9q; 9q;
dro (1, o /1
Tt iaqj ( i ’“)i - a_qj<§m”i) ' (424)

The kinetic energy of the system is given by

T= Z(%mqﬂ) . (4.25)

Introducing the abbreviation
a 8'ri
Q=Y F. .2 (4.26)
and using (4.24)—(4.26) we obtain from (4.20)

d [oT or
;Fj&%@*%b%o 2
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As the generalized coordinates ¢; are independent of each other
so are the virtual displacements dg;, i.e. they can be chosen arbi-
trarily. Therefore, the sum (4.27) vanishes only if each summand

vanishes:
d /oT oT .
&(8_%>_3_qj_62j’ i=1,...,f. (4.28)

Equations (4.28) are called Lagrange equations of the 2nd kind af-
ter Joseph Louis Lagrange (1736-1813). They constitute a system
of f equations for the f generalized coordinates g;. In contrast,
when using e.g. cartesian coordinates and Newton’s laws we ob-
tain 3n equations of motion and r constraint equations, i.e. in
total 3n + r equations.

The total virtual work of the applied forces E(a) is given by

U =3 F-or;. (4.29)
Replacing the virtual displacements dr; according to (4.18) and
using the abbreviation (4.26), it can be written as

= SR = R (3 )
7 7 J

=> > FY 2—25% =Y Qy0q;. (4.30)
Jj o1 j

Hence, the virtual work of the applied forces can be expressed by
the quantities @; and the virtual displacements dg; of the gene-
ralized coordinates. For this reason the quantities (); are referred
to as generalized forces.

If the applied forces E(a) can be derived from a potential V,
the Lagrange equations (4.28) may be further simplified. Then we
have (cf. (1.81))

§U = — V. (4.31)

The virtual change §V of the potential energy is calculated ana-
logously to the total differential of a function of several variables:



E4.5

224 4 Principles of Mechanics

oV ov ov

o0V (gj) = 57—06q1 + ...+ —dq; = ——0q; . 4.32
(9) = 5, 0n 900 9, 4 (4.32)
By comparison of (4.30) and (4.32) we see
ov
Qi=—— 4.33
J aqj ( )
and insertion into (4.28) then yields
d [oT or v
— =) - =4+ = = 4.34
dt <8qj> 8(]]‘ an ( )

The potential energy V' does not depend on ¢;. Therefore, if we
introduce the Lagrangian

L=T-V (4.35)
and take into account that 0V/d¢; = 0, we obtain from (4.34)

d (0L\ oL
—(ZF)-== i=1,...,f. 4,
g” <8q'j> aa; 0, j=1,....f (4.36)

These are the Lagrange equations of the 2nd kind for conservative
systems. Here they have been derived only for systems of point
masses but they are analogously also valid for rigid bodies. They
have the advantage that only the kinetic and potential energies
must be set up. The equations of motion then follow simply by
differentiation.

Example 4.5 A point mass under the action of gravity moves
without friction along a path having the shape of a parabola
(Fig. 4.6a)

Derive the equation of motion.

Solution The equation of the parabola is given in cartesian coor-
dinates by y = cx? (Fig. 4.6b).

The applied force (weight) is conservative. The system has one
degree of freedom; we choose the cartesian coordinate x as the
generalized coordinate gq.
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y=cz?

" ap

Fig.46 2 b 0
The kinetic energy of the point mass is
1 1
T= §mv2 = §m(:'c2—|—92).
With
y=caz? — y=2cxi
it takes the form

1
T= §m(:k2—|—4c2:1:2ic2).

If we choose the zero-level of the potential energy at the vertex of
the parabola, we obtain

V =mgy = mgca?.
Thus, the Lagrangian (4.35) is given by
1
L=T-V = im(iQ +4c? 2%i%) — mgea?.

Calculation of the derivatives

L
8—. = mi + 4mc? 2,
ot
d /0L
E(%) =mi+8mc?xi® +4mc? 2%,
oL
= —4dmclzi? — 2mgcx
or

and insertion into the Lagrange equation (4.36)

afoLy o
dt \ 0% or
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yields

F(1+4c2®)+4xi? +2gcx=0.

Example 4.6 A simple pendulum (length [, mass ms) pivots on a
block (mass my) as shown in Fig. 4.7a. The block is conntected
to a wall by a spring (stiffness k) and can glide without friction
on the support.

Find the equations of motion.

ot ] - pooe

Fig. 4.7

Solution The system is conservative. Its position is uniquely de-
termined by the displacement x of the block (measured from the
equilibrium position of the unstretched spring) and the angle ¢
(Fig. 4.7b). Hence, the system has two degrees of freedom. We
choose

g =, q2=¢

as generalized coordinates. The kinetic energy is given by

1 1
T = Emlvf—i— §m2v§.
The velocity of mass my is v1 = & whereas the velocity of mass mg
is determined by the translation of mass m; and the superimposed
rotation of the pendulum. According to Fig. 4.7b we obtain v3 =
(i+1¢ cos )? + (I¢ sin )2. Thus the kinetic energy can be written
as
1 1
T= 5 M 2+ 5 M2 [(& 4 lpcosp)? + (Ipsinp)?]. (a)
If the zero-level of the potential of the weight is chosen at the level
of the block, the total potential energy of the system is
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2 _mgglcosyp. (b)

1
V= 3¢
With (a) and (b) the Lagrangian is given as

1
L=T-V = —(my +my) & +mylipcosp

2
1 1
+ §m212¢72 —3 k x? + mg gl cos p.
To set up the Lagrange equations (4.36)
d /0L oL d (0L oL
dt <a¢> or O dt (&p) 9 ()
the following derivatives must be calculated:

oL . .
— = (m1 + ma)E + ma lcos g,
ot
d (oL — (1 + ma)E + ma s 12 s
3 \ gz ) = (M1 +m2)i +malpeosp —mylg™sing,
oL . ).
— =malicosp + mal p,
¢
d (0L . L 2.
— | == | =meolicosp —maolipsinp 4+ mal p,
dt \ 9¢
oL oL L .
— =—kx, — =—molipsing —maglsinp.
ox dy

Insertion into (c) yields the equations of motion

(my —i—mg)jé—l—mzlgbcosgo—m2l<,b2sin<p+k:1: =0,

Zcosp+ lp+gsinp =0.

In the limit case k — oo, the first equation leads to x = 0 whereas
the second one is reduced to the equation I + ¢gsiny = 0 of the
simple pendulum (cf. Section 5.2.1).



E4.7

228 4 Principles of Mechanics

Example 4.7 The oscillator shown in Fig. 4.8a consists of a spring
(stiffness k) and a point mass of weight W = mg. The length of
the unstretched spring is lg.

Determine the equations of motion. Assume that the oscillator
moves in a plane.

0 -0 R—
- |l°
a
szt
l . (% IE

a b

Fig. 4.8

Solution The position of the point mass is uniquely determined
by its distance [ from pin 0 and by the angle ¢ (Fig. 4.8b). Hence,
the system has two degrees of freedom. It is often advantageous to
use dimensionless quantities as generalized coordinates; here we

choose
o =1, ¢@=¢. (a)
The kinetic energy of the point mass is given by (cf. Fig. 4.8b)
1 1 .
T=§mﬁ=§mm+ﬂ&y (b)

Introducing (a) into (b), this is written as
1 . .
T =5t + a1 3) -
If we choose the zero-level of the potential energy for the weight

W at pin 0, then the total potential energy of the system is given
by

V=_k(l—1)*—mglcosyp

k1§ (g1 — 1) = mgloqi cos gz

N =N =
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Thus, the Lagrangian of the conservative system can be expressed
as
1 . . 1
L=T=V = 5mlg(di +¢i §3) =5 k15 (a1 = 1)*+mglo g1 cos g

To set up the Lagrange equations, the following derivatives are
needed:

oL . d /0L .
= mlj i1, - ( > = mlg g1,

41 dt \ 94,

oL d /(0L

oL _ l2 2 . a (oL _ l2 9 .o 2 ..
% mli q7 ¢, dt(@q'g) miy (2q1 G142 + 47 G2),
oL .
a—:ml%qlqg—k‘lg(ql—1)+mQZOCOSQ27

q1

oL .

a—:—mgloqlsqu.

q2

From (4.36) we then obtain the coupled equations of motion

mlo §1 —mloq1 G3 + klo(qg1 — 1) — mgcosga =0,

()

logiga +2lpGiga +gsings =0.

In the special case when the rotation is prevented and the point
mass moves along the vertical axis (¢ = 0), the second equation
is fulfilled and the first one reduces to

mlo Gy +klo (g —1) —mg =0
— mi+kl—klo—mg=0. (d)

If a new coordinate = with its origin at the equilibrium position
is introduced (Fig. 4.8¢c), we have | = ly + zy + & where xy is
the static change of length of the spring. Then we obtain from (d)
with zg = mg/k:

mi+klop+krsg+kx—klp—mg=0 — mi+kx=0.
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This is the differential equation of a harmonic (spring-mass) os-
cillator (cf. Section 5.2.1).

In another special case, when k& — oo, the first equation of
motion in (c) leads to ¢1 = 1, i.e. I = ly. The second equation
reduces to the equation of motion of a simple pendulum:

loga+gsinga =0 — ¢+%sintp:0.

4.4 Supplementary Examples

Detailed solutions to the following examples are given in (A)
D. Gross et al. Formeln und Aufgaben zur Technischen Mechanik
3, Springer, Berlin 2010, or (B) W. Hauger et al. Aufgaben zur
Technischen Mechanik 1-3, Springer, Berlin 2008.

Example 4.8 A homogeneous disk (mass m, radius r) rolls without
slipping on a rough surface (Fig. 4.9). Its center of mass C is
connected with the wall by a spring (spring constant k).

Derive the equation of motion

using Py
a) Newton’s 2nd Law, k A
b) dynamic equilibrium conditions.
) . 2 2 2k .
Result: see (B) ¢+ w?p =0, w?= 3 Fig. 4.9
m

Example 4.9 A cylinder (mass
m, radius r) rolls without slip-
ping on a circular path (radius
R); see Fig. 4.10.

Derive the equation of moti-

on using dynamic equilibrium
conditions.

29

Result: see (B) ¢+ m

sing =0.
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Example 4.10 Two blocks of weights E4.10
Wi = mig and We = myg are
suspended at a pin-supported rope
drum (moment of inertia ©4) as
shown in Fig. 4.11.

Determine the angular accelerati-
on of the drum and the force in rope
(1) using dynamic equilibrium condi-
tions. Neglect the mass of the ropes. Fig.4.11
Results: see (A)

. TaMmo — T1My g
Y= g 1= m1g
r?my +713ma + 04 7’

7”2(7“1 =+ Tz)mg + 04
r2my +713ma + 04

Example 4.11 An angled arm (mass | b | E4.11
m) rotates with constant angular ve-
locity Q about point 0 (Fig. 4.12).

Calculate the bending moment, 1
shear force and normal force as func- Y i
tions of position using dynamic equi- 0
librium conditions. Fig. 4.12

Results: see (B)  Selected values: N(z1) = uQ?(bzy — 2%/2),

V(zy) = pQ2ax1, M(x1) = pQ2ax?/2, p=m/(a+Db).
Example 4.12 A wheel (weight W1 = mqg, moment of inertia © 4) E4.12
on an inclined plane is connected with a block (weight Wa = mag)

by a rope which is guided over an ideal pulley (Fig. 4.13). The
wheel rolls on the plane without slipping.

Determine the acceleration of the my, O4
block applying d’Alembert’s principle.
Neglect the masses of the rope and the
pulley.
— S'
Result: see (A) do=g 2 T s a
A
my + ma + 2 Figa13
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Example 4.13 Two drums are connected by an unwinding rope
and carry blocks of weights

Op
mig and mag (Fig. 4.14).
Drum (1) is driven by the T
moment M. B
Determine the accelera-
tion of block (2) using
d’Alembert’s principle. Ne- my
glect the mass of the ropes. I2I ®
Fig. 4.14

m M,
1— 171 0

marsa T2mag

7n1(r1)2+ O4 Op

Result: see (A) do =g

1+ —
ma

T2

maorl  mor3

Example 4.14 The system shown in Fig. 4.15 consists of a block
(mass M), a homogeneous disk (mass m, radius r) and two springs
(spring constant k). The block moves on a frictionless surface; the
disk rolls without slipping on the block. A force F(t) acts on the
block.

Derive the equations of motion using Lagrange’s formalism.

m‘i
- i
k - @W’ F()
A M
\

no friction Fig.4.15

Result: see (B)

(M +m)i —mrd + kx = F(t), —m:'v'—i—gmrgé—i—krcp:O.
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Example 4.15 Fig. 4.16 shows two blocks of masses m; and ms

which can glide on a friction-

less surface. They are coupled by }——’Il }—>I2

springs (stiffnesses ki, ko, ks3). WW
Derive the equations of moti-

on using the Lagrange formalism. Fig. 4.16

Result: see (A)
miZ1 + (kl + k3)l‘1 —k3xe =0 , Mol + (kg + k’3)l‘2 —ksx1 =0.

Example 4.16 Two simple pen-
dulums (each mass m, length
) are connected by a spring
(spring constant k, unstretched <
length b) as shown in Fig. 4.17.
Derive the equations of mo-
tion using the Lagrange forma- l

lism. ‘
Fig. 4.17

Result: see (B) ¢ + gsing; cosga =0,
ml@s + mg cos p1sin g + k(20 sin s — b) cos pa = 0.

Example 4.17 A disk (weight mag,
moment of inertia ©2) glides along
a frictionless homogeneous bar of
weight myg (Fig. 4.18).

Find the equations of motion
using the Lagrange formalism.

Fig.4.18

Result: see (A) & —z¢® — gcosg =0,
2

l l
(m; + moa® + @2)§b + 2mozip + (m1§ + mgx)gsimp =0.

E4.15

E4.16

E4.17
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a5 4.5 Summary
e By using d’Alembert’s inertial forces (pseudo force Fr = —m a,
pseudo moment Mjc = —O¢ ), motion can be described by

(dynamic) equilibrium conditions. They are given, for example
for the plane motion of a rigid body, by

F,+ Fr, =0, Fy—l—ij:O, Mc+ Mic=0.

e D’Alembert’s principle: the motion of a point mass or a rigid
body takes place such that for a virtual displacement the sum
of the virtual works done by the applied forces and the inertial
forces vanishes:

Note: constraint forces (reaction forces) do no work!

e The equations of motion of a system with f degrees of freedom
can be derived by using the Lagrange equations of the 2nd
kind. For conservative systems they are given by

d (0L oL
=l a *_207 jzla"'7f7
dt \dg; ) 9q;

L =T -V Lagrangian,

g; generalized coordinates.
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Objectives: Vibrations play an important role in nature

and in engineering. In this chapter we will investigate the beha-

viour of systems with one or two degrees of freedom which exhibit

vibrations. We will restrict ourselves to systems where the equa-

tions of motion are linear differential equations. This will already
enable us to describe various important features of vibrations.
You will learn how to analyse free and forced vibrations with or
without damping.

D. Gross et al., Engineering Mechanics 3,
DOI 10.1007/978-3-642-14019-8 5, © Springer-Verlag Berlin Heidelberg 2011
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5.1 Basic Concepts

In nature and in engineering, certain quantities, e.g. the positi-
on z(t) of a particle, undergo more or less regular changes. Such
processes are called vibrations or oscillations. Examples are the
waves of the oceans, the movement of a piston in an engine, or
the vibrations in an electrical circuit. Similar processes appear in
many areas of our environment. In the following, an introduction
to the theory of vibrations of mechanical systems will be given.

x(t) x(t+T)
\/ t \/ t+T \/ t
| v

Frequently, a quantity x(t) repeats itself during a motion after
a definite time interval 7' (Fig. 5.1):

Fig. 5.1

z(t+T)==z(t). (5.1)

In this case the motion is called a periodic vibration. The time T
is referred to as the period of the vibration. The quantity

f= (5.2)

1
T
is the frequency of the vibration. It represents the number of cycles
per unit of time, where a cycle is the motion completed during
a period. The dimension of the frequency is 1/time. Its unit is
named after Heinrich Hertz (1857-1894); it is abbreviated as Hz:
1Hz =1/s.

An important special case of periodic vibrations are harmonic
vibrations. Here, the behaviour of x in time is given by a cosine
or sine function:

5.1
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T r=Bsinwt

r=Acoswt BI-
A
| | |
T 2 3T wt \/ \/
[

z

:r Ccos(wt—a)
P/
LAWY

Fig.5.2

x(t) = Acoswt or z(t)= Bsinwt (5.3)

where w is the circular frequency and A or B, respectively, is the
amplitude of the vibration. Since wT = 27 (see Fig. 5.2a) and f =
1/T we have the following relation between the circular frequency
w and the frequency f:

w:%”:mrf. (5.4)

A vibration that is represented by a pure cosine or sine func-
tion is subject to special initial conditions. In the case of x (t) =
Acoswt we have the initial conditions: z(0) = A, ©(0) = 0. Simi-
larly, for 2:(t) = Bsinwt the initial conditions are z(0) = 0, ©(0) =
Bw. Harmonic vibrations with arbitrary initial conditions can al-
ways be represented by

x (t) = C cos (wt — ) (5.5)
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where C is the amplitude and « is referred to as the phase angle
(see Fig. 5.2b).

Harmonic vibrations (5.5) can also be obtained through a su-
perposition of two vibrations of the form of (5.3). Using the tri-
gonometric formula

x(t) = Ccos (wt —a) = Ccoswtcosa+ Csinwt sin o (5.6)

and the abbreviations

A=Ccosa, B=Csina (5.7)
we get
x(t) = Acoswt + Bsinwt. (5.8)

Thus, the representations (5.5) and (5.8) are equivalent; they are
interchangeable. If C' and « are given, we obtain A and B from
(5.7). On the other hand, if A and B are given, (5.7) can be solved
for C' and «:

C=+vA2+ B2 «a= arctang . (5.9)

A harmonic oscillation can be generated by a point P (initial
position Py) which moves on a circular path (radius C') with con-
stant angular velocity w (Fig. 5.2b). Then the projection P’ on
a vertical straight line (or on any diameter) performs a harmonic
vibration. This is shown in Fig. 5.2b.

A vibration with a constant amplitude is called an undamped vi-
bration. If the amplitude decreases with increasing time (Fig. 5.3a),
the vibration is referred to as damped. In the case of an increasing
amplitude one speaks of an unstable vibration (Fig. 5.3b).

Vibrations may be classified according to various criteria. For
example, one may classify vibration by the number of degrees of
freedom (1, 2, ..., n) involved. For greatest transparency, we will
restrict our presentation to systems with one or two degrees of
freedom. This will already enable us to describe various important
features of the vibrations without unneeded complications.

One may also classify vibrations according to the type of the dif-
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ferential equation that describes the motion of the system. Thus,
in the case of a linear (nonlinear) differential equation one speaks
of linear (nonlinear) vibrations.

A third classification is based on the mechanism that generates
the vibrations. We will restrict ourselves to two cases: free vi-
brations and forced vibrations. Free vibrations occur in a system
that is acted upon only by forces within the system (e.g., weights,
forces in springs); there are no external forces. Forced vibrations
are generated under the influence of external forces.

a b Fig.5.3

5.2 Free Vibrations

In the following sections, the behaviour of linear systems with one
degree of freedom will be investigated. The vibrations will be free
but may be damped or undamped.

5.2.1 Undamped Free Vibrations

At first we restrict ourselves to the investigation of undamped
vibrations. As an example let us consider a block (mass m) that
moves on a smooth surface (Fig. 5.4a). It is connected to a wall
with a linear spring (spring constant k). To derive the equation of
motion, we introduce the coordinate x as shown in Fig. 5.4b: x =0
is the equilibrium position of the block (unstressed spring). The
only force in the horizontal direction is the force k x in the spring.
It is a restoring force, i.e., it acts in the direction opposite to the
displacement from the equilibrium position. Thus, Newton’s law
(1.38) yields

—: mi=—kzx — mi+kzx=0. (5.10)
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m ‘
-
Fig.5.4 a b
With the abbreviation
k
2
= — 5.11
W= (5.11)
we obtain
F+wlz=0. (5.12)

This is a linear homogeneous differential equation of second order;
it has constant coefficients. The general solution of (5.12) is given
by

x (t) = Acoswt + Bsinwt (5.13)

where A and B are constants of integration. They can be calcu-
lated from the given initial conditions z (0) = z¢ and % (0) = v
which yields

A=1x9 and B= %, (5.14)
w
Thus, (5.13) becomes
x (t) = xg coswt + % Sinwt. (5.15)
w

According to Section 5.1, the general solution (5.13) is equiva-
lent to

x (t) = C cos (wt — ) (5.16)

where now C' and « are the constants of integration. They can
also be calculated from the initial conditions, however, they follow
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immediately from (5.9) and (5.14):

C = /2% + (vp/w)?, « = arctan 0 (5.17)
wXxo

According to (5.16) the block performs a harmonic vibration
with circular frequency w = y/k/m. The circular frequency of a
free vibration is also called the natural frequency or the eigenfre-
quency .

Let us now consider a block (mass m) that is suspended by a
linear spring (spring constant k), see Fig. 5.5a. We assume that the
block performs vertical oscillations. When the block is attached
to the spring, the spring undergoes an elongation xst = mg/k
from its unstressed (natural) length due to the weight W = mg
of the block. We measure the location x of the block from this
equilibrium position (Fig. 5.5b). The forces that act in the vertical
direction on the displaced block are the weight W and the spring
force (restoring force) Fi = k (zst + x). Newton’s law (1.38) leads
to

l: mi=mg—Fk(zsg+2) — mi+kz=0.

This is again the equation of motion (5.10). Note, the weight of the
block has no influence on the vibration of the system consisting
of a mass and a spring. We therefore do not have to consider the
weight of such systems if we measure the displacement x from the
position of static equilibrium.

The natural frequency of the vertical vibration of a system with
one degree of freedom may be calculated from the static displa-
cement due to its weight. Then the mass of the system and the
spring constant need not be known. For example, the spring in
Fig. 5.5a undergoes an elongation zs, = mg/k due to the weight
W = mg of the block. Comparison of kxs = mg with (5.11)
yields

w? = g/ . (5.18)

The motions of many mechanical systems are described by dif-
ferential equations of the type (5.12). These systems perform har-
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W =mg
Fig. 5.5 a b

monic vibrations. For example, the motion of a simple pendulum
(also called an ideal pendulum) as shown in Fig. 5.6a is governed
by the differential equation

¢+%sing0:0; (5.19)

see Section 1.2.6. If we assume that the displacements are small
(sinp & @), we obtain the differential equation ¢+ (g/1) ¢ = 0 for
a harmonic vibration. The natural frequency of a simple pendulum
is thus given by

w= /o]l (5.20)

As a further example let us consider a rigid body which is sus-
pended at a fixed point (pin support A) and undergoes vibratory
motion (Fig. 5.6b). Such a system is called a compound pendulum.
The center of gravity C' is located at a distance [ from pin A. To
derive the equation of motion we apply the principle of angular
momentum (3.33). With the coordinate ¢ as shown in Fig. 5.6b
(positive counterclockwise), the moment M, = —mglsing of the
weight W and with the moment of inertia ©, we obtain

A O4p=—mglsing — 0O,¢+mglsing=0.
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a b Fig. 5.6

If we assume small displacements (sin ¢ & ¢), this equation redu-
ces to

$+wip=0

where w?

©4/(ml) = r2/l of the pendulum. Then the natural frequency
of the compound pendulum may be written as w = /g/leg in
analogy to (5.20). Thus, a compound pendulum has the same
natural frequency as an ideal pendulum with length log.

All the systems considered so far are conservative systems. The-
refore, the principle of conservation of energy is valid:

= mgl/©,. We now introduce the effective length log =

T+V=Ty+Vy=FE = const, (5.21)

where F is the total energy of the system. Using the general solu-
tion (5.16) of the equation of motion (5.10) and the trigonometric
formulae sin® 3 = %(1 —c0s2f3), cos? B = %(1 + cos23) we can
express the kinetic and potential energies as

T 27 3 wt Fig.5.7
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T = tmi? = fmw? C? sin(wt — «)

= Tmw? C?[1 — cos (2wt — 2 )],
(5.22)
V = 1ka? = 1k C? cos? (wt — o)

= 1k C?[1 + cos (2wt — 20)] .

Both energies are represented by periodic functions with frequen-
cy 2w. Their amplitudes are equal since mw? = k. The energies
are depicted in Fig. 5.7. Note that there is a periodic exchange
between the potential energy and the kinetic energy. When the
kinetic (potential) energy is zero, the potential (kinetic) energy
attains its maximum value. The sum of both energies is constant,
namely equal to the total energy E (conservation of energy).

Example 5.1 A rod (length [, with negligible mass) carries a mass
m at its upper end. It is supported by a linear spring (spring
constant k), see Fig. 5.8a.

Describe the motion of the rod if it is displaced from its ver-
tical position (small displacement) and then released (no initial
velocity).

mg

Fig.5.8 a

Solution We introduce the coordinates ¢ (positive counterclock-
wise) and z as shown in Fig. 5.8b. Then the elongation of the
spring is given by = [sin . The principle of angular momentum
(1.67) leads to the equation of motion (0, = mi?):

E5.1
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QA ml?¢ = lsinpmg —lcospkax
—  mlp —mgsinp + klsinpcosp =0.

We assume that the displacements are small. Then with sin ¢ ~ ¢,
cos ¢ ~ 1 we obtain

kl—mg

mlp —mge+klp=0 — @+ p=0.

ml
This is the differential equation of a harmonic oscillator if k1 >

mg. Comparison with (5.12) yields the eigenfrequency:

5 kl—mg kl—mg
wi=— = w=4/—)"=.
ml ml

The constants of integration in the general solution ¢ (t) =
Acoswt + Bsinwt can be calculated from the initial conditions
©(0) = ¢p and ¢ (0) = 0. We obtain A = ¢y and B = 0. Thus,
the motion of the rod is described by

©(t) = o coswt.

If k1 < mg, the restoring moment due to the spring force is
smaller than the moment due to the weight: the rod falls. In the
special case kl = mg, the eigenfrequency is zero: the rod is in
(static) equilibrium in the displaced position.

5.2.2 Spring Constants of Elastic Systems

The relation between the spring force F' and the elongation Al
of a linear spring is given by F' = k Al. The spring constant k is
therefore characterized by

F
k= (5.23)

In many systems with elastic components there also exists a
linear relation between the force and the deformation. Let us first
consider a massless bar (length [, axial rigidity EA) which carries
a mass m at one end (Fig. 5.9a). If the mass is displaced downward
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and the bar undergoes an elongation Al, then a restoring force F’
acts on the mass. A force of equal magnitude is exerted on the
bar (action = reaction). The relation

Fi
Al = —
EA

is known from Volume 2. In analogy to (5.23) we obtain the
“spring constant” or stiffness of an elastic bar:
_F  FEA
==
Therefore, the original system (elastic bar with end mass) in Fig.
5.9a is equivalent to a system consisting of a spring and a mass
(Fig. 5.9b) and can be replaced by it if the spring constant is
chosen according to (5.24). Note that the stiffness of the bar is
equal to the force required to produce a unit elongation.

Let us now consider a massless cantilever beam (length , flexu-
ral rigidity ET) with a mass m at its free end as shown in Fig. 5.9c¢.
If the mass is displaced downward a restoring force F' acts on it.
A force of equal magnitude is exerted on the beam and causes the
deflection

(5.24)

Fi?
w=—
3EI’
see Volume 2. Thus, we obtain the spring constant
F  3EI
=—=— 5.25
R (5.25)

of the elastic beam. If the spring constant of the system in Fig. 5.9b
is chosen according to (5.25), then this simple system is equivalent
to the massless cantilever beam with a single mass at its free end.

We finally determine the spring constant of a massless shaft
(length I, torsional rigidity GI;) under torsion (Fig. 5.9d). It fol-
lows from the linear relation between the angle of twist ¥ and the
torque M, (see Volume 2):

N =1 =__- 2
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I,EI

O

I,EA

I

a = t

T“‘
‘

F

[g]

m

S o 9,

b d @
Fig.5.9

The constant k- has the dimensions moment/angle. If a disk (mo-
ment of inertia ©) is fixed to the end of the shaft and undergoes
torsional vibrations, then the motion is described by @1§—|—le9 =0.

The motion of a mass may cause elongations of several springs
in a system. Let us first consider the case of two springs in parallel
(Fig. 5.10a). The two springs (spring constants k1 and k2) undergo
the same elongation when the mass is displaced. They can be
replaced by an equivalent single spring with the spring constant
k* . To determine k*, we displace the mass by an amount . This
displacement causes the forces F; = kyx and F» = kyx in the
springs, and the mass is acted upon by the force F' = F} + F5.
Since the single spring is assumed to be equivalent to the two
springs, the same displacement z of the equivalent system has to
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k1

ko
T

Fig.5.10 a b II
generate the same force F' = k* x. Thus,
F=kiz+kox=k'z — Ek'=k +ko.

In the case of a system with arbitrarily many parallel springs
(spring constants k), the spring constant of the equivalent spring
is given by the sum of the individual spring constants:

k= k;. (5.27)

Let us now consider two springs in series (Fig. 5.10b). In this
case the total elongation x is the sum x; + x5 of the elongations
of the springs and the same force F' acts in each spring. With
F =k 21 =koxo and x = x1 + 2 we obtain

F n F F 1 1 n 1
= — —_— = — —_ = — .

]ﬁ kQ k* k* kl k2
In the case of arbitrarily many springs in series, the spring con-
stant of the equivalent spring is found from

1 1
_\ L 2
M (52

We now introduce the flexibility (compliance) f = 1/k of a
spring (not to be confused with the frequency). According to
(5.28) the flexibility of arbitrarily many springs in series is given
by the sum of the individual flexibilities:

x
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=0 fe (5.29)

Note that the flexibility is the elongation of the spring due to a
unit force.

Example 5.2 An elastic beam (flexural rigidity ET) with negligible
mass supports a box (mass m) as shown in Fig. 5.11a.
Find the natural frequency of the system.

m
. |:| EI
Vi il k,
|

| 1 | L
2 2

a b

m
l W =mg
F
[
1o A NE— S
7777 7777

c d Wt
Fig.5.11

Solution We reduce the system consisting of the massless beam
and the mass to the equivalent simple system of a spring and a
mass (Fig. 5.11b). To determine the equivalent spring constant kg
we subject the beam to a force F' which acts at the location of the
box (Fig. 5.11c). This force produces the deflection (see Volume
2)

FI3
T @)
Thus, in analogy to (5.25) we obtain
_F  48EI
BT, B
and (5.11) yields the natural frequency

kp 48 BT
m

IS

ml3
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According to (5.18) it is also possible to determine the natural
frequency with the aid of the static deflection caused by the weight
W = myg of the mass m. This deflection is given by (Fig. 5.11d)

wi? _ mgl®

YT REI T 8EL
Substitution into (5.18) again yields

48 EI
w = R

Example 5.3 The systems in the Figs. 5.12a,b consist of massless
beams (flexural rigidity ET), a spring (spring constant k) and a

box (mass m).
Determine the natural frequencies of the systems.

- 0. A 5

N~
3

Fig. 5.12

Solution We replace both systems with the simple equivalent sys-
tem shown in Fig. 5.12c.

a) If the mass in Fig. 5.12a is displaced, the deflection at the
middle of the beam and the elongation of the spring are equal.
Therefore, the beam and the spring act as springs in parallel. The
spring constant of the beam can be taken from Example 5.2:

A48 BT

kB - 13

Thus, Equation (5.27) yields the spring constant k* of the equi-
valent spring,

E5.3
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48 EI
3

and the natural frequency of the system is obtained as

k* k13 4+ 48 ET
w=1\l—=\——
= m mil3

b) We now consider the system in Fig. 5.12b. The displacement of
the mass is the sum of the deflection at the middle of the beam and
the elongation of the spring. Therefore, the beam and the spring
act as springs in series. The spring constant k* of the equivalent
spring now follows from (5.28):

1 1 1

B =kt k= kAt

. kks
— = - 4+ — — = .
k* k kp k+kp

This yields the natural frequency
48k ET
= \/ (kI*+48ED)m
The natural frequency of system b) is smaller than the one of

system a): the equivalent spring of system b) is softer than the
one of system a).

Example 5.4 The frame in Fig. 5.13a consists of two elastic co-
lumns (h = 3m, E = 210 GPa, I = 3500 cm*) and a rigid hori-
zontal beam. It carries a box (m = 10° kg).

Calculate the natural frequency of the system. Neglect the mas-
ses of the members of the frame.

Solution Fig. 5.13b shows the deformed frame. Since the columns
are elastic and the beam is rigid, the box is displaced horizontally.
The vibrations of the system can be described by the equivalent
simple system in Fig. 5.13c. As the system is symmetrical, we will
now determine the spring constant k, of the equivalent spring for
a single column. Consider the column as shown in Fig. 5.13d. The
rigid beam at the upper end of the column forces a parallel motion
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(see Volume 1, Section 5.1.1). If the column is subjected to a force
F at point A, this point undergoes a deflection w. The spring
constant k, of the column follows from k, = F/w.

The system in Fig. 5.13d is statically indeterminate of first
degree. We choose the moment at the top to be X and remove
the support (Fig. 5.13e). Then the displacement w and the angle
@ at the top end are obtained as

B Fh®  Xh? B Fh?  Xh
YT3EI 280’ YT 2B EI’
see Volume 2. The condition ¢ = 0 yields the support moment:
X = Fh/2. Thus,
B Fn3  Fh3 B Fh3
T 3EI 4EI  12ET

and the spring constant of one column follows as

w

L _F_12B1
cTw B
m
1 ‘
T |
|
EI h I
L |
a b
‘ w ‘ ‘ W
A X
‘\ ©
—_— - —_— ,
F / F /
/ /)
B m / I/
k K }
/ h,El )
— 1 R
Fig.5.13 ¢ d e

The frame has two columns in parallel. Therefore, the spring con-
stant of the frame is given by k* = 2k_.. Hence, the natural fre-
quency of the system is found to be
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e [uEI
" Vm Vo mha3

which leads to

IS

w=81s"' or f=_" =13Hz.
==t 27

5.2.3 Damped Free Vibrations

Experience shows that a free vibration with a constant amplitude
never occurs in reality. The amplitudes of the vibrations of real
systems decay with time and, finally, the vibrations die out. This
is due to the friction forces and damping forces which are always
present in real systems (for example, friction at the supports, air
resistance). The systems lose mechanical energy during the motion
(energy dissipation). Therefore, conservation of energy is not valid
for damped vibrations.

As an example of damped vibrations let us consider the system
shown in Fig. 5.14a. It consists of a block (mass m) which moves
on a rough horizontal surface (coeflicient of kinetic friction p). We
assume dry friction (Coulomb friction, see Volume 1). The friction
force R = uN = pmyg is always oriented opposite to the direction
of the velocity. If the block moves to the right (left) the friction
force is directed to the left (right), see Fig. 5.14b. We measure
the coordinate x from the position of the block when the spring
is unstressed. The restoring force is given by kxz. Newton’s law
(1.38) yields the equation of motion:

—: mi =

—kx—R for >0,
—kz+R for <0

—R for >0,

— mIi+kx=
+R for #<0.

If we introduce the definitions
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Fig.5.14 c
we obtain

F+wiz =

—w?r  for >0,
{ (a)

+w?r for ©<0.

Thus, two different equations describe the motion of the block to
the right and to the left, respectively.

We use the variable t; during the first part of the vibration and
choose the initial conditions z (t; = 0) = 29 > 0, & (¢; = 0) =0,
see Fig. 5.14c. Then the block first moves to the left: £ < 0. Hence,
we use

&+uwic=uwlr. (b)
In contrast to the equation of motion (5.12), the right-hand side
of this equation is not zero. A differential equation of this type is
called an inhomogeneous differential equation. Its general soluti-
on is composed of the solution xj, of the homogeneous differential
equation (i + w?x = 0), usually called the homogeneous soluti-
on, and a particular solution x,, of the inhomogeneous differential
equation, yielding the general solution
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T=2xp+ Tp.

According to (5.13) the solution x, is given by
xp (t1) = Ay coswty + By sinwt;.

The particular solution
Tp =T

can be found by inspection of the inhomogeneous differential equa-
tion. Thus,

x (t1) = Ay coswty + Bysinwty + r.

The constants of integration A; and Bj follow from the initial
conditions:

x(t1=0)=A1+r=20 — Ai=x0-r1,
’i,’(tlz()):(UBl:O — 31:0

Hence, the motion to the left during the first half cycle of the
vibration is described by

x(t1) = (ko —r)coswty + 71, ©

z(t1) = — (xo — r)wsinwt;.

At time t; = 7/w, the displacement is z(r/w) = —x + 2 and
the velocity vanishes: &(m/w) = 0. Then the motion changes its
direction: the block moves to the right and we have to use the
equation of motion (see (a))

F+wlc=—w?r. (d)

We will use the variable to to describe the motion during the
second half cycle of the vibration (Fig. 5.14c). The general solution
of (d) is given by

x (ta) = A coswte + Basinwty — 1.
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The displacement and the velocity at the beginning of the second
half cycle have to coincide with the corresponding quantities at the
end of the first half cycle. Therefore, the constants of integration
Ay and Bs can be calculated from the matching conditions

x(tQZO):l’(h:E) —  As=—x0+37,
w
ft(t2:0):33(t1=£) — By =0.

w

The motion during the second half cycle is therefore described by
x(ta) = — (xo — 37) coswita — 1. (e)

The displacement-time graph of the vibration is shown in Fig.
5.14c. The first of the equations (c) represents half a cosine which
is shifted by +r in the z-direction and has the amplitude xg — r.
The function (e) is shifted by —r and has the amplitude xg — 3 7.

The following cycles of the vibration can be determined in an
analogous manner. The amplitudes are decreased by 2r after each
change of direction of the motion. If the displacement of the block
is smaller than r at a position where the velocity is zero, then the
restoring force in the spring is too small to overcome the static
friction force and the block comes to a rest.

Resisting forces caused by friction in fluids were already intro-
duced in Section 1.2.4. Such forces may, for example, be generated
in the shock absorber of a car. We will restrict ourselves to the
case of a linear relation between the velocity v and the resisting
force Fy:

Fd:dv.

-
I:I .
T

[
.

smooth

Fig.5.15 a b

The quantity d is called the coefficient of viscous damping or the
damping coefficient; it has the dimensions force/velocity. We will
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depict a damper (or dashpot) symbolically as shown in Fig. 5.15a.
The resisting force that is exerted upon a body in motion is di-
rected opposite to its velocity (Fig. 5.15b).

Let us consider the system consisting of a block, a spring and
a dashpot as shown in Fig. 5.16a. We measure the coordinate x
from the equilibrium position. In this case we need not consider
the weight of the block. With the restoring force k x of the spring
and the viscous damping force d & in the dashpot (Fig. 5.16b) we
obtain the equation of motion

l: mi=—kx—dit — mi+di+kx=0. (5.30)
We now introduce the abbreviations
d k
2= —, w'=—. (5.31)
m m
k d

a b Fig.5.16

The constant ¢ is called the normalized damping coefficient and w
is the natural frequency of the undamped vibrations (see (5.11)).
This yields the differential equation of the damped vibrations:

42 +uwiz=0. (5.32)

We want to find the general solution of this differential equati-
on. Since it has constant coefficients we assume a solution of the
form

r=AeM (5.33)

where e is the base of the natural logarithm. The constants A
and A are as yet unknown. In order to determine A, we introduce
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(5.33) into (5.32) and obtain the characteristic equation
M 420+ w?=0. (5.34)
This quadratic equation for A has the two solutions
Ao=—E+/E2—w?. (5.35)
If we introduce the damping ratio (Ernst Lehr, 1896-1944)

(=t=_4
Cw 2vVmk

we can write (5.35) in the form

)\172:—§:|:w\/§2—1. (537)

Depending on the value of ¢, the solutions of (5.32) exhibit diffe-
rent behaviours. We distinguish between three cases.

(5.36)

1. Overdamped System: > 1

In this case, both solutions A; and Ay of (5.37) are real numbers:
A2 = =& £ p, where p = wy/C2 — 1. Each )\; is associated with
a solution of the differential equation (5.32). The general solution
of (5.32) is represented by a linear combination of both solutions:

T (t) = A Mt + A, et — e—Et(Al okt + A, e—p,t) ) (538)

The constants A; and As can be calculated from the initial con-
ditions z (0) = z¢ and & (0) = vg. Since & > p, Equation (5.38)
represents a motion which decays exponentially. Since there is no
period, the motion is called aperiodic. The displacement has at
most one maximum and at most one zero value. This motion is
not a vibration: the block slides back to its equilibrium positi-
on without oscillating. Fig. 5.17 shows several graphs of equation
(5.38) for different initial conditions.

2. Critically Damped System: { = 1

If ¢ = 1, the radical in (5.37) is equal to zero and the characteristic
equation (5.34) has repeated roots: A1 = Ay = —¢, see (5.37).
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Zo

t
/ ’U0<0,"U0|>f{L‘0

v <0, |vo|< &g Fig.5.17

The general solution of (5.32) is then given by
z(t)=A;eM + AyteMt = (A; + Agt)e ¢!, (5.39)

This also represents a motion which decays exponentially. As in
the case of an overdamped system, the decay occurs without oscil-
lation. It can be shown that for ( = 1 the displacement converges
to zero faster than in the case of an overdamped system (¢ > 1).
Since the value ¢ = 1 separates the aperiodic motions from the
oscillatory motions, this case is referred to as critical damping.
Critical damping is made use of in the design of measuring devi-
ces.

For ¢ = 1 we have £ = w according to (5.36). Then, using
(5.31), we obtain the critical damping coefficient

de = 2Vmk.

Note that the damping factor ¢ according to (5.36) may also be
written as the ratio of the damping coefficient d to the critical
damping coefficient d..:

d
(=7

3. Underdamped System: { < 1

In the case of an underdamped system (¢ < 1) the radical in
(5.37) is negative. Therefore we write the two solutions of the
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characteristic equation in the form

A1,2:ffiiwﬂ:f§iiwd’ (i=+v—1)

with

wg =wy/1—¢2. (5.40)

This yields the general solution of the differential equation (5.32):

Z (t) = Al eAlt + AQ e)\zt = e_ét(Al ei"‘)dt + A2 e—iwdt) )

Using etiwil — coswyt +isinwgt we obtain

z(t) = e S(A; + Ay) coswyt +i(A; — Ay)sinwg 1]
=e S (Acoswgt + Bsinwy t),

where we have introduced two new real constants A and B. Ac-
cording to Section 5.1 the displacement x (t) can also be written
in the form

z(t) =Ce cos(wat — ). (5.41)

Thus, the motion of an underdamped system is a vibration with
exponentially decaying amplitudes. The constants of integration
C and « can be calculated from the initial conditions. As t — oo,

T

Ce¢t
e ~

f NP0

C cos » x(t+Ty)

HINS >

v,
VY

Ta=

t

wa

Fig.5.18 —Ce*
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the displacement converges to zero. Fig. 5.18 shows the graph of
equation (5.41) and the envelopes +C et

The circular frequency wy of the damped vibration is smal-
ler than the circular frequency w of the undamped vibration (see
(5.40)). Therefore, the period T; = 27/wy is larger than the pe-
riod T of the corresponding undamped vibration.

The displacements at time ¢t and time t + T, are given by

z(t)=Ce % cos(wyt — )
and
z(t+Ty) = Ce D cos [wy(t + Ty) — af
= Ce S+ cos (wat — @),
respectively. The ratio of the two displacements is therefore given
by
_2) _ em (5.42)

x (t + Td)
The logarithm

_nx(t—l—Td)i T od T /1-¢2

of this ratio is referred to as the logarithmic decrement. If the
logarithmic decrement ¢ can be determined from experiments, the
damping ratio ¢ can be calculated according to (5.43).

(5.43)

Example 5.5 Fig. 5.19a shows a system which consists of a rigid
bar (with negligible mass), a spring, a dashpot and a point mass.

Find the condition which the damping coefficient d has to sa-
tisfy in order for the system to be underdamped. Determine the
solution of the equation of motion for the initial conditions ¢ (0) =
0, ¢ (0) = ¢o. Assume small displacements.

Solution We introduce the coordinate ¢ as shown in Fig. 5.19b.
The moment of inertia with respect to point A is given by 0, =
(2a)?m, the restoring force of the spring is Fy, = ka and the
viscous damping force is F; = d (3 a)¢. The principle of angular
momentum yields the equation of motion:
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k F.=kayp
% m
~ A

= D S O W

di 7;
Fy=d(3a) ¢

A 0,p=—aF,—3aF; — Amp+9d¢+ke=0.

We introduce the abbreviations 2¢ = 9d/(4m) and w? = k/(4m)
and obtain

$+28p+wip=0,
cf. (5.32). The system is underdamped if ¢ < 1:

(_E_9dy fm_ _9d

w n 8_m k 4/ mk

Therefore, the damping coefficient has to satisfy the condition

<1.

The general solution of the equation of motion is given by (see
(5.41))

@ (t)=Ce cos (wgt — a),
where

2
wd:w\/l—@:}\/ﬁwl— 8Ld .
2V m 16 mk

The constants of integration can be calculated from the initi-
al conditions ¢ (0) = 0, ¢ (0) = ¢o. We obtain a = 7/2 and
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C = ¢o/wq. Thus, the solution of the equation of motion is

AS)

(t) = 29 o=¢t cos (wcz t— z) = 20 et sinwg t .
wqd 2 Wd

Example 5.6 Consider again the system shown in Fig. 5.16a. The
initial conditions z (0) = zo, ©(0) = 0 and the damping ratio
¢ = 0.01 are given.

Determine the energy which is dissipated during the first full
cycle.

Solution The initial velocity is zero. Therefore, the total energy
Ey of the system at the beginning of the first cycle is equal to the
potential energy Vp stored in the spring:

1
EO:V0:§ka:§.

Similarly, the total energy F; after the first cycle is given by

1
Ei=V = ikx%,

where 27 is the displacement at time Ty = 27/wy.
According to (5.42), (5.36) and (5.40) we have
27¢

Zo _ —
= =etTe o g =goe Tt =gge VI-C
Ty

This yields the dissipated energy

1 2 - 47(62 1 2
—kxi=(1—-e Vi< §kx0.

1
AE:EO—Elzakxg—Q

With ¢ = 0.01 we obtain AE = 0.13 - 5 k3. Thus, 13% of the
energy is dissipated during the first full cycle.

5.3 Forced Vibrations

5.3.1 Undamped Forced Vibrations
We will now investigate the behaviour of a system with one degree
of freedom when it is subject to an external force. Let us, as an
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illustrative example, consider the system in Fig. 5.20a. The block
is subjected to a harmonic force F = Fjcos{t, where (Q is the
forcing frequency, i.e., the frequency of the excitation.

We measure the coordinate x from the equilibrium position of
the block in the absence of the force (F' = 0). Then we obtain the
equation of motion (see Fig. 5.20b)

l: mi=—kax+ FycosQt — mi+kax=FycosQt. (5.44)

In contrast to (5.10), the right-hand side of this equation is not
zero: the differential equation is inhomogeneous. We introduce the
abbreviations

. kR

W = —, o

" A (5.45)

where w is the natural frequency of the system and z is the static
elongation of the spring which is caused by a constant force Fj.

Tm
I

m

N lFFocosSZl, b lF

Then (5.44) becomes

4wz =w?zgcosOt. (5.46)
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The general solution of this inhomogeneous differential equation
is composed of the solution x; of the homogeneous differential
equation (# + w?z = 0) and a particular solution z,, of the inho-
mogeneous differential equation:

T=2Tp+ Tp.
The solution x5 of the homogeneous equation is given by
xzp =Ccos(wt—a), (5.47a)

see Section 5.2.1. We assume the particular solution z, to be of
the form of the right-hand side:

xp =20 V cos . (5.47b)

Here, V is a dimensionless quantity which can be determined by
inserting x, into (5.46):

— 2o V2 cos Ot + w? g V cos QU = w? 2 cos Ot
2

w
- V= o
We now introduce the non-dimensional frequency ratio
Q
=—. 5.48
= (5.48)

Then, the quantity V can be written as

1
= —. .4
Vv T (5.49)
Thus, the general solution of the differential equation (5.46) is
given by

z(t)=ap+xp =Ccos(wt—a)+z9Vcos Q. (5.50)

The constants of integration C' and « can be calculated from the
initial conditions. Note that the solution x; of the homogeneous
equation for a real system decays with time due to the ever-present
damping (see Section 5.2.3). For this reason the free vibrations
(those from the homogeneous solution) are referred to as transi-
ent vibrations. After a sufficiently long time only the solution x,,
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remains. Then the displacement x(t) is represented by
x(t) = xp = 2oV cos Q.

These vibrations are called the steady state vibrations. The quan-
tity V is the ratio of the amplitude of the vibration to the static
elongation xg. Therefore, V is called the magnification factor.

Fig. 5.20c shows the absolute value of the magnification factor
V' as a function of the frequency ratio 7. If the forcing frequency
Q approaches the natural frequency w of the system (n — 1),
the amplitudes of the vibration approach infinity (V' — oo). This
behaviour is called resonance. In the case of n — 0 we get V' — 1
(static displacement in the case of a very small forcing frequency),
for n — oo we have |V| — 0 (vanishing displacement for a very
large forcing frequency).

The particular solution (5.47b) is not valid in the case of re-
sonance (2 = w), since our assumed form does not satisfy the
governing equation. In this case,

Tp = xoV tsin Qt = zoV tsin wt
satisfies the differential equation. We insert the derivatives
i, = 2oV sin wt + zoVwt cos wt,
Tp =2 xoVwcos wt — a:OVWZ tsin wt
into (5.46) to obtain
2 20Vwcos wt —xoVw? tsin wt + w? xoV tsin wt = w? zg cos wt
. w
— V= R
Thus, the particular solution

1
Tp =5 To wt sinwt

represents a “vibration” with a linearly increasing amplitude (Fig.
5.20d).
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Example 5.7 A block (mass m) is connected to a wall by a spring
(spring constant k7). A second spring (spring constant ko) connects
the block with a circular disk. The disk (radius r, eccentricity e)
rotates and causes the block to vibrate. The end point B of the
second spring remains in contact with the smooth surface of the
disk at all times (Fig. 5.21a).

Determine the circular frequency € of the disk so that the am-
plitude of the steady state vibration of the block is equal to 3e.

Solution We measure the coordinate = from the static equilibrium
position of the block when the disk is in the position depicted in
Fig. 5.21a. The position of point B is described by the additional
coordinate xp (Fig. 5.21b). The elongation of the second spring
is given by z — x 5.

—_—| [—
kix ko (x—ap)

b c

Thus, we obtain the equation of motion
—: mi=—kix—ky(x—zg) — mi+ (k1 +ke)z=koaxp.(a)

When the disk rotates, its center moves from the initial position
M to the new position M’ during the time ¢ (Fig. 5.21c). The
displacement of point B coincides with the horizontal component
of the displacement of M, i.e., x5 = esin Q. Substituting into (a)
yields

k
i+wlr=—esint (b)
m
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with

Ww? = k1+/€2. (c)

m

The general solution of this inhomogeneous differential equation
is composed of the solution x;, of the homogeneous equation and a
particular solution z,, of the inhomogeneous equation. We consider
only the steady state vibration and therefore only the solution .
We assume z,, to be of the form of the right-hand side of Equation

(b):
xp = X sin Qt,

where the amplitude X is as yet unknown. Introduction into (b)
yields
k2 ]{?2 (&
_ Q2 X 2 X == X=—"
e m m (w? — Q2?)

The graph X versus n was qualitatively given in Fig. 5.20c. The
condition | X| = 3 e and Equation (c) lead to two frequencies which
satisfy the given condition (one frequency for < 1 and one fre-
quency for n > 1):

ky  3ki+2k

O L L L §
ks = 3m 3m
— s gy — to¢ &
m(w 79) ko 3ki+4ko
M=y 2 o2tk
== 3m 3m

5.3.2 Damped Forced Vibrations

In this section we will investigate damped forced vibrations, re-
stricting ourselves to viscous damping. Thereby we will consider
the following three cases.

Case 1: Ezcitation through a force or via a spring

Let us first consider a system which consists of a block, a spring
and a damper as shown in Fig. 5.22a. The block is subjected to a
harmonic force F' = F cos Qt where € is a given constant forcing
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frequency. The equation of motion is obtained as

T: m&=—kx—di+ FycosQt — mi+ di+ kx = FycosQt.

(5.51)
If we introduce the abbreviations
d k Fy
ge_ & 2_k _ 2o 5.52
5 m’ w m’ Zo k ( )
(cf. (5.31) and (5.45)) we obtain the differential equation
F4260 4 wr =w?agcos Ot (5.53)

We will now consider the system in Fig. 5.22b where the free
end of the spring is forced to move according to xg = xg cos 2.
Note that no external force acts on the block. Then the elongation
of the spring is given by xg — = which leads to the equation of
motion for the block:

T: mi=k(zg—2)—di — mi&+di+kx==kaxocost.
With the abbreviations (5.52) we again obtain (5.53):
P42 +w?r=w?agcosNt.

Thus, the motions of the blocks of both systems are described by
the same equation.

Case 2: FEzxcitation via a damper

Fig. 5.22¢ shows a system where the free end of the damper under-
goes the prescribed motion z¢ = xgsin Qf. The damping force in
the dashpot is proportional to the relative velocity #¢ — & between
the piston and the encasement. Thus, the equation of motion is
given by

Tt mi=—ka+d(@c—%) — mi+di+kr=dQxcosQt.
With the abbreviations

(5.54)
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i:::s =xgcos )t

. ScosQt
SWZA
\-}szz

mo

k J" ‘{] T

(cf. (5.31), (5.36) and (5.48)) we obtain

F4+26x+w?x =260z cos

— P4 2d+wir = 20nwizg cos Ot .

Case 3: Unbalanced Rotation

izk =10 sinQt

|
é

o

(5.55)

The block (mass my) in Fig. 5.22d is forced to vibrate by a rota-
ting eccentric mass m.. The constant frequency §2 of the rotation
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is given. The positions of the block and of the eccentric mass,
respectively, are described by the coordinates = and x., counted
upwards from the same position. Then the relation

Te=x+rcosU — i.=i—r0%cosOt

can be found from the figure. We denote the force in the bar
connecting the block and the eccentric mass by S. The equations
of motion in the vertical direction for the masses m. and mgq are
then found to be (see the free-body diagrams)

T: MmeZe = — S cost,
T: mot =—kx—di+ Scost.
We eliminate S and insert Z, from above to obtain
(mo +me)d +di + kx =mer Q*cosQt .
Now we introduce the abbreviations
Mme

m=mg+me, xg= ot (5.56)

and use (5.54). This leads to the equation of motion for mg:
F4260 +w?r = w?n?rgcosQt. (5.57)

The three equations of motion (5.53, 5.55 and 5.57) differ only
in the factor in front of the cosine function on the right-hand sides.
Therefore, with ¢ = £/w they can be written as a single equation:

F+2¢wi 4 wr = 20FEw? cosOt . (5.584a)

Here, the value of E has to be chosen according to the type of
forcing:

Case 1: E =1,
Case 2: E =2(n, (5.58b)
Case 3: E =n?.
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The general solution of (5.58a) is composed of the solution z, of
the homogeneous differential equation and a particular solution x,,
of the inhomogeneous differential equation (cf. the undamped for-
ced vibrations). According to Section 5.3.1 the solution z; decays
exponentially with time. Therefore this solution which represents
the transient vibrations may be neglected compared with the par-
ticular solution z, after a sufficiently long time.

We assume the steady state vibrations z, to be of the form of
the right-hand side of the differential equation (cf. the undamped
vibrations). However, we have to also allow for a phase angle ¢
between the applied force and the response:

xp =20V cos(Qt — ). (5.59)
If we insert
xp = o V(cos Qt cos ¢ + sin Qt sin ),
&p = 2o VQ (—sin Qt cos ¢ + cos Ut sin ),
iy = 20 VQ? (= cos Qt cos p — sin Ot sin ¢)
into the differential equation (5.58a) we obtain
2oV Q? (— cos Qt cos ¢ — sin Qt sin p)
+2CxoVQw (— sin Qt cos ¢ + cos Ot sin )
+ao Vw?  (cos Qt cos p + sin Qt sin ) = zoFEw? cos QL.
With the frequency ratio n = Q/w this leads to
(—=Vn?cosp +2(Vnsinp + V cosp — E) cos Ot
+(=Vn?sing — 2¢Vncosp + Vsing)sinQt = 0.

This equation has to be satisfied at all times ¢. Therefore the terms
in both parentheses have to vanish:

V (=n*cosp +2(¢nsing + cos ) = E, (5.60a)

—n?sing —2¢ncosp +sing = 0. (5.60b)
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We can calculate the phase angle ¢ from (5.60b):

2¢n
1—n2°

tanp = (5.61)

Using the standard trigonometric relations

ta 1
Y S
V1 +tan?p V1+tan? o

we obtain the magnification ratio V', also called frequency response

from (5.60a):

sing =

E
VPP

Corresponding to the three values of E in (5.58b) we obtain
three different magnification factors V;. They are displayed in the
Figs. 5.23a—c for several values of the damping factor (. If the
excitation of the system is due to a force acting on the block or if
the system is forced into vibration via the spring (case 1: E = 1),
the magnification factor is given by V7 (Fig. 5.23a) where

V =

(5.62)

Vi(0)=1, vi(1) Vi(n—o0) = 0.

1
=5
If ¢2 £ 0.5 the curves take on their maximum values V;,, =
1/(2¢+/1 = ¢2) at 0, = /1 —2¢2. Note that the maximum va-
lues are mot located at the positions of the natural frequencies of
the damped vibrations. In the case of small damping (¢ < 1) we
get = 1 and Vi, &~ 1/2¢ (resonance); in the limit ¢ — 0 the
magnification factor V; converges towards the magnification fac-
tor (5.49). If ¢2 > 0.5 the curves decrease monotonously towards
Zero.

In the case of the forcing via the damper (case 2: E = 2(n) we
obtain V5 (Fig. 5.23b). Here,

V2(0) =0, Va(1)=1, Va(n—00)—0.
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The maximum value V5, = 1 is independent of ( and is always
located at n,, = 1.

An unbalanced rotation (case 3: E = n?) is represented by V3
(Fig. 5.23c) where

V3(0) =0, Vs(1) Vs (n —o0) = 1.

1
= Q_C’
If ¢? < 0.5 the curves attain their maximum values V3, = 1/(2¢
V1—¢2) at ny, = 1/4/1 = (2. For ¢? > 0.5 they increase mono-
tonically towards 1. Small damping leads to 1, ~ 1, V3, = 1/2¢
(cf. case 1).

The phase angle ¢ is independent of F, see (5.61). Therefore
it is the same for the three cases. It represents the delay of the
response relative to the excitation. Fig. 5.23d shows ¢ as a function
of the frequency ratio n. Here we have

e0)=0, (1)=7/2, ¢ —o0)—>m.
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In the case of a small forcing frequency (7 < 1) excitation and
response are “in phase” (¢ =~ 0); in the case of a large forcing
frequency (n > 1) they are 180° out of phase (¢ ~ ). In the
limit ¢ — 0 we have a discontinuity at n = 1, namely a jump of
the phase angle ¢ from 0 to 7.

c

I
Vi) o L

R Fig. 5.24

Table5.1

Mechanical system Elektrical circuit
x displacement Q electric charge
v=2a velocity I =@ electric current
m mass L inductance
d damping coeflicient R resistance
k spring constant 1/C  1/capacitance
F force 1% voltage

Finally we want to show that there exists a relationship between
an electrical circuit and a vibrating mechanical system. As an
example let us consider the electrical circuit shown in Fig. 5.24. It
consists of a capacitor (capacitance C), an inductor (inductance
L) and a resistor (resistance R). If a voltage V(t) = Vycos
is applied, the change of the electric charge @ (electric current
1= Q) is described by
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LQ+RQ+%Q=VQCOSQt.

If we replace L by m, R by d,1/C by k,Vy by Fy and Q by «z,
we obtain the equation of motion (5.51) of a vibrating mechanical
system.

Thus, there exists an analogy between an electrical circuit and
a mechanical system. The corresponding quantities are shown in
Table 5.1.

Example 5.8 A device to measure vibrations is schematically shown
in Fig. 5.25a. The encasement is forced into harmonic vibration
according to x, = xgcos{t. The amplitudes of the forcing, xq,
and of the response are supposed to coincide for a large range of
the forcing frequency €2 and for arbitrary values of the damping
coefficient.

Determine the required parameters k& and m.

m

T =z0c08 ) J x
k d
| k(x—ag) d(k—ig)

a b

Fig.5.25

Solution We introduce the coordinate x, measured from a fixed
point as shown in Fig. 5.25b. Then the displacement and the velo-
city, respectively, of the mass relative to the encasement are given
by x — z, and & — & . This yields the equation of motion

T: mi=—k(z—2g)—d(@—1g). (a)

The device measures the displacement x, = x — xg relative
to the encasement. Using &, = & — &, & = & — &, and ¥, =
—20Q? cos t, we obtain from (a)

E5.8
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mi, + d iy, + kz, = mQ% zocosQt .

Dividing by m and using the abbreviations (5.54) leads to a dif-
ferential equation which is analogous to (5.57), case 3:

T+ 283, + wlr, = w? 7]2 To cos 2t .
The steady state solution is given by (5.59):
Ty = xp = x0 Va3 cos (U — ).

The measured amplitude and the amplitude of the forcing coincide
if the magnification factor is equal to 1, i.e. V3 = 1. Fig. 5.23c
shows that this requirement is approximately satisfied for > 1,
independent of the damping ratio ¢. Thus,

k
W0 - <0’
m

Hence, the natural frequency of the undamped vibrations has to
be much smaller than the forcing frequency (soft spring!).

5.4 Systems with two Degrees of Freedom

5.4.1 Free Vibrations

In the following we will investigate free vibrations of systems with
two degrees of freedom. As an example let us consider the system
shown in Fig. 5.26a which consists of two blocks and two springs.
We introduce the two coordinates x7 and xo which describe the
positions of the blocks. The coordinates are measured from the
equilibrium positions of the blocks (Fig. 5.26b).

To obtain the equations of motion we make use of Lagrange’s
equations of the second kind. The kinetic and the potential energy,
respectively, are given by

T = lml $% + %mQ i%,

? (5.63)

V = %kl LL‘% —+ %kg (1‘2 — IL'1)2 .
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ky

my T
T '

ko -

ma I

T2

0, ZSAZ
1, 78A1

Fig.5.26 a b

With the Lagrangian L = T'—V we obtain the equations of motion
from (4.36):

my &1 + kyxy — ko(22 — 1) =0,
Mo To +l~c2(x2—x1):O
or
my &1 + (k1 + k2)z1 — k2 x2 = 0,
(5.64)
Mo Lo — kox1 + koo =0.

We assume the solution of this system of two coupled homoge-
neous differential equations of second order with constant coeffi-
cients to be of the form

x1 = Acoswt, x5 = Ccoswt, (5.65)

where A, C and w are as yet unknown. We insert (5.65) into (5.64)
and obtain the homogeneous algebraic system of equations

(/ﬁ + ko —m1w2)A—k:2C'=0
(5.66)

—k2A+(k2—m2w2)C:O
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for the constants A and C. The trivial solution A = C' = 0 leads
to 1 = 29 = 0 (see (5.65)). In order to find a nontrivial solution,
the determinant of the matrix of the coefficients has to vanish:

k1+k2—m1w2 — ko
Alw) = =0. (5.67)

—kg k‘g —m2w2

This yields the characteristic equation

(k1 4 ko —mq w?) (ke —maw?) — k2 =0 (5.68)
or

mimaw? — (my ko +moky +moky)w?+kiky=0. (5.69)

The characteristic equation is a quadratic equation for w?. Its
solutions w? and w3 are positive according to Decartes’ rule of
signs:

k1 ko 9 9 mike+maki +maks

R— > O7 w1 + LUQ = R > O .
1 2 1 2
(5.70)

The two values wy and ws are the two natural frequencies (eigen-
frequencies) of the system. We will number them so that we > wy.

The constants A and C are not independent. To find the re-
lationship between these constants we insert one of the natural
frequencies, for example wy, into the first equation of (5.66). Then
we find the ratio between the corresponding amplitudes A; and
Cll

(k1 + ko —miw)A; —ky C1 =0
& k‘1+k'2—m1w%
W =-—=————-—.
A ko

Note that the same result is obtained if we insert w; into the
second equation of (5.66). With (5.71). Equation (5.65) becomes

(5.71)

r1 = Ay coswit, o= pu1Ajcoswit. (5.72)
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If we insert the second natural frequency ws into one of the
equations (5.66) we obtain

Cy  ki+ko—miw3

=2 = 5.73

e = T (5.73)
and

r1 = Agcoswat, o = pgAs coswst . (5.74)

We find two additional independent solutions of (5.64) if we
replace the cosine function in (5.72) and (5.74), respectively, by
the sine function. The general solution of (5.64) is a linear combi-
nation of these four independent solutions. Thus, it is given by

r1 = Aj coswit + By sinwit + As coswat + B sinwst, ( )
5.75
To = U1 Aj coswit + w1 By sinwit + po As coswat + o Ba sinwot .

The four constants of integration can be calculated from the initial
conditions. Note that w1, wa, p1 and uo are independent of the
initial conditions.

If the initial conditions are chosen appropriately all the integra-
tion constants except one in the general solution (5.75) are zero.
Then both blocks move in the form of a cosine (or sine) function
only with the first natural frequency or only with the second one
(cf. (5.72) or (5.74)). The blocks attain their maximum displace-
ments simultaneously and pass their equilibrium positions simul-
taneously. Such motions are called principal modes of vibration or
eigenmodes.

We will now continue the example using the parameters m; =
m, mo = 2m, and k1 = ko = k. Then (5.69) yields the characte-
ristic equation

2m2wt —5emw? + k2 =0 (5.76)
with the solutions
1 k k
2 =_(5-17)— =0.219 —
wl 4 ( \/7) m m’

(5.77)
1 k k

==+ VI7)—=228—.
4 m m

S
v}
I
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Hence, the natural frequencies are

k k
wi = 04681/ —, wy =151/ — (5.78)
m m

and the ratios between the amplitudes follow from (5.71) and
(5.73):
2k — mw?

=t =2 w? =1.78,

5.79
2k — mw3 (5.79)

MQ:T 2 —

=3 =|3

wi = —0.28.

Let us first assume that both blocks vibrate with the first na-
tural frequency wy (first principal mode of vibration). Then both
displacements x; and zo always have the same algebraic sign sin-
ce p1 > 0: both blocks always move in the same direction; they
vibrate “in phase”. On the other hand, if the vibration takes place
with the second natural frequency ws (second principal mode of
vibration) the algebraic signs of z7 and x5 are always different
because po < 0: both blocks always move in opposite directions;
they vibrate 180° out of phase. Fig. 5.26¢ illustrates the displa-
cements at a fixed time, i.e. the mode shapes, for both cases. A
vibration with arbitrary initial conditions is obtained through a
superposition of the two principal modes.

The equations of motion (5.64) are coupled in the coordinates
x1 and xo. If we introduce the matrices

m = ml 0 s k:
0 mao

and the column vectors

T = [“] - [”] (5.81)

we can write them in the form of a matrix equation:

(5.80)

ki+ky —ko
— ko ko

mi+kx=0. (5.82)
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Frequently the equations of motion are also coupled in the ac-
celerations #; and iy (cf. Example 5.9). Then the matrix m in
(5.82) is no longer a diagonal matrix. Thus in the general case the
matrices m and k are given by

m — [mll 77112]7 k= [ku k’w]_ (5.83)

Mmao1 Mag ko1 koo

Note that the type of the coupling depends on the choice of the
coordinates, not on the mechanical system. Coordinates can also
be chosen where k is diagonal.

To solve the differential equation (5.82) a solution in the form
of x = Ae'“! may be assumed. This is equivalent to (5.65); via
the characteristic equation it also leads to the natural frequencies
and the principal modes.

Example 5.9 A cantilever beam (with negligible mass, flexural
rigidity FI) carries two mass points (m; = 2m,my = m) as
shown in Fig. 5.27a.

Determine the natural frequencies and the principal modes of
vibration.

Solution The position of the system is uniquely determined by
the deflections wy and wy of the two mass points (Fig. 5.27b).
Therefore the system has two degrees of freedom.

If the mass points are displaced they are subjected to the resto-
ring forces Fy and Fy (Fig. 5.27¢). Thus, the equations of motion
are

mlﬂ'ﬂ:—Fl, mgwgz—Fg. (a)

The relationship between the forces Fi, Fy and the deflections
w1, ws can be obtained with the aid of the influence coefficients
a;k (see Volume 2, Section 6.4):

wy =11 F1 +a12 Fy,
(b)

wg = g1 F1 + aga Fy.
Here, « i is the deflection at position ¢ due to a unit force at
position k. If we insert the forces according to (a) into (b) we get

E5.9
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| mq mo *F]

t
|
!
|
O;

Vw g
| \O\C) ‘ cigenmode 3,06 Al

b
nd eigenmode I
65 A
Fig. 5.27
11 miwr + oo ma e +wy =0,
aglmlﬂ'}l +a22m21'[)2 + wo = 0.
With the influence coefficients
3 3 513
] = ———, Qoo =——, Q|o2=Q9] = ———
11 A F]’ 22 SEL 12 Qg1 ASEI’
3
the abbreviation « = ——— and the parameters m; = 2m, mg =
ASET P ! 2

m we obtain
damin + bamwe + wy =0,

IOamwl + 16am1l}2 -+ wo =0.

Now we assume a solution of the form
wy = Acoswt, wy = C coswt
which leads to the system of linear equations
(1—4amw*)A—5amw?C =0,

—10amw?A+ (1 —-16amw?)C =0.
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The characteristic equation

da?m?w? —20amw?+1=0

yields the natural frequencies:

s 10—+/86

i 0.0519/(am) — w1 =0.23/am,
10 4+ v/ 86

Wi = 0 VED 1.377/(am)  —  wy =1.17/\Jam.

14 am _—

We obtain the ratios between the amplitudes by inserting the na-
tural frequencies into (c):

C:  1—4damuw?

=—=———=3.06
H1 Aq 5amw? ’
Cy 1—4amw§
== =——-2=-0.65.
H2 Asy 5 am w3

The principal modes of the vibration (Fig. 5.27d) are given by
these ratios. The mass points vibrate in phase in the first principal
mode and 180° out of phase in the second one.

Example 5.10 A frame consists of two rigid horizontal beams (mas-
ses my and my) which are rigidly attached to two elastic columns
(with negligible masses) as shown in Fig. 5.28a. Given: m; = 1000
kg, mg = $my, E =210 GPa, I = 5100 cm*, h = 4.5m.

Determine the natural frequencies and the principal modes of
vibration.

Solution Since the columns are elastic the beams undergo hori-
zontal displacements (cf. Example 5.4). We denote these displa-
cements by w; and wy (Fig. 5.28b). The frame is replaced by the
equivalent model in Fig. 5.28¢c where the spring constants
24 FEI

ki=hy=k="7 (a)
are known from Example 5.4 (two columns in parallel). Thus,
the kinetic energy 7' and the potential energy V are given by

E5.10
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m wy

El El

3
s e >

a b c
Al /’12
24, [ Az
d 1%t eigenmode 27d eigenmode
Fig.5.28
(cf. (5.63))
; 1 , 1 .5 3.
T= Emlw% +§m2w§ = §m(w% +§w§)7
1 2 1 2
Vzik(wl—wg) +§kw2,

where m = my. With L = T — V, Lagrange’s equations (4.36)
yield

mw, + kw; — kwy =0,

3miwg —2kw +4kwy =0.
Assuming a solution in the form
wy = Aet  wy = C et

we obtain the system of linear equations
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(k—mw?)A—-kC =0,
—2kA+ (4k-3mw?)C =0.
The characteristic equation
3miwt —Tkmw? + 2k =0
has the solutions

k 2k
2 _ _— 2 _ —

TT I 2T

Using (a) we finally get

2FE1
m h3

3EI

W =751 S_1 .

=307s", wy=4

LU1:2

These circular frequencies are equivalent to the frequencies f; =
4.9 Hz and fy = 12.0 Hz.

The ratios between the amplitudes follow after substituting the
natural frequencies into (b):

01:17@2 2

=g kT30
CQ my o

:—:]_—— :—1'
12 AQ kw2

The mode shapes are shown in Fig. 5.28d.

5.4.2 Forced Vibrations

We will investigate forced vibrations of a two degrees of freedom
system with the aid of an example only. Let us consider the system
in Fig. 5.29a. A block (mass mq) is supported by two springs
(spring constant of each spring k1/2). It can move in the vertical
direction and is subjected to a harmonic force F' = FycosQt. A
second block (mass ms) is suspended from the first one by another
spring (spring constant k2). We measure the coordinates z; and
29 from the equilibrium positions (F' = 0) of my and ms. Then
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l F=FycosQt lFO cos )t

I

X1 XZ

my
kl kl
5 ko ) ko (29 —m1)
m
2 lw'g (,1'27,171>
Qr /

w1 Q w1 w2 Q
Fig.5.29
we obtain the equations of motion (see Fig. 5.29b)
miax; = —2- %kl x1 + ko ($2 — (El) + Fy COSQt,
ma o = —k2 (v2 — 21)
or
mi1 21 + (kl + kz)xl — ko o = Fj cos Ut (584)

Mo Lo — kox1 +koxeo =0.

This is a system of inhomogeneous differential equations of se-
cond order. The general solution z; (j = 1,2) is composed of the
solution z,, of the homogeneous differential equations and a par-
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ticular solution z;, of the inhomogeneous differential equations:
Zj = Tjn + xjp. Since the solution x;;, decays due to the damping
which is always present in real systems (cf. Section 5.3.2) we will
consider only the particular solution z;,. We assume this solution
of (5.84) to be of the form of the right-hand side:

T1p = Xyjcos U, x9, = XgcosQt.

Introduction into (5.84) leads to
[(k1 + kg — my Q%)X — ko X3 cosQt = Fy cos Qt,
[— ko X1 + (k2 —m2 Q%) X32]cosQt =0

and thus to the inhomogeneous system of linear equations

F
(M—QQ>X1—%X2:m—O,
1 1

(5.85)
7EX1+ (E—QQ>X2—O
2 ma
for the amplitudes X; and Xo. Equations (5.85) have the solution
& (ﬁ _ QQ) &]2
mi \ma2 mi1 Mo
Xi=—""%, Xo=—"—= .
s R Xo= TR, (5.56)
where
ki +k k k3
AQ) = (L - 92) <—2 - Q2> o (5.87)
mi mo mq meo

is the determinant of the matrix of the coefficients of (5.85).

Equation (5.87) can be simplified. According to Section 5.4.1
the natural frequencies wi and ws of the free vibrations follow
from the characteristic equation

2
Aw) = (M w2> (’“2 w2> _ Ry (5w
mi mo mimsa

It has the solutions w? and w? and can therefore be written in the
form

Aw) = (W? —wh)(W? —w3) =0. (5.89)
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The comparison of (5.87) and (5.88) yields with (5.89) the relation
A(Q) = (% - wi)(Q* — w3).

Thus, (5.86) becomes

&(E_Q2> &ﬁ

mi \\Mm2 mi Mo
Xo = . .
@ (@) T @) 0%

X, =

The graphs of the amplitudes X; and Xs versus the forcing fre-
quency (2 are qualitatively shown in Fig. 5.29c. The amplitudes
approach infinity (denominator equal to zero, undamped vibrati-
ons) for = wy and 2 = wy: there are two resonant frequencies.
If the forcing frequency is equal to Q. = \/ka/ms, then the
amplitude X; vanishes: X; = 0. In this case the mass m1 does not
move; only the mass my vibrates. The frequency of this vibration
is given by the eigenfrequency 4/k2/mz of the single-degree-of-
freedom system consisting of the spring ko and the mass mso. This
phenomenon can be exploited if the displacement of the mass my
and thus the forces which are transferred to the ground from the
springs are to be kept small. The spring-mass system ko — mo is
called a dynamic vibration absorber or a tuned mass damper.

5.5 Supplementary Examples

Detailed solutions to the following examples are given in (A)
D. Gross et al. Formeln und Aufgaben zur Technischen Mechanik
3, Springer, Berlin 2010, or (B) W. Hauger et al. Aufgaben zur
Technischen Mechanik 1-3, Springer, Berlin 2008.

Example 5.11 The system in Fig 5.30 consists of three bars and a
beam (with negligible masses) and a block (mass m).

Determine the circular frequency EA EA T
of the free vertical vibrations. P I
Result: see (A) 51 i

2 Q 0
w;ﬁ(ﬁm BAP) AT &
m

! 1+v2 (IO SIS
Fig.5.30
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Example 5.12 The system in Fig. 5.31 consists
of a homogeneous drum (mass M, radius r), a
block (mass m), a spring (spring constant k)
and a string (with negligible mass). The sup-
port of the drum is frictionless. Assume that
there is no slip between the string and the
drum.

Determine the natural frequency of the sys-
tem.

2k
Rebult. see (B) W = m . Fig. 5.31
Example 5.13 Two drums rotate in opposite directions as shown
in Fig. 5.32. They support a homogeneous board of weight W.
The coefficient of kinetic friction [R—
between the drums and the

W
board is . ' |
\ /
Show that the board under- 0 K H )()
goes a harmonic vibration and .
determine the natural frequency. e 0 — ]

Fig.5.32
Results: see (A) &+ Q[Lg r=0, w= 2ug .
a V "a

Example 5.14 A homogeneous bar (weight W = mg, length ) is
submerged in a viscous fluid and undergoes vibrations about point
A (Fig. 5.33). The drag force F, acting
on every point of the bar is proportio-

nal to the local velocity (proportiona-
lity factor 3).

Derive the equation of motion. Ass-
ume small amplitudes and neglect the
buoyancy. Calculate the value g = §*
for critical damping.

l 3 - 6
Results: see (A) ¢+ (ﬁ—) O+ (2—?> =0, B*= mo/29
m

E5.12

E5.13

E5.14
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Example 5.15 The pendulum of a clock consists of a homogeneous
rod (mass m, length /) and a homogeneous disk (mass M, radius
r) whose center is located at a distance a from point A (Fig. 5.34).

Assume small amplitudes and deter-

mine the natural frequency of the cor- A
responding oscillations. Choose m = M
and r < a and calculate the ratio a m
a/l which yields the maximum eigen- l l '
frequency. —-
— 2

(ml+2Ma)g M AD 2

Results: see (B) w=4/———= Ve 530
2®A AN L g. J.

with ©4 = m1?/3+ M (r* +24%)/2,

Example 5.16 The system in Fig 5.35
consists of a homogeneous pulley
(mass M, radius r), a block (mass m)
and a spring (spring constant k).
Determine the equation of motion
for the block and its solution for the
initial conditions x(0) = 0, v(0) = vo.
Neglect the mass of the string. —
Results: see (A) Fig.5.35

. k vy . k
it——mg—r=0 — 2(t) = —sinwt, w=, K [—7s—.

Example 5.17 A wheel (mass m, radius ) rolls without slipping
on a vertical circular path (Fig. 5.36). The mass of the rod (length
[) can be neglected; the joints are frictionless.

Derive the equation of mo- /\
tion and determine the natu- !

ral frequency of small oscilla- 1 \7
tions.

Results: see (B) m

: s &,
¢+ Tsinp=0, w=4/2. Fig. 5.36

3l 3l
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Example 5.18 The simple pendulum in Fig. 5.37 is attached to a

spring (spring constant k) and a dashpot (damping coefficient d).

a) Determine the maximum value of
the damping coefficient d so that e -
the system undergoes vibrations. ﬁ
Assume small amplitudes.

b) Find the damping ratio ¢ so that O—II—” %
the amplitude is reduced to 1/10 d “
of its initial value after 10 full cy- k i
cles. Calculate the corresponding Fig. 5.37 O"NWW'I‘
period T,. m

Results: see (A)

a

2
gm 2am
d k —_— =0.037, Tyg=2my/—.
< 8y km + 2a ’ ¢ ’ d ™\ 2ak + gm

Example 5.19 The structure in Fig. 5.38 consists of an elastic beam
(flexural rigidity ET, axial rigidity EA — oo, with negligible mass)
and three rigid bars (with negligible masses). The block (mass m)
is suspended from a spring (spring constant k).

Determine the eigenfrequency of the vertical oscillations of
the block.

‘4* a —»‘k a —»‘k a —»‘

anl

k

="
Fig.5.38

kEI

Result: see (B) w = (ka®+ EDm’

E5.18

E5.19
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Example 5.20 A rod (length I, with negligible mass) is elastically
supported at point A (Fig. 5.39). The rotational spring (spring
constant kp) is unstretched for ¢ = 0. The rod carries a point
mass m at its free end.

Derive the equation of motion.
Determine the spring constant so
that ¢ = 7/6 is an equilibrium posi-
tion. Calculate the natural frequen-
cy of small oscillations about this
equilibrium position.

Results: see (B)
kr 3v3

p= gcoscpf—go, kr = —mgl, w=
l mi? 7r

Example 5.21 A single storey frame consists of two rigid columns
(with masses negligible), a rigid beam of mass m and a spring-
dashpot system as shown in Fig. 5.40.
The ground is forced to vibration by
an earthquake; the acceleration iip =

bocos it is known from measurements.

Determine the maximum amplitude
of the steady state vibrations. Assume
that the system is underdamped and
that the vibrations have small ampli-
tudes. —-—

b 3 ///
Result: see (A) A= 2\/550 % .

i

Fig. 5.40

Example 5.22 The undamped system in Fig. 5.41 consists of a
block (mass m = 4 kg) and a spring (spring constant k = 1
N/m). The block is subjected to a force F'(t). The initial conditions
x(0) = 29 = 1 m, ©(0) = 0 and the response

t t—1T
z(t) = o {cos oTh +20 <1 — cos T ) (t — T)O}
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to the excitation are given. Here, x(t)
to=1s,T=5sand (t-T)=0 L -
for t < T and (t —T)° = 1 for AN m ’

Calculate the force F(t).

Fig. 5.41
Result: see (B) F(t)=0fort<T, F(t)=20Nfort>T.

Example 5.23 A simplified model of a car (mass m) is given by
a spring-mass system (Fig. 5.42). The car drives with constant
velocity vg over an uneven surface in the form of a sine function

(amplitude Up, wave length L). — Vo
a) Derive the equation of moti- T m
on and determine the forcing x Uo
frequency € ﬂ\k/ﬂ\
b) Find the amplitude of the ver- ’
tical vibrations as a function | I |
of the velocity vg. Fig. 5.42 ‘

c¢) Calculate the critical velocity v. (resonancel!).
Results: see (A) ma + kz = k Uycos Qi ,

0 2’/T’UO Uo v L k
= xrTn = ——— e = — —_—.
L T ioqrme 2\ m

Example 5.24 A homogeneous wheel (mass m) is attached to a
spring (spring constant k). The

wheel rolls without slipping on m
a rough surface which moves k C
according to the function u = "
upcosQt (Fig. 5.43). o Z o
a) Determine the amplitude of

the steady state vibrations. Fig.5.43
b) Calculate the coefficient p of static friction which is necessary

to prevent slipping. k

: _ Uo uQ? | Q2
Results: see (A) |zo| = 5T , fo > 30 |2 k
3 ’g mQ? 3 m2

E5.23

E5.24
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5-6 5.6 Summary

e Differential equation for harmonic vibrations:

i+w?r=0 — ax=Ccos(wt—a),

w=2n/T =2x f circular frequency.

e Springs in parallel, springs in series:

. 1 1
e Underdamped free vibrations:

F+2t+wlz=0 — 2z=Ce *cos(wgt—a),
¢ normalized damping coefficient, wgq = wy/1 — (2

circular frequency, ¢ =¢/w damping factor.

e Undamped forced vibrations:

4+ w?r =wlrgcosU —  xp, =m0V cosQt,

Q forcing frequency, V = 12 magnification factor,
-

n=Q/w frequency ratio, resonance: Q=w, V — 0.

e The magnification factor V' depends on the type of the forcing
(e.g., excitation through a force, rotating eccentric mass) in
the case of damped forced vibrations.

The phase angle ¢ is independent of the type of forcing.

e A system with two degrees of freedom has two natural frequen-
cies: w1 and wo.

e First principal mode of vibration: both masses vibrate in phase
with the frequency w;. Second principal mode of vibration:
both masses vibrate 180° out of phase with the frequency ws.
Exception: degenerate systems.

e Dynamic vibration absorber (tuned mass damper): for a given
mass me and a given spring constant ks a vibration absorption
takes place for a forcing frequency of Qp = /ka/meo.
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Objectives: According to Section 1.2.1 Newton’s law in
the form ma = F' is valid in a reference frame that is fized in
space. Such a reference frame is an inertial frame. The notion of
an inertial frame will be discussed in more detail in Section 6.2.

Sometimes, however, it is advantageous to describe the motion
of a body relative to a moving frame of reference. For this reason
we need to know the relationships between the kinematic quanti-
ties in fixed and in moving frames and we have to apply Newton’s
law in a form that is valid in a moving reference frame.

D. Gross et al., Engineering Mechanics 3,
DOI 10.1007/978-3-642-14019-8 6, © Springer-Verlag Berlin Heidelberg 2011
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6.1 Kinematics of Relative Motion

6.1.1 Translating Reference Frames

In this chapter we will investigate the spatial motion of a particle
P using two different coordinate systems (Fig. 6.1). The z,y, 2-
system is fixed in space. The &, 7, (-system with the unit vectors
e¢, e, and e; undergoes a translation relative to the fixed system
(rotating systems will be considered in Section 6.1.2).

Fig. 6.1
The position vector r to point P can be written as
T =17y + Top (61)

where rop = {e¢ + ne, + (ec. We call the velocity of point P
measured in the fixed system the absolute velocity. It is obtained
by taking the time derivative of the position vector (cf. Section
1.1.1):

Vg =T =70+ Top (6.2)

where rop = feg +ne, + éeg (the unit vectors have a constant
direction and are therefore independent of the time). We added
the subscript a at v, in order to distinguish the absolute velocity
from other velocities which will be introduced in the following.

Analogously, the acceleration of point P measured in the fixed
coordinate system is called the absolute acceleration. It is defined
as the time derivative of the absolute velocity:

a, =V, = Ty + Top (63)

with 7op :éeg +ﬁen+&e<.

6.1
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The terms 7y and #(, respectively, in (6.2) and (6.3) are the
absolute velocity and the absolute acceleration of the origin 0 of
the translating £, n, (-system. We refer to 7o = vy and 7y = ay
as the velocity of reference frame and the acceleration of reference
frame. The terms rgp and 7qp, respectively, are the velocity and
the acceleration of point P relative to the translating frame. The-
refore, rgp = w, is called the relative velocity and Top = a, is
referred to as the relative acceleration of point P. They are the
velocity and the acceleration which are measured by an observer
who is fixed in the moving frame. Thus, Equations (6.2) and (6.3)
can be written as

Vg =Vf +Vp, Qg=ay+a, (6.4)

in the case of a translating frame: the absolute velocity (accelera-
tion) is the vector sum of the velocity (acceleration) of reference
frame and the relative velocity (acceleration).

6.1.2 Translating and Rotating Reference Frames

We will now investigate the velocity and the acceleration, if the
moving frame undergoes a translation and a rotation relative to
the fixed frame.

Fig. 6.2
The position vector r to point P is again given by (Fig. 6.2)
r =170+ Top (65)

where rop = { e¢ +ne, + (ec. The absolute velocity of point P is
obtained by taking the time derivative of the position vector:
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Vg =T =79+ Top.- (66)

Since the directions of the unit vectors e¢, e, and e¢ are not con-
stant in a rotating system we have

rop = (Eec +ne,+Cec)+ (Eéc+né, +Ceéc). (6.7)

The moving frame rotates with the angular velocity w. Therefore,
in analogy to (3.5), the time derivatives of the unit vectors are
given by

be=wxXe, € =wxe, € =wXec. (6.8)
Thus,

Eée+né,+(ér=Ewxe+nwxe,+(wXec
=wx (fec+ne,+(ec) =wxTop,

and (6.7) becomes

= (Eec+re,+Cec)+wxrop. (6.9)

dt

The terms in the parentheses represent the time derivative of rop
relative to the moving frame. We distinguish the time derivatives
relative to the moving frame by an asterisk:
d*’l"op
dt
Then (6.9) can be written as

zfeg+ﬁen+ée¢.

*rop

dt

Top = +w X rop. (6.10)

This relationship between the time derivative of vector rop rela-
tive to the fixed system and to the moving system, respectively,
holds analogously for arbitrary vectors.

Inserting (6.10) and the velocity vg of the origin of the moving
system into (6.6) yields
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d*T‘QP
vV, = Vg +w X rop + i (6.11)
This equation may be written compactly as
Vg = Vf + Uy (6.12a)
where
Vy =v9+w XTrop,
_ &*rop (6.12b)

T T

The velocity vy is the velocity which point P would have if it was
fixed in the moving frame. The relative velocity v, is the velocity
of point P relative to the moving system. It is the velocity which
is measured by an observer fixed in the moving frame.

The absolute acceleration of P is obtained by taking the time
derivative of the absolute velocity:

Qg =V, =Vf + 0, =09+ (W X Top) + V. (6.13)

Using (6.10) and (6.12b), the second term on the right-hand side
of (6.13) can be written as

(wxrop)' =W X Trogp +w X rop

*

d
=wXrogp+wx < TOPerxrop) (6.14)

dt
=wXrogp+wxXv,+wx (wXrp).

In analogy to (6.10) the last term in (6.13) is given by

d*v,
b, = dqt’ twxo, (6.15)
where
d*v,

:EnngrﬁenqueC.

dt
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If we insert (6.14) and (6.15) into (6.13) we obtain
*’vr

dt

Here, ¥y = ag is the acceleration of point 0. We can write (6.16)

a, =Vo+wXrop+w X (wX7rop) + +2wxwv,. (6.16)

in the form

a, =ay+a,+a. (6.17a)

where

af =ap+wXrop+w X (wXrep),

o — d*v, d%*ryp
S N T (6.17b)

a. =2w X v, .

The acceleration ay is the acceleration which point P would have
if it was fixed in the moving frame (compare (3.8)). The relati-
ve acceleration a, is the acceleration of point P relative to the
moving system. It is the acceleration which is measured by an
observer fixed in the moving frame. The term a. in (6.17a,b) is
called the Coriolis acceleration after Gaspard Gustave de Coriolis
(1792-1843). It is orthogonal to w and to v, and it vanishes if a)
w =0, b) v, =0 or ¢) v, is parallel to w.

The relations for vy and ay in (6.12b) and (6.17b) can be sim-
plified with the aid of polar coordinates in the special case of a
planar motion. We choose the coordinate system in such a way
that the axes z,y and &, n lie in the plane of the motion (Fig. 6.3).
Then the angular velocity vector w points in the direction of the
¢-axis. With 7op = re, and w = we¢ we obtain

W X Top =TWe,, W XTop=TWe,,
w X (WX rop) = —rwie,.

Thus, the relations for the fixed frame velocity and the fixed frame
acceleration reduce to
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Fig. 6.3
vf =0y +TWey,, af = ag+rie, — rw’e, (6.18)
(compare Section 3.1.3).

Example 6.1 Two circular disks (radii Ry = 2R, Rs = R) are
supported as shown in Fig. 6.4a. They rotate without relative
slipping. The constant angular velocity w; of disk (1) is given. An
observer is located at point 0; he rotates with disk (D).

Determine the velocity and the acceleration of point P on disk
(2) as measured by the observer.

Fig. 6.4

Solution Since there is no slip between the disks, the points of
contact on both disks have the same velocity. Thus,

Riwi =Rows — 2Rw;=Rwy — wy=2w;.
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The rotating coordinate system &, n (Fig. 6.4b) is fixed to disk (D).
The rotating observer measures the relative velocity

Uy =V, — U5 (a)

of point P (see (6.12a,b)). The absolute velocity of point P is
given by v, = Rows = 2 Rwy (directed downwards, see Fig. 6.4c)
since disk (2) rotates with the angular velocity ws = 2wy. In order
to determine the velocity of the frame of reference vy we imagine
point P to be fixed in the rotating &, n-system, i.e. fixed in the
rotating disk (1). In this case it would move on a circle with the
radius 4 R and angular velocity w;. Thus, we get vy = 4 Rw;
(directed upwards), and (a) yields

v =g —vf = 2Rw; — (=4 Rwy) = 6 Rw; . (b)

The relative velocity v, is directed downwards (Fig. 6.4c).
The rotating observer measures the relative acceleration of point
P. According to (6.17a,b) it is given by

ar =a, —ay —Qac. (c)

The absolute acceleration is a, = Rsw3 = 4 Rw? (centripetal
acceleration); it points to the left (Fig. 6.4d). To determine the
acceleration of the frame of reference we again imagine point P to
be fixed in disk (1). Then we get a; = 4 Rw} (directed to the left).
The Coriolis acceleration is found from a. = 2wy X, (vector wy is
orthogonal to the plane of the disks). We obtain a, = 2wy 6 Rwy =
12 Rw? (to the right). Thus, Equation (c) yields

ay :aa—af—ac:12wa.

The relative acceleration points to the left (Fig. 6.4d).

6.2 Kinetics of Relative Motion

According to Section 1.2.1 Newton’s 2nd Law in a reference frame
fixed in space can be stated as mass X absolute acceleration=
force. If we insert the absolute acceleration given in (6.17a) we
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obtain
ma,=F — m(ar+a,+a;)=F.

Solving for the relative acceleration yields the equation of motion
relative to a moving reference frame:

ma, = F —ma; —ma,.

In addition to the applied (real) forces F' we have the terms —may
and —ma. on the right-hand side. We now introduce d’Alembert’s
inertial force Fy and the Coriolis force F:

F; = —may, F.=-ma.. (6.19)

Then the equation of motion can be written in the form

ma, =F+ F; + F,. (6.20)

Thus, d’Alembert’s inertial force Fy and the Coriolis force F. have
to be added to the real forces F' in the case of a moving reference
frame. The forces Fy and F, are fictitious (pseudo) forces, com-
pare Section 4.1. If the reference frame is translating (w = 0),
then the Coriolis force in (6.20) vanishes.

Let us now consider the special case of a reference frame that is
translating with a constant velocity (uniform motion). Then the ac-
celeration ag and the angular velocity w are equal to zero. Hence,
the fixed frame acceleration and the Coriolis acceleration vanish
according to (6.17b) and the corresponding fictitious forces vanish
according to (6.19). In this case the relative acceleration coincides
with the absolute acceleration (a, = a,). Then the equation of
motion (6.20) reduces to

ma, = F |

which is identical with the equation of motion in a fixed reference
frame.
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All reference frames in which the equation of motion takes the
form ma, = F are called inertial frames. Accordingly, fixed as
well as uniformly moving frames are inertial frames. There are no
fictitious forces if one describes the motion in such a frame.

Example 6.2 Point 0 of a simple pendulum (mass m, length [)
moves upwards with a constant acceleration ag (Fig. 6.5a).
Derive the equation of motion. Determine the natural frequency
of the vibration (assume small amplitudes) and the force in the
string.
n

T«m €,

Fig.6.5 a b l W=mg
Solution We introduce the £, n-coordinate system as depicted in
Fig. 6.5b. It is a translating coordinate system with point 0 as the
origin. According to (6.20) the equation of motion in the moving
system is

ma, =F + F; + F,. (a)
The (real) force F acting at the mass is given by (see Fig. 6.5b)

F = —Ssinpec + (Scosg —mg)e, (b)
and the fictitious forces are

F; = —may = —mage,;, F.=-ma.=0, (¢)

since w = 0. The components of the relative acceleration a, fol-
low from the coordinates of the point mass in the moving system
through differentiation:

E6.2
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& = lsin yp, n = —1lcosp,
S: 1 cos p, n = lpsinp,

E=1pcosp —Ip?sing, 1 =Ipsinp+1p?cosy.

This yields the relative acceleration

a, = {ec +ije, = (Igcosp — 1% sinp)ee
+ (Igsing +1p* cos p)ey, . (d)

If we insert (b) - (d) into (a) we obtain the components of the
equation of motion in the directions of the axes £ and 7:

m (1p cos @ — 1% sin p) = — Ssin g, (e)
m (Igsin g + 1% cos @) = S cos @ — mg — mag . ()
These are two equations for the unknowns ¢ and S. We can eli-
minate S if we multiply (e) with cose and (f) with sing and

subsequently add the two equations. This leads to the equation of
motion

g+ ao

mly = —mgsing —magsing — @+ sinp=0. (g

In the case of small amplitudes (sin ¢ & ¢) of vibration, Equation
(g) reduces to the differential equation for harmonic oscillations

¢+ wio=0
with the natural frequency

g+ ao
l

If point 0 is accelerated upwards, the natural frequency is larger
than the natural frequency for a fixed point 0. On the other hand,
if point 0 is accelerated downwards (ap < 0) the pendulum os-
cillates more slowly. In the special case of point 0 in a free fall
(ap = —g) we get w = 0.

If we multiply (e) with sin¢ and (f) with cos¢ and subtract
the equations we obtain the force in the string:
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S = m[1g” + (g + ao) cos ).

Example 6.3 A point mass m moves in a frictionless slot in a
disk (Fig. 6.6a). It is supported by two identical springs (spring
constant of each spring k/2). The disk rotates with the constant
angular velocity w about point A.

Describe the motion of the mass relative to the rotating disk.
Determine the force that is exerted from the slot on the mass.
Neglect the weight of the mass.

Fig. 6.6

Solution The mass can only move in the slot: it undergoes a
rectilinear motion relative to the disk. We introduce the rotating
coordinate system &, n shown in Fig. 6.6b. Then the motion takes
place in the direction of the n-axis. Hence, £ = 0, f =0, § =0.

The equation of motion (6.20) in the rotating system is given
by

ma, =F + F; + F,. (a)
The forces acting on the mass are the contact force N and the
force 2£7 exerted by the springs (see Fig. 6.6b). Therefore the
external force follows as

F = Nec—kne,. (b)

In order to determine the fictitious forces Fy and F, we first have
to find the acceleration of the frame of reference and the Coriolis
acceleration. The origin 0 of the rotating system is located at
a distance h from the center A of the disk. Its acceleration is
therefore given by ag = —hw?e¢ (circular motion with & = 0).
With » =7 and e, = e, we obtain from (6.18)

E6.3
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a; = —hw’ec —nw’e, — Fy=m(hw’es +nwie,). (c)

The vector of the angular velocity w is orthogonal to the &, n-
plane. Therefore, the Coriolis acceleration and the Coriolis force
follow from (6.17b) with v, = ne,, as

a.=—2nwe — FE=2mijwe¢. (d)
Inserting the relative acceleration

a, =1ey,
and the forces (b) - (d) into (a) leads to

0= N + mhw? + 2mnw,

mij = —kn+ mnw?.

The second equation yields

k
77+<E—w2)77:0.

Thus, the point mass undergoes a harmonic vibration

n = Acosw*t+ Bsinw*t relative to the rotating disk if w? < k/m.

The circular frequency w* = y/k/m — w? is smaller than the cir-

cular frequency +/k/m in the case of a non-rotating disk (w = 0).
The first equation in (e) yields the contact force

N = —m (hw? + 27w).

Example 6.4 A point mass (m = 1000 kg) moves on a great circle
on the rotating earth (R = 6370 km) towards the north pole
(Fig. 6.7a). It has a relative velocity v, = 100 km/h.

Determine the maximum d’Alembert’s inertial force and the
maximum Coriolis force. Neglect the motion of the earth around
the sun.

Solution The earth performs one revolution about its north-south
axis in 24 hours. Thus, the angular velocity of its rotation is given
by

27

== —=7927-107%s" L.
Y= 513600 210
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Fig. 6.7

We introduce the rotating &, 7, (-coordinate system which is fixed
to the earth (Fig. 6.7b). Then the angular velocity vector is w =
weg.

The fixed frame acceleration is equal to the acceleration of the
point of the earth at the instantaneous location of the point mass.
It is obtained from (6.17b) with agp = 0 and w = 0:

a;=wx (wxrop) =— Reospuw?e,.

It is orthogonal to the rotation axis of the earth. The Coriolis
acceleration follows from (6.17a,b):

a. = 2w X v, = 2wu,sinp e

(compare Fig. 6.7¢). It is tangential to the small circle and points
westwards. D’Alembert’s inertial force and the Coriolis force are
thus

F; = mRw?cospe,, F =-2mwusinpe.

D’Alembert’s inertial force reaches its maximum value at the equa-
tor (p =0):

Ff max = mRw? ~ 34 N.

It is small as compared with the weight of the point mass (W =
mg =~ 10* N). The Coriolis force has its maximum value at the
North Pole (¢ = 7/2):
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Fomax = 2mwv, =~ 4 N.

It has to be exerted on the mass otherwise the mass would deviate
from the great circle.

6.3 Supplementary Examples

Detailed solutions to the following examples are given in (A)
D. Gross et al. Formeln und Aufgaben zur Technischen Mechanik
3, Springer, Berlin 2010, or (B) W. Hauger et al. Aufgaben zur
Technischen Mechanik 1-3, Springer, Berlin 2008.

Example 6.5 Point A of the simple

pendulum (mass m, length [) in
Fig. 6.8 moves with a constant ac-
celeration ag to the right.

Derive the equation of motion.

™ Fig. 6.8
Result: see (A and B) lp+gsinp+agcosp =0.

Example 6.6 The two disks in Fig. 6.9 rotate with constant angular
velocities 2 and w about their
respective axes.

Determine the absolute ac-
celeration of point P at the in-
stant shown.

Result: see (B)

2rw Qsinp

ap=|—(a+rcosp)? —rw?cosyp

—rw?sing e @ — Fig. 6.9
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Example 6.7 A horizontal circular platform (radius r) rotates with
constant angular velocity 2 (Fig. 6.10). A block (mass m) is locked
in a frictionless slot at a distance a from the center of the platform.
At time t = 0 the block is released.

Determine the velocity v, of
the block relative to the platform
when it reaches the rim of the plat- i/
form.

Result: see (B) v, =QvVr2 —a®. gy 610 /Q

Example 6.8 A simple pendulum is attached to point 0 of a circular
disk (Fig. 6.11). The disk rotates with a constant angular velocity
); the pendulum oscillates in the
horizontal plane.

Determine the circular frequen-
cy of the oscillations. Assume
small amplitudes and neglect the
weight of the mass.

Result: see (A) w= \/?Q Fig. 6.11 [l

Example 6.9 A drum rotates with angular velocity w about point
B (Fig. 6.12). Pin C'is fixed to the
drum; it moves in the slot of link
AD.

Determine the angular velocity
wap of link AD and the velocity
v, of the pin relative to the link at
the instant shown.

Results: see (B)
Jw - 12wl

257 5

WAD =

E6.7

E6.8

E6.9
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E6.10 Example 6.10 A point P moves along a circular path (radius r)
on a platform with a constant relative velocity v, (Fig. 6.13). The
platform rotates with a con-
stant angular velocity w about
point A. The eccentricity e is gi-
ven.

Determine the relative, fixed
frame-, Coriolis, and absolute
accelerations of P.

2
Results: see (A) a, = —U—T(eg cos ¢ + e, singp),
r

aj=—(e+rcosp)wies —rwisinpe,,
a. = —2wu,(eg cosp + e, sin ),
2 ur)?
a =as+a,+a.=—[ew*+r (w—|— —) cos pleg
r

vr\2 .
—-T (w—i——) smgpen .
T

E6.11 Example 6.11 A circular ring (radius r) rotates with constant an-
gular velocity Q about the z-
axis (Fig. 6.14). A point mass
m moves without friction insi-
de the ring.

Derive the equations of moti-
on and determine the equilibri-
um positions of the point mass
relative to the ring.

Il Fig.6.14
Results: see (B) —m(r¢?cosg +r@sinp) = —mg+ Ny,
—m(r ¢?sing —r Gcosp +rQ?sinp) = N, tan @,

2mrQ¢cosp =N, p1 =0, pa =7, @34 = mtarccos (%) .
r
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6.4 Summary 6.4

e Absolute velocity: v, = vy +v,,

vy =vo +w x rgp fixed frame velocity,
d*rop . .
v, = ——— relative velocity.
dt
e Absolute acceleration: a, = ay + a, + ac,

ar=ap+w xrop+w x (wxrep) fixed frame acceleration,
e

R

a., =2w x v, Coriolis acceleration.

relative acceleration,

e Newton’s 2nd Law in a moving frame:

ma, =F+F;+F,,
F  force exerted on the point mass,
F;=—-ma; D’Alembert’s inertial force (fictitious force),
F.= —ma, Coriolis force (fictitious force).
e If the reference frame is translating with a constant velocity
(af =0, a. = 0), then the equation of motion in the moving

frame is identical with the equation of motion in a fixed frame.
e Fixed frames and uniformly moving frames are inertial frames.
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7.5 SUMMArY .o 350

Objectives: So far we have discussed problems where the
equations of motion could be solved analytically. In many applica-
tions it is difficult or even impossible to find an analytical solution.
In these cases it is necessary to calculate an approximate solution
with the help of an appropriate numerical integration scheme. We
will discuss several numerical methods which enable us to com-
pute numerical solutions of differential equations. You will learn
how to apply numerical methods to treat initial-value problems.

D. Gross et al., Engineering Mechanics 3,
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7.1 Introduction

In the preceding chapters we have discussed the motion of point
masses and rigid bodies in cases where we were able to solve the
equations of motions analytically. In a variety of problems this is
an elaborate undertaking or even impossible. An example is the
equation of motion (5.19) of a simple pendulum, also called an
ideal pendulum: ¢ + (g/!)sing = 0. The analytical solution ¢(t)
of this nonlinear differential equation for finite amplitudes invol-
ves the use of an elliptic integral, i.e., (5.19) cannot be solved with
elementary functions. Only the usage of a small-angle approxima-
tion (p < 1) leads to the much simpler form of a harmonic motion
(cf. Section 5.2.1). Nevertheless, we are able to compute accura-
te approximate solutions for such complicated problems with the
help of numerical methods.

In the following we analyse linear and non-linear differential
equations of first and second order with assigned initial values.
Thus we have what is called initial-value problems of first or se-
cond order. In this chapter we will introduce some basic numerical
methods for solving ordinary differential equations for initial-value
problems. A more detailed discussion of this topic is given in stan-
dard textbooks.

Most numerical solution methods are based on the computa-
tion of approximations for differential equations of first order.
Therefore, we will start with numerical solution techniques for
first-order systems. Higher-order differential equations can always
be transformed into a system of first-order differential equations.
This system can then be solved with the numerical techniques for
first-order systems.

7.2 First-Order Initial-Value Problems

In many applications the equation of motion can be expressed by
a differential equation of first order. As an example let us consider
the acceleration a of a point mass as a function of the velocity v.
Here, we have the general form a = f(v) and we are interested in
an approximate solution of the velocity v(¢) (cf. Section 1.1.3). In

7.1

7.2
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this case the equation of motion is formulated as © = f[v(t)] with
the assigned initial value v(ts) = vs. Here ts; denotes the starting
value of the time interval of interest and vy is the associated initial
velocity.

In the following we consider an ordinary differential equation
of first order

o(t) = flt, z(t)] (7.1)

over a time interval [tg, t.] subjected to an initial condition x5 =
x(ts). The basic idea of the numerical treatment of initial-value
problems is the approximation of the time-dependent course of
the functions z(t) and &(t) at discrete points (mesh points). For
this purpose we perform a time discretization and divide the con-
sidered time interval [tg, t.] in n equally spaced time increments
At (Fig. 7.1). The step size is

A= e ts , (7.2)

n

whereby a discrete point on the time axis is determined by
ti=te+i At with i=0,...,n. (7.3)

In order to simplify the notation we denote the approximate values
at time ¢; with

x; =x(t;) and &; = &(t;) . (7.4)
At At At At
D A A R N
ts to
r | e ! ! e
to 121 2 lhg  tn tn Fig.7.1

The integration of (7.1) from the lower limit ¢; to the upper
limit ¢;4; yields with

/t ) dt = w(tian) — 2(t)

i
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the expression

tit1
sftin) =aft) + [ flt(o)] dt. (7.5)
t;
Equation (7.5) is the basis for a variety of algorithms for the com-
putation of approximate solutions ;1. These algorithms differ
from each other by the choice for the approximation of the inte-
gral term.
The simplest method is Fuler’s method (“foward Euler”):

tiy1

/ Sl 28] dt ~ flt, @] At

— Tyl = T; + f[ti, 137,] At . (76)

If x; is known, we are able to compute f[t;, x;] by a simple evalua-
tion of the given function and thus obtain x;4;. This procedure is
called explicit since Equation (7.6) yields immediately (explicitly)
the unknown quantity x;y1. An illustration of the procedure is
depicted in Fig. 7.2a.

flt,=(t)]

A
flts, i) flti+ 5 2]

|

ts tilo At te ts t; <—4ti+1 te

Fig. 7.2 a At b At

The advantage of Euler’s method is its simplicity of implemen-
tation. However, in order to achieve accurate approximations for
practical problems often a small step size has to be used.

The recurrence formula (7.6) has to be evaluated for i = 0, ..., n.
In order to illustrate the procedure we summarize the algorithm
in Table 7.1 and set ts = 0.
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Table7.1
i ti T fti, @i
0 to=0 Ty = Ts f[to, zo]
1 t1 = At x1 = xo + flto, xo] At flt1, 1]
2 to = 2\t xo = x1 + ft1, 21 At flte, z2]
3 t3 = 3AL x3 = T2 + flta, x2] At flts, x3]
n tn = ni\t Tn = Tpo1 + fltn—1, Tn_1]At fltn, ©n)

As can be seen, the process requires function evaluations row by
row, which can easily be implemented.

A modification of Euler’s method is based on the approximation
of the integral (7.5) by means of the value of the function in the
middle of the time interval [¢;, t;11]. In this case the approximate
solution is given by

fi At
At
The value z; 41 is determined by the explicit computation
At
Tip1 = + f[ti, zi] 5 (7:8)
With the abbreviations
At At
k1 = f[tivxi} and kg = f[ti + ?,xi + ky 7] (7.9)
we obtain the approximate value at ¢; 11 using the formula
Tiy1 = x; + ko At . (710)

This procedure is known as the second-order Runge-Kutta me-
thod (Carle David Tolmé Runge 1856-1927, Martin Wilhelm Kutta
1867-1944), since the error is of the order of At?. The procedure is
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also known as the midpoint method; for a visualization see Fig. 7.2b.
Another algorithm is the fourth-order Runge-Kutta method.
Herein four function evaluations are used for the computation of
an approximate solution. As in the aforementioned midpoint me-
thod we consider results of several explicit computations perfor-
med with Euler’s method. The individual steps within the fourth-
order Runge-Kutta procedure may be summarized as follows:

1

where we have used the abbreviations

kl —f[thxl]y
At At
k2—f[tz+77$i+7k1],
At VAN
k’3=f[ti+7,$i+7k2],

ky = f[t2 + At, x; + At k3] .

Table7.2

i t, T ]Cl k‘z k‘3 k/1 k

01 to | o f[to, JEU] f[{gAIU + %k‘l] f[lgg, T + %kQ] f[t(] + At, o + At kg] k

1|t | @ | fltr,z1] f[fl-,rl“"%kl] [l ey + Ghko] | fltr+ Otoy + At ks] | &

n | te | 2o | fltaswn] | flEne @+ 55k1] | flin @0 + Sko] | fltn + Ot 2, + At ks | k

The sequence of the individual computational steps is summa-
rized in Table 7.2. First we set the starting values for time ¢ and
the variable x, i.e., we initialize ¢ty = t; and set the initial value
ro = Ts. Subsequently we compute the values ki, ko, ks, k4 and k
(Table 7.2, first row). Now we can compute the approximation 1
as depicted in the second row of the table by evaluating (7.11).
This procedure has to be repeated until the end of the time inter-
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val t. is reached. In Table 7.2 we have introduced the abbreviation
t; = t; + At)2.

Euler’s method as well as Runge-Kutta’s method can easily be
applied to systems of differential equations (Appendix A).

As a first example for the application of Euler’s method we
consider the translational motion of a car (mass m = 1400 kg),
see Fig. 7.3. The constant driving force is F' = 2800 N and the
aerodynamic drag is assumed to be F; = cqv? (drag coefficient
cqg = 0.7). We are interested in an approximate solution for the
velocity in the time interval [ts,t.] = [0, 120 s]; the initial velocity
is set to vs = 10 m/s.

F Fy=cq®
) - —

@ @ Fig.7.3

The equation of motion is

F
mi=F —cqv* — 0= f[t,v] with f[t,v]:——c—dUQ.
m m

Using k% = F/cy the analytical solution is given by
Fit-C
T=K tanhg with C = — % artanh > ,
K

see Section 1.2.4. At time ¢ = 40 s the exact analytical value for
the velocity is ©(40) = 56.32 ~ 56.3 m/s, at time ¢, we get the
exact value #(120) = 63.199 ~ 63.2 m/s.

In the following numerical simulations we will consistently use
the units N, m and s. As is common in computerbased calculations,
we will skip the units for intermediate solutions. We always have
to write down all quantities in the units given above before we
can run a simulation.

With the given parameters we obtain

0= f[t,v] with f[t,v] =2 —0.0005 v* .
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In order to explain the recurrence procedure in detail, we perform

the calculation with 6 equidistant time steps:

t; =1 At with

For t =0, i.e., for i = 0 we obtain the values

Vo = Ve = 10,

i=0,..6

f[to,vo] = 2 —0.0005 - 10% = 1.950 .

At time t; =20 (i = 1) we get
vy = v + flto,vo] At =10 +1.95-20 =49 ,
flt1,v1] = 2 —0.0005 - 49% = 0.7995 .

120-0
— =

The evaluation at time t5 = 40 (i = 2) leads to

Vo = V1 + f[tl,vl] At =49 4 0.7995 - 20 = 64.99 ,
f[tz,vz] =2-0.0005-64.992 = —0.1119 .

20 .

In this manner we compute the values for i = 4, ..., 6. The results
are summarized in Table 7.3.

Table7.3
{ ti U; flti, vi
0 0 10.000 1.9500
1 20 49.000 0.7995
2 40 64.990 -0.1119
3 60 62.753 0.0310
4 80 63.374 -0.0081
5 100 63.211 0.0022
6 120 63.255 -0.0006

A comparison of the approximate solution with the analytical

solution at time ¢ = 40 s shows a deviation of about 15%, whereas

at time ¢ = 120 s the error is smaller than 1%, see Fig. 7.4.

The implementation is shown in Algorithm 7.1.
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Algorithm 7.1: Euler’s Method

% parameter

cd = 0.7; m = 1400.0; F = 2800.0;

% number of time steps, time interval, time increment

n==6; ts = 0.0; te = 120.0;

delta_t = (te - ts)/n;

% initial condition

v(1) = 10.0; t(1) = ts;

for i =1 : n+1
func = F/m - cd/m*(v(i))"2;
v(i+l) = v(i) + func*delta_t;
t(i+1) = t(i) + delta_t;

end

Fig. 7.4 depicts the numerical solutions for n = 6,10, 20 time
increments. It can be seen that for a larger number of time incre-
ments the solution converges to the exact solution. For n = 20 the
solution is more or less identical with the exact solution.

v [m/s]

70

60

501

400

30r

20r

10 = n=6
—_— n=10
= n=20
% 20 40 60 80 100 120 L8] Fig.7.4
E7.1 Example 7.1 Compute an approximate solution for the velocity
v(t) of the preceding example with the fourth-order Runge-Kutta

method.

Solution We divide the time interval into 6 equidistant increments:
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t;=iAt with i=0,...,6 — At=

At time t = 0 (¢ = 0) we set the initial condition vy = v, = 10.
Subsequently we compute the values ki, ks, k3, kq:

k1 = flto,vo] = 2 — 0.0005 - 10? = 1.950 ,

At At
ke = flto + = o + 7k1}

=2-0.0005 - (10 + 20/2 - 1.950)2 = 1.5649 ,

VAN VAN
ks = flto + — %0 + 7/62]

= 2-0.0005 - (10 +20/2 - 1.5649)2 = 1.6711 ,

kq = flt; + Otz + At ks
=2-0.0005- (10 +20-1.6711)% = 1.0573 .
Thus the k-value is
k= é(kl + 2Ky + 2k3 + k4) = 1.5799 ,
and we obtain at t = 20 (i = 1) the velocity
v =v+ kAt — v =10+1.5799-20=41.597.

This procedure has to be repeated until the end of the time
interval is reached. We summarize the computed values for a dis-
cretization of the time interval [ts, t.] with n = 6 equidistant time
increments in Table 7.4.

A comparison of the approximate solution with the exact one
at the discrete times ¢t = 40 s and ¢t = 120 s reveals that the error
is less than 1% in each case.

The implementation is depicted in Algorithm 7.2.
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Table7.4
it s k1 ko ks ka k
0 0 | 10.000 | 1.9500 | 1.5649 | 1.6711 | 1.0573 | 1.5799
1 | 20 |41.597 | 1.1348 | 0.5989 | 0.8680 | 0.2620 | 0.7216
2 | 40 |56.029 | 0.4304 | 0.1800 | 0.3279 | 0.0414 | 0.2479
3 1 60 |60.988 |0.1403 | 0.0537 | 0.1073 | 0.0070 | 0.0782
4 | 80 | 62552 |0.0436 | 0.0162 | 0.0334 | 0.0016 | 0.0241
5 | 100 | 63.034 | 0.0134 | 0.0049 | 0.0103 | 0.0004 | 0.0074
6 | 120 | 63.181 | 0.0041 | 0.0015 | 0.0031 | 0.0001 | 0.0022

Algorithm 7.2: Fourth-order Runge-Kutta method

% initialization of

% parameters and functions in subroutine func.m

%

% number of equidistant time increments

n = 6;

% time interval

ts = 0.0; te

= 120.

0;

% step size, i.e., time increment
= (te - ts)/n;

delta_t

% initial condition

v(1l) = 10.0, t(1) = ts,
% recurrence formula

for i =

1:

n+l

k1 = func(v(i));

k2

k3

k4

k

v(i+l)

t(i+1)
end

func(v(i) +
func(v(i) +
func(v(i) +
1/6x (k1 + 2xk2 + 2xk3 + k4);
v(i) + kxdelta_t;
t(i) + delta_t;

delta_t/2*k1);
delta_t/2*k2);

delta_t

*k3) ;

% initialization of parameters and functions in func.m

function value = func(v)
cd = 0.7;
value = F/m - cd/m*v~2;

= 1400.0;

F =

2800.0;
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The approximate solutions which have been computed with the
fourth-order Runge-Kutta method for n = 6,10 and 20 are shown
in Fig. 7.5. In contrast to Euler’s method we already obtain accu-
rate solutions for n = 6 increments.

v [m/s]

60
50+
40t

301

= n=10
= n=20

0 20 40 60 80 100 120 7

7.3 Second-Order Initial-Value Problems

In kinetics the principle of linear momentum m % = F and the
principle of angular momentum O ¢ = M lead to equations of
motion of the form a Z = b. In general the equation of motion and
the associated initial conditions of position and velocity are

&= flt,x(t),z(t)] with z,=x(ts) and &s=2a(ts). (7.12)

In order to apply the discretization procedures for first-order
initial-value problems (see Section 7.2) to (7.12) we have to trans-
form the equation of motion (7.12) to a system of two differential
equations of first order (cf. Appendix A). Therefore, we introduce
the functions z1(¢) and z2(t). Applying the transformations

A(t) =2(t) and  2(t) = @(t)

yields the system of differential equations

7.3
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21(t) = filt, 21(t), 22(1)]
Zo(t) = faolt, 21(t), z2(1)] ,

(7.13)

where fi[t, z1(t), 22(t)] = 22(t). These two differential equations
can now be solved by means of the discretization procedures pre-
sented in Section 7.2. For reasons of clarity and comprehensibility
we introduce the following abbreviations for the approximate va-
lues z1(t) and z5(t) at the discrete times t;:

z1, = z1(t;) and 2o, = 29(t;) for i=0,..,n. (7.14)
The initial conditions are
21, = z1(ts) = x5 and 29, = 22(ts) = @5 (7.15)

The recurrence formula for Fuler’s method (cf. (7.6)) is

Zlip1 — 21, +f1[tiazli722i] At ) (716)

22i+1 = 22, + f2[tiazli?z2i] At .

Applying the fourth-order Runge-Kutta method to the integra-
tion of first-order initial-value problems requires the evaluation of
the four values ki, ko, k3, k4. In a second-order problem we ob-
tain two differential equations of first order, therefore we also have
to compute four further values for the second equation. They are
denoted by l1,l2,13,14. Using the abbreviation =t + At/2 we
have the following expressions for the function evaluations k;, [;
forj=1,...,4:

k1= filti, 21, 22, ],

I = folti, 21,5 22,)
At

ll]7
2
At

- At
lo = falti, 21, + = ka2 + - 1]

- VAN
ko = filti, 21, + 5 k1, 22, +
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- At VAN
ks = filti, z1, + - ko, za, + - lo],

~ At At
ls = falti, 21, + = ko 22, + - o]

2
k4 = f1 [t7;+1, Zli =+ At ]Cg, 221. + At 13],
ly = foltivr, 21, + Dt kg, 20, + At 3]

Finally we have to compute the parameters
1

k
6

1
(kl + 2ko + 2k3 + k‘4) and [ = 6(11 + 20y + 213 + l4)
(7.17)

for the calculation of the approximate solutions at time ¢;,1. The
individual calculation steps are summarized in Table 7.5.

Table 7.5
21,4, = 21, kAt 29, = 22, 1AL
k = &(k1 + 2Kz + 2ks + ka) I =3(lh 42l + 213 + 1)
k1= fiti, 21,, 22,) = fa(ti, 21;, 22,)

ko= fi(t;, 21, + % k1,22, + % ) |le= foti, 21, + % k1, 29, + % l)

k= filli, 21, + 5t ko, 2o, + 5L o) | ls= fo(li, 21, + 5L ko, 22, + 5E 1o)

ky= fi(tis1, 21, + Dt ks, 2o, + At 13)| la= fo(tig1, 21, + Ot ks, 20, + At I3)

A comparison of both columns in Table 7.5 shows that the
columns can be interchanged when we substitute k; < [; as well
as f1 < fo. Therefore we rename

{ki, ko, ks, ka} —  {k11,ki2, k13, k1a}

{l, la, I3, la}  —  {ka1, koo, ko3, koa}.

Now the algorithm is given with j = 1,2 as shown in Table 7.6.
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Table7.6

Zjiv1 = % + k‘j VAN

ki = t(kj + 2kjo + 2kj3 + kja)
kjl = fj(tiv 2155 221')
kio = fi(ti, 21, + %k‘u, 2z, + %km)

kis = fi(ti, 21, + %km, 22, + %km)

kja = fi(tig1, 21, + Ot kas, 22, + At kag)

The implementation of this procedure is presented in Algorithm 7.3.

Algorithm 7.3: Fourth-order Runge-Kutta method
% fourth-order Runge-Kutta method

% for initial-value problems of second order
h

% initialization of

% parameters and functions in funcl.m and func2.m:

% initialization of funcl.m
function valuel = f1(t,z1,z2)
valuel = z2;

% initialization of func2.m
function value2 = f2(t,z1,z2)
value2 = xxx;

% number of equidistant time increments
n = ***;

% time interval

ts = *okk

te = *xx;
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% step size, i.e., time increment
delta_t = (te - ts)/n;
% initial conditions

t(1) = ts;
z1(1) = *xx;
z2(1) = *x*;

% recurrence formula
for i =1 : n+1
k(1,1) = funci(t(i),z1(i),z2(i));
k(2,1) = func2(t(i),z1(i),z2(i));
k(1,2) = funci(t(i)+delta_t/2,
z1(i)+delta_t/2xk(1,1),z2(i)+delta_t/2*k(2,1));
k(2,2) = func2(t(i)+delta_t/2,
z1(i)+delta_t/2*%k(1,1),z2(i)+delta_t/2*k(2,1));
k(1,3) = funci(t(i)+delta_t/2,
z1(i)+delta_t/2xk(1,2),z2(i)+delta_t/2*k(2,2));
k(2,3) = func2(t(i)+delta_t/2,
z1(i)+delta_t/2xk(1,2),z2(i)+delta_t/2*%k(2,2));
k(1,4) = funci(t(i)+delta_t,
z1(i)+delta_t*k(1,3),z2(i)+delta_t*k(2,3));
k(2,4) = func2(t(i)+delta_t,
z1(i)+delta_t*k(1,3),z2(i)+delta_t*k(2,3));
z1(i+1) = z1(i)+1/6%(k(1,1)+2xk(1,2)
+ 2xk(1,3)+k(1,4))*delta_t;
z2(i+1) = z2(i)+1/6%(k(2,1)+2xk(2,2)
+ 2xk(2,3)+k(2,4))*delta_t;
t(i+1) = t(i)+delta_t;
end
For the numerical solution of different initial-value problems only
the marked quantities *** have to be modified.
In a sequence of four illustrative examples we will solve the
equation of motion

mZ + dt + kx = FycosQt

of an oscillator with one degree of freedom, see Fig. 7.6, for diffe-
rent parameters (m, d, ¢, Fp, ) as well as for different initial con-
ditions x5 = x(ts) and &5 = @(ts). To compute the approximate
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solutions for the position z(¢) and the velocity v(t) in the time
interval [ts,t.] we use the fourth-order Runge-Kutta method.

T
(I
m F = Fycost I E— F
B kx I
e
di Fig. 7.6

First we write the equation of motion in the form

F d k
i="CcosOt — —i— .
m m m

Introducing the functions
z1(t) = x(t) and 2z(t) = @(t)

we obtain two differential equations of first order

Alt) = (), () = %cosﬂtf %zz(t) _ %zl(t) .

The functions fi[t, z1(t), 22(t)] and fa[t, z1(t), 22(t)], as introduced
in (7.13), are

filt, z1(t), 22(1)] = 22(t) ,
Fy d k
t t t) = — Ot — —29(t) — —21(t) .
Falt, 21(8), 22(2)) = 0 cos @ = za(t) — Lz (1)
The initial conditions at time ¢, are denoted as
z1(ts) = x5 and  zo(ts) = &5 .

In the first example we analyse an undamped free vibration
(d =0, Fy = 0) with the initial conditions

s =0.1m and z,=0.
The parameters are set to

m=5kg and k=500N/m.
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The analysis is performed using n = 20 and n = 40 time incre-
ments. The modifications in Algorithm 7.3 are:

% number of equidistant time increments

n = 20;

% time interval, time increment

ts = 0.0; te = 3.0; delta_t = (te - ts)/n;
% initial conditions

z1(1) = 0.1; z2(1) =0.0; t(1) = ts;

% initialization of funcl.m
function valuel = fi(t,z1,z2)
valuel = z2;

% initialization of func2.m
function value2 = f2(t,z1,z2)
m = 5.0; kf = 500.0;

value2 = -kf/m*xz1;

a(t) [m]
0.1 — 20
— =40
0.05 = exact
0
-0.05
a0
0.5 1 1.5 2 25 3
v(t) [m/s]
! m— n=20
w— =40
= exact
0.5
0
-0.5
. 7t
Fig. 7.7 0 0.5 1 15 2 25 3

The numerical results for the position-time diagram and the
velocity-time diagram are shown in Fig. 7.7. For n = 40 we obtain
a good agreement with the analytical solution z = 0.1 coswt where

w=+/k/m=1./500/5=10s"1 and T = 27/w = 0.63 s.
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In the second example we consider a damped free vibration
with the parameters

m=>5kg, k=500N/m, d=10kg/s

and the initial conditions s = 0.1 m, #&; = 0. The necessary
modifications in Algorithm 7.3 are:

% number of equidistant time increments

n = 20;

% time interval, time increment

ts = 0.0; te = 3.0; delta_t = (te - ts)/n;
% initial conditions

z1(1) = 0.1; z2(1) = 0.0; t() = ts;

% initialization of funcl.m
function valuel = f1(t,z1,z2)
valuel = z2;

% initialization of func2.m
function value2 = f2(t,z1,z2)
m =5.0; d =10.0; kf = 500.0;
value2 = -d/m*z2-kf/m*z1;

The numerical solutions for n = 20 and n = 40 are depicted in
Fig. 7.8 and compared with the analytical solution. We obtain a
good agreement between the numerical simulation calculated with
n = 40 time increments and the analytical one.

In the third example we consider an aperiodic motion of a criti-
cally damped system. In contrast to the situation above we intro-
duce a larger damping coefficient d and set t. = 1s. The critical
damping coefficient is obtained from ( = {/w =1 — §{ = w =
10 s~! and has the value d = 2¢ m = 100 kg/s. All other settings
remain the same as in the previous example.

Fig. 7.9 shows the results of the numerical simulation. Obvious-
ly, we obtain accurate approximate solutions for n = 20 as well as
for n = 40.
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In the fourth example we analyse the vibration of a damped
system subjected to a harmonic force and the initial conditions
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zs =0 and o5s=0.
The parameters are chosen as
d=10kg/s, k=500N/m, Fy=10N, Q=10s""!

and the simulation is carried out for n = 30 and n = 50 incre-
ments. Algorithm 7.3 is therefore modified as follows:

% number of equidistant time increments

n = 50;

% time interval, time increment

ts = 0.0; te = 6.0; delta_t = (te - ts)/n;
% initial conditions

z1(1) = 0.0; =z2(1) = 0.0; t(1) = ta;

% initialization of funcl.m

function valuel = f1(t,z1,z2)

valuel = z2;

% initialization of func2.m

function value2 = f2(t,z1,z2)

m=5.0; d =10.0; kf = 500.0; F_o = 10.0; Omega = 10.0;
value2 = -d/m*z2-kf/m*z1;

The numerical solutions for n = 30 and n = 50 are shown in
Fig. 7.10 and compared with the analytical solution. As expected
in the steady-state, the (response) vibration of the system has the
frequency of the excitation €2, i.e., it has the period of vibration
T =27/~ 0.63s.

In the simulation the steady-state is reached after approxima-
tely 4 s. Then we can determine the amplitude using the ma-
gnification factor (5.62) and setting the parameter F = 1. For
an excitation in resonance, i.e., n = Q/w = 1, the magnification
factor takes the value Vi(1) = 1/2¢ — V4(1) = 1/0.2 = 5. The
maximum deflection is obtained from . = £Vixg and takes
with z¢g = Fo/k = 10/500 = 0.02 the value xpax = £0.1 m.
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2(t) [}

we gxact

ét s]

w— =30
w— =50
m— exact

Fig.7.10 o 1 2 3 P s b 18l

Example 7.2 A pendulum supported at point A consists of a rod
(length 21, with negligible mass) and two point masses m; and ma,
see Fig. 7.11. The pendulum undergoes a free vibration. Determine
the angle-time diagrams ¢(t) in the time interval [0, 43s] for the
initial conditions ¢(0) = 3°, ¢(0) = 179°, ¢©(0) = 179.99° all with
$(0) = 0. Also plot the oscillations over one period of vibration
T.

mag

2 [sing
Fig.7.11 “ =

E7.2
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Solution The equation of motion was derived in Example 2.3 using
the principle of angular momentum:
. 2 . . 2 gmi + 2my
wsinp =0 with =-—F.
vt 14 l m1+4ms
The initial conditions are

ps = ¢(0) and s =@(0)=0.
In the numerical simulation we set w = 1. The required modi-
fications in the Matlab-code of Algorihm 7.3 are:

% number of equidistant time increments

n = 3000;

% time interval and time increment

ts = 0.0; te = 42.935; delta_t = (te - ts)/n;

% initial conditions

z1(1) = (179.99/180)*pi; z2(1) = 0.0; t(1) = ts;

% initialization of funcl.m
function value = funcl(t,z1,z2)
value = z2;

% initialization of func2.m
function value = func2(t,z1,z2)

omega = 1;
value = -omegaxomega*sin(zl);
@[]
3
(1
2
1
o
-1
—2
730 10 20 30 40 t [S] o 10 20 30 40 t [S]
a b
Fig.7.12

The oscillation for the initial condition ¢(0) = 3° is depicted
in Fig. 7.12a (I); we read off the diagram the period of vibration
T =~ 6.5 s. Fig. 7.12b shows the diagrams for the initial angles



7.3 Second-Order Initial-Value Problems 341

©(0) = 179° with T ~ 24.5 s (II) and ¢(0) = 179.99° with T’
43 s (III).

The oscillation corresponding to the inital condition ¢(0) =
179° exhibits the formation of a plateau in the domain of the
maximal amplitude. This effect is more pronounced in the case
of the initial condition ¢(0) = 179.99°, see Fig. 7.12b. For large
initial angles the function ¢(t) is the so-called sinus amplitudinis
(Jacobi elliptic function, a generalization of the sine function),

Q

which differs strongly from the classical sine function.

e 1
@0

J

Fig.7.13 0 0.2 0.4 06 08 1

Nfe+

These deviations can be observed much better, when we plot
normalized ¢(t)-diagrams. Therefore, we plot as the ordinate the
quantity ¢(t)/¢o and the abscissae is assigned to the actual ti-
me divided by the period of vibration (¢/T). Fig. 7.13 shows the
normalized angle-time diagrams.

The periods of vibration can also be determined analytically.
In order to do this we multiply the equation of motion by ¢ and
integrate with respect to time:

/gbgbdt—l—/wzsimpgbdt =C

t t
Loy Yoo
— =P+ wsinp dp =C'.
2 0
The integration over ¢ yields
1
—¢* + w1l —cosp) = C'. (a)

2
At ¢, we have ¢(¢,) = 0; thus we obtain

C = w?(1 —cos ).
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Substituting this result into (a) yields the angular velocity

¢ = wv/2(cos @ — cos @) .
Referring to (1.18) the period of vibration T is given by

T:é/%dﬁél ®o d(p
W Jo

¢ wlJo +/2(cosp —cospg)

The numerical values for the periods of vibration, corresponding
to the individual initial conditions, are

30 . T = 6.284s,
o(0) =179°: T =24.511s,
©(0) =179.99° : T' = 42.935 s.

7.4 Supplementary Examples

Detailed solutions to the following examples are given in (C)
D. Gross et al. Formeln und Aufgaben zur Technischen Mechanik
4, Springer, Berlin 2008.

Example 7.3 A point mass m is
thrown from a height h = 5 m
with an initial velocity vy =
10 m/s at an angle a = 45°
with respect to the horizontal.
The only force acting on the
mass is its weight W = mg (g ~

10 m/s?). h
Determine the trajectory
x1(t), z2(t) within the time in- 1

Fig.7.14
terval [ts;t.] = [0;2s] using Eu- ®

ler’s method (number of time increments n = 5,10 and 50). Pro-
gram a short algorithm for the velocity and position updates and
compare the results with the analytical solution.
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Results: see (C) Equation of motion:

F=ma with F = 0 , a= @) = 0 .
—mg az -9

Initial velocities and initial positions:

[ v(0)\  [wo cosa N EAORNN AL
o <U2(0)> - (vo sina) C T (:EQ(O)) - <h>

Analytical solution: z(t) = (vo ¢ cosa, —3gt> + vo ¢ sina + h)T .
Outline of the algorithmic treatment:

% parameters

ts = 0.0; te = 2.0; n = 5; alpha = pi/4; h = 5; vO = 10;
% components of the acceleration vector

al = 0; a2 = -10.0;

% time increment

delta_t = (te - ts)/n;

% initial conditions for position and velocity

x1(1) = 0; x2(1) = h;

v1(1) = vO*cos(alpha); v2(1) = vO*sin(alpha);

% integration scheme

for k = 1:n
x1(k + 1) = x1(k) + vi(k)*delta_t;
x2(k + 1) = x2(k) + v2(k)*delta_t;
vi(k + 1) = vi(k) + alxdelta_t;
v2(k + 1) = v2(k) + a2xdelta_t;
end
T2

Approximate solutions:

0 2
Fig.7.15
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E7.4 Example 7.4 A rod of length | (with negligible mass) carries a
point mass at its end.
Case 1i): Determine the (t)-
diagram for |¢|<<1. Initial conditi-
ons: ¢(tg) = 0.1 and ¢(to) = 0.
Case ii): Compute the phase
diagram (¢, p-diagram) for lar-
ge deflections. Initial conditions:
@(to) = m/2 and (to) = 0.
Use Euler’s method for the nume-

. . . m
rical simulations.

Fig.7.16

Results: see (C)
Case i): Equation of motion (second-order differential equation):

9
l
Transformation with z1(t) = ¢(t) and 25(t) = $(t) to two diffe-
rential equations of first-order:

$p+5p=0.

4(t) = 2o(t) and  Zo(t) = —%zl(t) - —§ 0.

Algorithmic details:
% Equation of motion: phi’’ + g/l phi = 0
% gravity g, length of the pendulum 1
g=10; 1 = 1;
% number of time increments, time increment delta_t
n = 100; delta_t = (4.0-0.0)/n;
% initial conditions: angle, angle-velocity
z1(1) = 0.1; z2(1) = 0.0;
% recurrence formula
for k = 1:n

z1(k + 1) = z1(k) + z2(k)*delta_t;

z2(k + 1) = z2(k) - g/l*zl(k)*delta_t;
end

Fig. 7.17 depicts the (g, t)-diagram in the time interval [ts;t.] =
[0; 4s].
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The simulation was performed using n = 100, 800, 5000 time incre-
ments. For n = 100 we have a divergent behaviour in contrast to
the simulations performed with n = 800 and n = 5000 increments.

%)
0,2

0,14

Fig. 7.17

Case ii): Non-linear differential equation:

»+ % sing = 0.
Transformation to a system of first-order differential equations:
L(t) = 2o(t) and  Zo(t) = —% sinzy (t) = _§ sine.

The phase-diagram is depicted in Fig 7.18. For n = 70 time in-
crements (crosses) we observe a (incorrect) dissipative behaviour:
the time steps are ¢
too large and pro- 6
duce an inaccurate
approximation. For
n = 3000 incre- 2
ments (solid line)
we observe a clo-
sed trajectory in -2
the phase-diagram,

o+
+F0 Ty

which is correct sin-

ce we have no dissi- —6— : - - : - —
pation.
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Example 7.5 The damped system in Fig. 7.19 is characterized by

the parameters m = 0.5 kg; d = :

10 kg/s; k=500 N/m.
Compute the free vibrations

of the system with Euler’s me-
thod using the initial conditi-
ons z(0) = 0.01 m and #(0) =
0. Compare the result with the 0 O

analytical solution.

Fig. 7.19
Results: see (C) Differential equation:

d k
mi+di+kr=0 — I+—2+—2a2=0.
m m

Analytical solution (coefficients &€ = d/(2m) = 10s™1, w = \/k/m
~31.625 1, (=€6/w~0032<1,wg=wy/1—-(2~31.61s!):

z(t) = e ¢ (Acos(wg t) + Bsin(wy t))

with A = 0.0l m and B = 3.2 - 10~* m. Transformation with
z1(t) = z(t) and z2(t) = &(t) to the system

S(t) = za(t) and Z(t) = —%@(t) - %zq(t) .

Fig. 7.20 depicts the numerical solutions in the time interval
[ta;te] = [0;0.6s] for n = 50 and n = 100 increments as well as the
analytical solution.

x

0.198 ' '
0.08} ¥ —— n=50

006 ¥ —= n=100
004t — analytical

0.02F
o &
-0.02 \

—0.04
—0.06 |
—0.08

Fig.7.20
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Example 7.6 A point mass (m =1 kg) A E7.6
is subjected to free fall conditions un-
der gravity (g ~ 10 m/s?). The air resi- T
stance is assumed to be A = ¢ &2 with ‘
¢=0.01 N/m. ‘
Compute the velocity-time diagram W=mg
with Euler’s method and compare the
result with the analytical solution. Fig.7.21

Results: see (C)
. . . .. C . 2
Differential equation: & = g — — - .
m
Analytical solutions:

x(t) = % In [cosh(\/%/c)] , (t) = \/@ tanh (J%/c) .

Transformation with z1(t) = z(t) and 22(¢t) = Z(¢) yields
: . c
Z21(t) = 22(t) und Z9(t) =g — - 22(t) .

Algorithmic treatment:

% Free fall with air resistance

% coefficient of air resistance, mass, gravity
c=0.01; m=1; g =10;

% initial conditions

z1(1) = 0; z2(1) = O;

% number of time increments, time increment delta_t
n = 18; delta_t = (20 - 0)/n;

% numerical integration

for k = 1:n

z1(k + 1) = z1(k) + z2(k)*delta_t;

z2(k + 1) = z2(k) + (g - c/m*z2(k)"2)*delta_t;
end
In Fig. 7.22 we com- v3s
pare the numerical re- 30
sults for n = 8 and 25
n = 18 time increments 20
with the analytical so- 15 —— n=28
lution in the time inter- 10 —— n=18
val t = [0;20s]. 3 — analytical

0
Fig.7.22 0 4 8 12 16 20
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E7.7 Example 7.7 The system in Fig. 7.23 consists of a point mass
(m =100 kg; ) and an elastic spring (k = 500 N/m).

Compute a numerical solution of the equation of motion

with the fourth-order Runge-Kutta method for different time in-
crements within the time i m
interval [tq;te] = [0;30s]. Ve
Program a short algorithm
for the velocity and posi- A
tion updates and compare T
the results with the analy- z
tical solution.
Results: see (C) For the initial conditions z(¢ = 0) = 0.01 m and
z(t = 0) = 0 m/s the diagrams below show the z(¢)-diagrams for
n = 50 and n = 500 time increments. In the first case we observe
a strong numerical (unphysical) damping, whereas for n = 500 we
obtain an accurate approximation.

Fig.7.23

x
—— n=>50
— analytical
t
Fig.7.24
X
001 A A AARRARAARRA] — n=500
tf f% f8 0t 5t gt £ ft it {3 | —— analytical
0.005
ott41¢% 1
-0.005 %1
—0.01 i ‘ ““ ¥ “‘ vV R .

0 5 10 15 20 25 30 Fig.7.25
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Algorithmic implementation:

% Fourth-order Runge-Kutta method

% parameters: mass, elastic spring stiffness

m = 100; k = 500;

% time increment

ts = 0; te = 30; n1 = 50; delta_t = (te - ts)/ni;

349

% Functions of the set of 1st-order differential equations

f1l = 222; f2 = ’-c/m*z1’;
% initial conditions
z(1,1) = 0.01; z(2,1) = 0; t(1) = ts;
% numerical integration
for i = 1:n1
% 1. evaluation
z1l = z(1,i);
z2 = z(2,i);
kk(1,1) = eval(fl);
kk(2,1) = eval(f2);
% 2. evaluation
z1 z(1,i)+delta_t/2¥kk(1,1);
z2 z(2,i)+delta_t/2¥kk(2,1);
kk(1,2) = eval(fl);
kk(2,2) eval (f2);
% 3. evaluation
z1 = z(1,i)+delta_t/2xkk(1,2);
z2 = z(2,i)+delta_t/2*kk(2,2);
kk(1,3) = eval(fl);
kk(2,3) eval (f2);
% 4. evaluation
z1 = z(1,i)+delta_t*kk(1,3);
z2 = z(2,i)+delta_t*xkk(2,3);
kk(1,4) = eval(fl);
kk(2,4) = eval(£f2);
% approximate solutions at time t_i+1
z(1,i+1) = z(1,i)+1/6%(kk(1,1)
+2xkk(1,2)+2*kk(1,3)+kk(1,4))*delta_t;
z(2,i+1) = z(2,i)+1/6*%x(kk(2,1)
+2xkk(2,2)+2*kk(2,3)+kk(2,4) ) *delta_t;
t(i+1) = t(i)+delta_t;

end
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7.5 Summary

Equations of motion with initial conditions lead to initial-value
problems of first or second order. A differential equation of
second order can be transformed to a system of differential
equations of first order.

Most numerical integration algorithms are based on the com-
putation of approximate solutions for differential equations of
first order:

&= flt, 2(t)].

The basic idea of the numerical treatment is the approximation
of the time-continuous variation of the function of interest x(t)
at discrete points (mesh points):

ti=to+iAt, 1=0,1,...,n.

Starting from the solution x; at time ¢; (beginning of the time
increment At) we compute the (approximate) solution ;1
at time t,11 (end of the time increment) following a specific
integration procedure.

The simplest procedure is Euler’s method:

Tit1 = Ty + f[tj,,:ci] At .

In order to achieve an accurate approximation this method
may require a large number of time steps.

More accurate approximations can be obtained by applying
the second-order or fourth-order Runge-Kutta method. These
procedures require function evaluations at mesh points inside
the time increment.
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A Numerical Integration

A differential equation of order n

y ™M (1) = flty(0),y' (1), -y (1) (A1)
can be transformed with the help of the functions
z1(t) = y(t)

2(t) =y'(t),

Zn(t) =y ()

to a system of n differential equations of first order:

Z1 )

/

2 =3 — 2= flt, 21, 22, -, 20). (A.2)
2l flt, z1, 22, -y 2n]

To solve this system in the time interval [ts, t.] we need the initial
conditions

{y(tS)vy/(tS)v"'ay(nil)(tS)} - {2107220,~-~7Z(n71)0} )

which are summarized in the column vector zg.

given: 2o, ts,te,n, flt, z]
time increment: At = (te —ts)/n
loop over all time increments
For ¢ FroM 0 TOo n DO
ti =ts+1i At
zZiv1 = zi + flti, zi) A
ENDp Do

Fig. A.1 Euler’s method

D. Gross et al., Engineering Mechanics 3,
DOI 10.1007/978-3-642-14019-8, © Springer-Verlag Berlin Heidelberg 2011
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The numerical solution of (A.2) can be obtained with Euler’s
method. Its algorithmic procedure is summarized in Fig. A.1.

For the numerical solution of (A.2) with the fourth-order Runge-
Kutta method, we have to perform four function evaluations for
each of the n first-order differential equations. We assemble the-
se additional function evaluations kj for [ = 1,2, 3,4 within the
column vectors

k11 k12 k13 k14
Ky = ka1 kg k2o ks ka3 ke ko4
knl an an kn4

A compact program flow of this method is given in Fig. A.2.

given: 2o, ts,te,n, f[t, 2]
time increment: At = (t. —ts)/n
loop over all time increments

For i FroMm 0 To n DO

ti =ts+1 At

k1 = flts, z4]

k2 :f[ti+%,zi+k1 %]
k3:f[ti+%,zi+k2 %]

ks = f[tl + At, zi + k3 At]

VAN
Zi+1zzi+?(kl+2k2+2k3+k4)

END Do

Fig. A.2 Fouth-order Runge-Kutta method
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normal acceleration 33
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160, 185
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-of virtual work 217
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speed 6, 32
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-in series 249
statics 1
steady state vibrations 267
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-vibrations 239
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, absolute 299 ff.

, angular 24 ff., 131

, radial 24

, relative 300, 302

-diagram 135

-of reference frame 300
vibrations 16, 237 ff.

, damped 239, 290

, damped forced 269
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, forced 240, 264 ff., 287 ff.

, free 240 ff., 278 ff.
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, periodic 237

, steady state 267

, transient 266

, undamped 239
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-principal modes 281
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-work, principle of 217

Watt 65

weight 38

work 63, 101, 153

work-energy theorem 64, 101,
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