TRANSLATIONAL DYNAMICS

n the next few notes we study the laws that tell us how objects move when forces and torques act on them.
This note is about forces and Newton’s three laws. It also covers momentum, the center of mass, the center-of-mass
frame and systems whose moving mass changes, because every later note on dynamics uses them.

4.1 LINEAR MOMENTUM

We should not talk about force on its own. We first need the
idea of linear momentum. The linear momentum p of a particle
is

P =mp,
where m is the particle’s mass and ¥ is its velocity. The total mo-
mentum of a system of particles is just the sum of the momenta
of all its particles.

This definition comes from an interesting fact found by
experiment: under certain conditions, the total momentum of a
system is conserved (it does not change). We come back to this
in Section 4.4. For now, just remember that linear momentum
is a useful quantity with some special properties.

4.2 NEWTON’S THREE LAWS

4.2.1 The First Law and Inertial Frames

Newton’s first law. An object keeps moving at con-
stant velocity unless a net external force acts on
it.

The first law actually defines an inertial frame of reference:
an inertial frame is a frame in which the first law is true. An iner-

tial frame has no absolute acceleration. That is, an accelerometer
placed in that frame measures zero acceleration.

In Newtonian physics, acceleration is absolute, while ve-
locity is relative. Here is a set-up similar to Newton’s famous
thought experiment with a rotating bucket of water. You hold
a glass of water on a train. When the train moves at constant
velocity, the water surface stays flat. When the train accelerates,
the surface tilts, and the tilt shows how large the acceleration
is. Every outside observer, whether accelerating or moving at
constant velocity, sees the same tilt. So all of them agree that
you have an acceleration of one definite size. In this sense,
Newtonian physics has an absolute acceleration.

We can add to the definition above. Inertial frames form
a set of frames that move at constant velocity relative to each
other. That is, a frame that moves at constant velocity relative
to an inertial frame is also an inertial frame. Newton assumed
that there is an absolute space that is truly at rest. He used the
frame of the distant stars as the reference from which all other
inertial frames can be found.

In the end, the first law sets the context in which Newton’s
laws are valid. It is not a special (limiting) case of the second
law; this is a common misconception. To see why, note that
there are frames in which free particles (particles with no force
on them) accelerate. For example, passengers in an accelerating
train see the world outside accelerate. This seems to break
Newton’s second law, but there is no problem: Newton’s laws
cannot be used in this frame in the first place, because it is not
an inertial frame.
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4.2.2 The Second Law

Newton’s second law. The net external force Y, F on
a particle equals the rate of change of its momentum

p:
5 d 17
F=—. 4.1
Z dr ( )
Substituting p = mv for a particle (its mass m is constant),

~ d(mv) dv 5
F = = s 4.2
Z dr dt - ma 4.2)

where d is the acceleration of the particle.

A similar ), F=ma equation holds for a system of particles,
but there @ means a different physical quantity. This is to be
expected: we cannot just put the acceleration of one chosen
particle into the equation. We derive this form in Section 4.3,
after the third law.

4.2.3 The Third Law

When you punch a wall, the wall “hits” you back: you feel
the impact on your knuckles. The third law states this exactly:

Fap = -Fpa, 4.3)

where F 'ap 1s the force on object A by object B. So when A
pushes or pulls on B, B pushes or pulls on A with a force of
equal size in the opposite direction. The first two laws say
nothing about how the source of a force moves; the third law
brings the source into the picture.

Keep in mind that the third law has exceptions, such as the
magnetic force. For example, take two positive charges moving
along the x- and y-axes. The magnetic force on each charge
due to the other points in a different direction (along y for one
and along x for the other), so the two forces are not equal and
opposite. Linear momentum is still conserved, however, if we
give the electromagnetic field a momentum of its own.

The third law as written above is called the weak law of
action and reaction. The strong law also requires the two equal
and opposite forces to act along the same line. Most forces,
such as gravity and the normal force, obey the strong law.

4.3 NET EXTERNAL FORCE ON A
SYSTEM OF PARTICLES

Newton’s second and third laws together give a neat form
of the second law for a system of particles. Take a system of

N particles. Let (Z F ) be the net external force on the ith
4
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particle, and let f, ; be the internal force on the ith particle due
to the jth particle. The second law for the ith particle is

(SF)+ 3 Fa= gt

J,J#

Adding these equations for all particles,

SN 3 A

i=1 iL,j,i1#] i

Mz

,). (4.4)

I
—_

The first term is the total net external force on the system, ), F, oxt -
The second term is zero, because by the third law

fij =—Ffii,
so the internal forces cancel in pairs. Equation (4.4) becomes
= N
- dpP -
Z%FE:;W% (4.5)

where P = >; Pi is the total momentum. In words: the rate of
change of the total momentum of a system, dP / dt, equals the
net external force on the system.
Now define a point that describes where the system is as a
whole. It is called the center of mass, and its position vector is
f = Zmmif miti (4.6)
Zil\il mi

where 7; is the position vector of the ith particle. The total mass

of the system is
N
M = Z m;.
i=1

Multiplying Eq. (4.6) by M and differentiating with respect to
time gives

N - =
- dri dR N
P= Zmi? = M = Mvcw, 4.7)

where Vo = dR / dr is the velocity of the center of mass.
Putting this into Eq. (4.5),

thw——mm, (4.8)

where dcy = d&’R / dr? is the acceleration of the center of mass.
So, in its translational motion, a system of particles responds
to a net external force as if it were a single imaginary mass M
placed at the center of mass R. Equation (4.8) is very important
for a rigid body. We no longer need to write F = mad for every
particle. We only need the translational motion of the center of
mass, and this gives the translational motion of the whole body,
because the distances between its particles do not change. (We
still need to study the rotation about the center of mass, by other
methods, to find how the body is oriented; see Note 5.)
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For a continuous mass distribution, the same steps lead to

. / Fdm
R = ,

f dm
where 7 is the position vector of the infinitesimal mass element
dm. That is, f F dm means: take the position vector 7 of each
tiny mass element, weight it by that element’s mass dm, and

add over the whole distribution. This can be a line, surface or
volume integral (Note 1 shows how to set up such elements).

(4.9)

4.4 CONSERVATION OF LINEAR
MOMENTUM AND IMPULSE

Conservation of linear momentum. Recall from Eq. (4.5) that
the net external force on a system equals the rate of change of

its total momentum,
. dp
Si-4
dr

If the net external force on the system is zero,

dp . o
_— = O f— =

dr P ="po
for some constant momentum p.

Conservation of linear momentum. The total lin-
ear momentum of a system is conserved if no net
external force acts on it.

Impulse-momentum theorem. We get another view of the sec-
ond law by separating variables and integrating from time #g
(momentum py) to time #; (momentum p1):

/Iot](Zﬁ)dz:/:]dﬁ.

Define the impulse delivered by an external force F ; between
times to and #; as

J= / F;drt. (4.10)
o
Then the equation above becomes
> J=Ap. 4.11)

Impulse-momentum theorem. The change in the
linear momentum of a system during a time inter-
val equals the total impulse delivered to the system
during that interval.

This form is very useful for impulsive forces, such as the
normal forces between colliding particles. They are huge but
act only for a very short time. Their “job” is to give a system
momentum over a short time interval.

4.5 CENTER OF MASS

‘We now show how to find the center of mass of a system,
with a few examples.

4.5.1 Discrete Particles and the Grouping Trick

Start with a simple system of two particles, m and M, at
coordinates (x1, y1, z1) and (x2, y2, z2). From Eq. (4.6),

| mxy 1 Mx, mx| + Mx,

R = + M = + My, |.
m+ M myj m+ M Y2 m myi Y2
mzy Mz, mzy + Mz

The grouping trick. The formula for R is linear (itis a weighted
sum). This gives a useful trick for a system of discrete particles,
or for a system made of several continuous mass distributions.
Pick a few particles or distributions. Find their center of mass,
and replace them by one point mass, equal to their total mass,
placed exactly there. Then find the center of mass of the whole
system, with this point mass in place of the particles it replaced.
(The proof is left as an exercise.)

Symmetry. The center of mass of a uniform mass distribution
must lie on every line or plane of symmetry of the distribution.
This follows directly from the definition. For example, in two
dimensions, put the origin on a line of symmetry and let the y-
axis lie along this line. Now look at the direction perpendicular
to the line (the x-direction). By symmetry, for every particle at
(x, y) there is an equal particle at (—x, y). So the weighted sum
of the x-coordinates is zero, and the center of mass lies on the
line of symmetry. As this shows, the point where lines or planes
of symmetry meet gives the center of mass.

Let us use the grouping trick on a simple case: the center of
mass R of the two uniform spheres in Fig. 4.1. No clever choice
of coordinates turns this into a simple integral with fixed limits.
But by symmetry, the center of mass of each sphere is at its
center. So we replace the spheres by two point masses, m and
M, at their centers, and then use the two-particle result above.

Figure 4.1

upload: v1_ch04_fig4-1.png/.pdf/ .jpg
to the figures/ folder

Ficure 4.1. Center of mass of two spheres.
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Missing masses. The same method works for objects with
“missing” mass (holes). First, add suitable imaginary masses to
fill the holes. Then replace

* the combined system (the real object plus the imaginary
masses) by its total mass placed at its center of mass, and

* the imaginary masses by a negative mass of the same size,
placed at the center of mass of the imaginary masses.

The center of mass of this new set-up is the same as that of the
real object.

A uniform circle of radius R has a cir-
cular hole of radius § (Fig. 4.2). The surface mass density (mass per
unit area) is o-. Find the center of mass of the object.

EXAMPLE.

Figure 4.2

upload: v1_ch04_fig4-2.png/ .pdf/ jpg
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Ficure 4.2. Circle with a hole.

Solution First “fill up” the hole. This gives a complete circle, which
we replace by a mass M = o R? at its center. To cancel the mass we
added, we must take away the mass of the hole. This is the same as
adding a “negative mass” in the hole, that is, a mass

-m = —%O'HRZ

at the center of the hole. (The hole has radius R/2, so its area is nR? /4.)
Put the origin at the center of the complete circle. The center of the
hole is a distance R/2 from it. So the object with the hole has

“m- R R
XCcM = -——
M= —m 6

(Check: - -3/(1-%)=-%-3=-%)

4.5.2 Center of Mass of a Continuous
Distribution

For a continuous mass distribution we usually need to inte-
grate. The main difficulty is choosing a convenient coordinate
system and the correct limits of integration, which must describe
the actual shape of the distribution. Note 1 treats these points in
detail. The next two examples should give some feel for them.

ExAMPLE. Find the center of mass of a uniform
right-angled triangle with surface mass density o, lying in the xy-plane.

Its angle of inclination is # and its base has length /.
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Figure 4.3
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Ficure 4.3. Center of mass of a triangle.

Solution Use tiny rectangular elements in Cartesian coordinates, with
sides dx and dy. Then dm = o dx dy. By Eq. (4.9) we need the double

integral
R= i// (x)o'dxdy
M JJs \y

over the surface S, which here is the triangle. As always, M is the total
mass of the triangle.

Here the limits of integration depend on the order of integration.
We choose to integrate over y first and then over x. In the diagram, this
means we first add up a thin vertical strip of mass at position x (right
of Fig. 4.3), and then add up all the strips. For a vertical strip at x, y
runs from O to x tan 6 (the height of the triangle there). Then x runs

from O to {:
R 1 1 X tan 6 X
R:M/ / ( )a'dydx.
0 Jo y

We do the two coordinates separately. The inner integral over y is easy:
for xcy it gives x - x tan 6, and for ycy it gives %(x tan 6)2. So

_ /01 Oxmgxo'dydx :/leztaneadx

ACM

M M
_ Ptanbo 2
w3
fol Oxmngyadydx /Ol x%tan® @ o dx
ycm = i = M
_ Btan’ 0o _ltan6
oM T 3

The last step in each line uses the mass of the triangle, M =
1l-ltanf-o = 12“‘%‘

We could have stopped after finding xcpm. The result xem = %
does not depend on 8. By symmetry (turn the triangle so that its vertical
side becomes the base), ycm must then be one-third of the height of
the right-hand tip.

Notice that the center of mass here is where the three medians
of the triangle meet (a median joins a vertex to the midpoint of the
opposite side). This point divides each median into two parts in the
ratio 2 : 1, with the shorter part nearer the base. This is true for every
triangle and is a well-known result of geometry.

Find the center of mass of a uniform
semi-circle with surface mass density o~ and radius R.

EXAMPLE.
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Figure 4.4
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Ficure 4.4. Semi-circle.

Solution Polar coordinates are convenient here. The tiny mass element
at polar coordinates (r, 8) is a small rectangle with sides dr and r d6,
so dm = ordfdr. Its position vector in Cartesian coordinates is
(rcos@, rsin@).

Writing the position in Cartesian components is the key step. The
polar unit vectors change direction from point to point, and integrating
them would be very awkward. The Cartesian unit vectors are fixed, so
they come out of the integral. So

N 1 R s
R = —/ / (rc?se)ordedr.
M Jo Jo \rsin@

By symmetry xcpm = 0, so we only compute ycy. Using /On sinfdf =

2,
1 R V.4 ) 1 R )
yCM=—/ / r sin@a-d&dr:—/ 2reo dr
M Jo Jo M Jo

_20R® 4R
T 3M  3n°

where the last step uses M = %HRZO'.

4.5.3 Rotations

For objects with rotational symmetry, like the semi-circle
above, there is another way. Imagine rotating the object by a
small angle ¢, so that a little mass moves from one end to the
other, and work out the effect. The clearest way to keep track of
this is through the change in gravitational potential energy in a
uniform gravitational field (Note 6). This is only a bookkeeping
device: it comes purely from the change in the coordinates
of the masses and has nothing to do with the dynamics of the
system.

Figure 4.5
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Ficure 4.5. Rotated sector.

Let us find ycm of a uniform sector (a “pizza slice”) of
angle 20 and radius R. It is placed symmetrically about the

y-axis, with its tip at the origin. Rotate the sector clockwise by a
small angle ¢. The result is the same as moving a thin isosceles
triangle (two equal sides R, apex angle ¢) from the left edge to
the right edge (Fig. 4.5).

The center of mass of an isosceles triangle is two-thirds
of the way along its height, measured from the apex towards
the base of different length. (An isosceles triangle is two right-
angled triangles put together. We showed above that the center
of mass of a right-angled triangle is at two-thirds of the lengths
of its two shorter sides.) Measured from the y-axis, the axis of
the thin triangle removed on the left makes angle 6 — %, and the
axis of the one added on the right makes angle 6 + %. So the
height of the center of mass of the thin triangle changes by

2
Ay = §R [cos(@ + g) - cos(@ - g)]
2 2
= §R~ (—2SiHGSin§) ~ —§R sin 6 .

The second step uses the identity cosA — cosB =
—2sin # sin #; the last step uses sinx =~ x for small x.
The area of the thin triangle is %Rz sinp =~ %Rzgo (half the
product of two sides times the sine of the angle between them).
So its mass is O'%chp, and the change in the potential energy of

the whole sector caused by the rotation is

AU = O'%thp g (—%R sin0<p) = —%O'R3g sin @ ¢?.

We can find AU in a second way: from the change in the
height of the center of mass of the whole sector. This works
because the gravitational potential energy of an extended body
in a uniform field equals that of a point mass, equal to the total
mass of the body, placed at its center of mass. (Proof: the total
potential energy is f gry dm, where r, is the vertical coordinate
of the mass element dm, and the integral runs over the whole
body. Since g is uniform, / grydm = g f rydm = Mgycwm,
where M is the total mass. The last step is the definition of the
center of mass.) When the sector turns by ¢ about the origin, its
center of mass moves from height ycy to height ycm cos ¢. So

AU = -Mgycm(1 —cos ),

where M is the total mass of the sector. Substitute M = 6o R?

(the area of the sector is %(ZG)RZ) and use the small-angle

2
i mati ~ 1= X
approximation cosx ~ 1 — %

1
AU = —EHO'RzgyCMgoz.

Setting the two expressions for AU equal,

2R sin 0

ycm = 39

Putting 6 = 7 gives back ycm = g—ﬁ for a semi-circle.

5
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4.5.4 Scaling Arguments

If we scale every length of an object by a factor k, the
distance between any two corresponding points is also scaled by
k. We can use this to find the center of mass of suitable objects
without any integration. Take the right-angled triangle again.

Figure 4.6
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Ficure 4.6. Triangle of base length 2/.

Let the center of mass of a right-angled triangle with angle
of inclination 6 and base / be a horizontal distance x from
its vertical side (its height). Then, by scaling, for the similar
triangle with base 2/ this distance is 2x (the hollow white circle
marked “CM?” in Fig. 4.6). This larger triangle is also made of
4 copies of the original triangle, as the diagram shows. So we
can replace each small triangle by a point mass at its own center
of mass (the black dots). Their exact heights do not matter here,
since we only want the horizontal coordinate. Now we compute
the horizontal coordinate Xcwm of the large triangle’s center of
mass in two ways, measuring from its left tip:

* As the average of the four small triangles (equal masses),
whose centers are at [ — x, [ + x, 2] — x and 2/ — x (the
middle triangle is upside down).

* From scaling: 2x from the vertical side, which is at 2/,
that is, at 2/ — 2x.

This gives an equation for x:

l—x Il+x 20-x 2l-x
4+4+4+4 = 2] —2x.

Xcm =

The left side is 6112)‘, s0 6/ — 2x = 8] — 8x, and

So for the triangle with base /, the x-coordinate of the center of
mass (from the left tip) is

21
XCle—ng.

A similar argument works for the y-coordinate.

4.5.5 Velocity of the Center of Mass and the
Center-of-Mass Frame
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The center-of-mass frame will be useful in many later notes,
for example for collisions (Note 6). It relies on Galilean transfor-
mations between inertial frames, which are covered in Note 3.

As stated before, the position vector R of the center of mass
of N discrete particles, or of a continuous mass distribution, is

Zfi] mifi f?dm
Y mi ) Jdm '

Differentiating with respect to time, the velocity of the center of
mass is

R=

N > >
_ Zi:] m;v; _ /vdm
= ~ = .

Zi=1 m; / dm
The numerator is the total momentum. So if there is no net

external force, the total momentum is conserved (Section 4.4),
and the center of mass moves at a constant velocity ¥cy.

vcM

The center-of-mass frame. Now look at the system from a
frame attached to its center of mass, called the center-of-mass
frame. Take a discrete system (the continuous case is a simple
extension). Let &; be the velocity of the ith particle in the lab
frame and #/, its velocity in the center-of-mass frame. By the
Galilean velocity transformation (Note 3),

-/ - >
u,=u; —vcm-

The total momentum in the center-of-mass frame is then

= Mvcm — Mvew,

where M is the total mass. (The first sum is the lab-frame

momentum MVcy by Eq. (4.7).) So
7 =0. (4.12)

The total momentum of a system in its own center-of-mass
frame is zero.

4.6 EQUATIONS OF MOTION IN
DIFFERENT COORDINATES

The equations F = mad are vector equations. To use them,
we usually write them as scalar equations (components) and
then solve the differential equations that result. How we do this
depends on the coordinate system.

4.6.1 Cartesian Coordinate System

In Cartesian coordinates, the net force and the position
vector are

Zﬁ:Fxf+Fyf+FZIE,
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The acceleration is

P d*F
S dr?’
The rate of change of a vector A=AA depends on the change
of both its magnitude and its direction:

d(AA) dA . dA
= —A+A—.
dr dr M dr

The unit vectors #, j and k are fixed, so only the components

change, and

‘_i d2x N + d2y 2 + d2Z A
= —1 _— _—
dr? dr? I dr?

Matching the components of ), F =ma gives
d?x d?y d?z

Fy=m—, Fy, =m—, =m—.
* dr? Y dr? ¢ dr?

4.6.2 Polar Coordinate System

In two-dimensional polar coordinates, the unit vectors are
7, which points from the origin to the point of interest, and
6, which is perpendicular to # (tangential, in the direction of
increasing ).

Figure 4.7
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Ficure 4.7. Polar coordinates.

The net force and the position vector are
D F=Fi+Feb, F=rf.
The acceleration is again
d*7

a=—,
dr?

but now the unit vectors change as the point moves, and we
must include their change when we differentiate the position
vector. Note 3 derives the result in terms of the unit vectors at
that instant:

@ = (7-r6?) 7+ (r6+26) 0.
Matching components of ), F =ma gives

F.=m (i‘—réz), (4.13)

Fo =m(rf +210). (4.14)

4.7 TYPICAL FORCES IN
MECHANICS

We can now find how a system evolves once we know the
forces on it. So we turn to working out the forces themselves.

There are four fundamental interactions in nature: gravita-
tional, electromagnetic, strong nuclear and weak nuclear. All
mechanical forces, which need direct contact to act, are in fact
electromagnetic. These include the normal force, friction and
the spring force. When you push on a door, the electrons in
your fingertips are pressed against those in the door; they repel,
and this is the normal force. As another example, the tension
in a string comes from the attraction between the atoms of the
string, which stops the string from coming apart when it is
stretched. Of the forces in this section, only the gravitational
force is fundamental.

4.7.1 Normal Force

The normal force, as its name says, acts perpendicular
(normal) to the surface between two objects. When we stand
on the ground, the normal force from the ground opposes the
gravitational force and stops us from accelerating towards the
center of the Earth. The normal force is a contact force: it acts
at the point of contact between the objects. This matters a lot
when we study torques (Note 5). Finally, an object’s apparent
weight is the normal force between the object and an imaginary
weighing scale (the scale pushes on the object and the object
pushes on the scale with the same size of force).

4.7.2 Friction

Friction is a force that resists relative motion between two
surfaces. It comes from several causes, such as surfaces sticking
together, surfaces deforming and surfaces being rough. We must
tell apart static friction and kinetic friction.

Static friction acts when the two surfaces do not move
relative to each other. It obeys

|fS| S /JSN’

where | f;| is the size of the static friction, u; is the coefficient
of static friction and N is the normal force between the surfaces.
Static friction points so as to oppose the motion that would
happen without it. If the force needed to prevent sliding would
be larger than the upper limit u; N, the object starts to move.

Kinetic friction, on the other hand, opposes the motion of
surfaces that are already moving relative to each other. It is
constant, with size

Jv =pyN.

In most cases 0 < p < 1 and u, < ug. There are exceptions,
such as silicone rubber surfaces, whose coefficients of friction
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are often much larger than 1. Finally, it is important to under-
stand that kinetic friction always acts opposite to the motion,
S0 it is a non-conservative and dissipative force (Note 6). The
energy is usually turned into heat and sound, which go into the
surroundings.

4.7.3 Spring Force

When a spring, or any elastic object, is compressed or
stretched, it tends to spring back to its natural state. By Hooke’s
law, this restoring force is proportional to the extension or
compression x of the spring relative to its relaxed length:

F = kx.

The force points so that the spring tends to return to its relaxed
length.

Let us step aside and find the effective spring constant of
massless springs with equal relaxed lengths, joined in parallel
and in series. Take a system of two springs. Let the displace-
ments of the object, the first spring and the second spring from
their equilibrium positions be x, x| and x;.

Farallel configuration. Figure 4.8 shows that in parallel, the
springs and the object all move by the same amount:

Figure 4.8
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Ficure 4.8. Springs connected in parallel.
The total force on the object is
F = kx| + koxo = (ky + ko)x.
The effective spring constant kg is the one for which
F =keix = ke =ki +ko.

Using this formula again and again on pairs of springs, the
effective spring constant for n springs in parallel is

n
kefr = Z k;.
i=1

Series configuration. For springs in series (Fig. 4.9), each
spring must exert the same force. Otherwise there would be a
net force on a massless spring, which would give it an infinite
acceleration. So

F = keffx = k1X1 = k2X2.
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Also, the extensions of the two springs add up to the displace-
ment of the object:
X1 +Xx2 = X.

To solve, multiply k1x; = kegx by ko, and koxp = kegx by ki,
then add:
kikoxy = kokegx
kleXQ = k]keﬁx
kika(x1 +x2) = (ki + ko) kegrx

kiko 1 1 1
or

ke = —
= eff ki + ky

=—+ —.
ke ki ko

Using this again and again, the effective spring constant for n
springs in series is

Figure 4.9
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Ficure 4.9. Springs connected in series.

4.7.4 Tension

Tension is the pulling force that each part of a string exerts
on the parts next to it, and at the ends of the string. You can
picture a string or rope as a long spring, with the tension as its
restoring force. But this picture fails when the string is pushed
together: it goes slack instead of acting like a compressed spring.
The tension at any point of a string always points along the
string at that point (along its local direction), because a string
cannot resist forces perpendicular to it.

In most problems, strings and ropes are taken to be massless,
so the net force on them must be zero. This is exactly what
makes the tension in a frictionless, massless string of any shape
uniform (the same everywhere), as we see later in this note
(Section 4.8.3). Another proof is given in Note 7.

4.7.5 Gravitational Force

The gravitational force is an attraction between all particles
that have mass. In its general Newtonian form, the size of the
gravitational force between two point masses is proportional to
the product of their masses and inversely proportional to the
square of the distance between them (Note 8).
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In the rest of this note, the only massive body we consider
is the Earth, and all differences in height are tiny compared
with the Earth’s radius. So we can take the gravitational force,
or weight, on an object of mass m to be mg, where g is the
gravitational field strength (a constant).

For an object that is not tiny, the center of gravity is the
point where the whole force of gravity seems to act. It is the
same as the center of mass when the gravitational field strength
is uniform over the whole object (try to prove this).

4.8 SOLVING PROBLEMS

4.8.1 Free-Body Diagrams

Before looking at the common types of problems, we need
a key tool: the free-body diagram. Draw it like this:

(1) Isolate the system you are studying.

(2) Find all external forces on the system and draw them
as vectors at the right points of the system (for example,
the gravitational force should pass through the center of
gravity). External forces are forces on the system due to
things outside the system.

The general method for solving a mechanics problem is
then:

(1) Choose several systems and draw their free-body dia-
grams. A useful tip for choosing a system: look at the
forces you need to find. If they do not include internal
forces (friction and normal forces between surfaces, and
sometimes tension), treat the objects together as one sys-
tem. If you need the friction or normal force between two
objects, separate them.

(2) Write the ), F = ma equations for all the systems you
chose.

(3) Ifneeded, find relations between the variables (constraints
that must be obeyed). They give extra equations, so that
you have enough equations for the unknowns. Sometimes
the constraints can instead be built into the coordinates
that describe each system. (Such constraints are called
holonomic: they depend only on the positions of the
objects. CP1 Chapter 11 explores this further.)

(4) Solve!

Let us apply this method to some problems.

4.8.2 No Constraints

ExXAMPLE. A man of mass m is in a lift that acceler-
ates upwards with acceleration a. Find the normal force on the man
from the floor of the lift (his apparent weight).

Solution We want the normal force on the man, so we isolate the man
and draw his free-body diagram (Fig. 4.10). In the figure, the normal
force is drawn slightly away from its exact position so that it can be
seen clearly. The acceleration a is drawn at the side only as a reminder
that the man accelerates upwards; this is not really needed.

Figure 4.10
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Ficurg 4.10. A man in an elevator.

Two forces act on him: the normal force N upwards and his weight
mg downwards. Taking upwards as positive, Newton’s second law
gives

N-mg=ma = N=m(a+g).

EXAMPLE. A force F is applied to the left end of a
row of n identical blocks of mass m, connected by strings (Fig. 4.11).
The coeflicient of kinetic friction between the blocks and the ground is
. All strings stay taut while the blocks move. Find the tension 7; in

the string between the ith and (¢ + 1)th blocks as the blocks accelerate.

Figure 4.11
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Ficure 4.11. Connected blocks.

Solution Let f be the friction force on one block. First find the
acceleration by treating all the blocks as one system. Since the strings
stay taut, all blocks have the same acceleration a. The strings are
internal to this system, so their tensions do not appear:

F —nf =nma.

Next, a convenient system is the (i + 1)th block up to the nth block,
because 7; is the only tension acting on it. (Choosing a good system
needs some feel for the problem, which gets better with practice.) Its
free-body diagram is in Fig. 4.12.
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Ficure 4.12. The last (n — i) blocks.

This system has n — i blocks, so
T, —(n—=i)f = (n—i)ma.

: _F
From the first equation, f +ma = 4-. So

T; = (n=i)(f +ma) = @
We never needed to find f! So if we did this experiment on the Moon,
for example, where g and hence f are different, we would get exactly
the same result.

An equally convenient system is the first i blocks. It feels the force
F, the tension —7; (pulling backwards), the friction —i f and the weight
img. Horizontally,

F-T;,-if =ima

ir _ (n-iF
n no

T;=F—i(f+ma)=F

Slinkies. A simple but fascinating system is the toy called a
slinky, which is basically a spring with mass. The main difficulty
is that the spring force is no longer the same all along the slinky,
because each part now has mass. The spring is not stretched
evenly, so its density changes along its length, even if it was
uniform to begin with. Because the spring force varies, the
standard careful method is to study infinitesimal pieces of the
slinky, each of which is a small spring with mass. But we will
see that some clever tricks can avoid this.

ExAMPLE. A slinky has mass m, spring constant k
and relaxed length /. (The relaxed length is its length when the tensions
at both ends are zero, for example when it lies on a horizontal table.)
It is hung from a ceiling. After it reaches equilibrium, find the total

extension of the slinky and the position of its center of mass.

Solution Extension. Divide the original, unstretched slinky into a huge
number of equal tiny pieces, each of length dx. Each piece has the
same spring constant k” (we find it later). We can find the extension
without any long calculation. At equilibrium, the spring force grows
linearly from O at the bottom of the slinky to mg at the ceiling, because
each piece must hold up the weight of all the pieces below it. (Here
“linearly” is with respect to the piece’s position counted along the
original slinky from the bottom, not the stretched length from the
bottom.) So each piece stretches by a different amount. The key point
is that the extension of each tiny piece is directly proportional to the
tension at its ends. Since the tension varies linearly, the total extension
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of the slinky equals that of a spring with the same constant £ and a
uniform tension equal to the average tension, %. That is the same as
hanging a block of weight % on a massless spring. So the extension
of the slinky is simply
mg
Al - ﬁ.

Center of mass. Now we are stuck, because this trick does not work
for the second part: the whole point is to find the center of mass of a
spring whose mass density is not uniform. We can guess the answer’s
form. The tension is larger near the top of the slinky, so the top parts
stretch more than the bottom. So the density of the slinky falls with
height, and the center of mass lies below the geometric center. We
now use the careful method. Put the origin at the ceiling and take the

x-direction as positive downwards.

Figure 4.13
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Ficure 4.13. Infinitesimal section of slinky.

First imagine switching off gravity. The slinky then runs from
x =0tox =[. Isolate a tiny piece between x and x + dx.

A spring of constant k£ and length / can be seen as N springs, each
of length #, joined in series. By the series formula % = # = %,
the spring constant of each small spring is

ky = Nk.

In other words, the length [’ of a part of the spring times its spring
constant k” always equals k/:

k'l =kl.
For the tiny piece of length dx, the spring constant is therefore

K=—.
dx

Do not worry about the infinitesimal in the denominator for now.

Now switch gravity on and let the system settle. The tiny piece
ends up between x + £(x) and x + dx + &(x + dx), where &(x) is how
far down the point that was originally at x has moved (Fig. 4.13). The
extension of this piece is (x + dx) — (x).

As a function of x (remember that x labels points of the original
spring), the tension must hold up the weight of the part below the piece,
that is, of the part with larger x. That part has mass m (1 - §), so

T:mg(l—/%).

This tension on the ends of the piece stretches it according to Hooke’s
law:
T =k [e(x+dx) —e(x)]
e(x +dx) —e(x) de
| ———— =kl—.
dx dx
Substitute 7', separate variables and integrate:

)
/Owds:/()x%(1—’7€)dx,

=k
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where £(0) = 0 because the point at the ceiling is fixed. So the total
extension of the part between the ceiling and x is

mg x?
e(x) = m (x—a).
Putting x = [ checks that the total extension of the slinky is indeed
e(l) = %
The center of mass of each tiny piece is at either of its ends (the
difference is second order and can be ignored). The final position of
the top end of the piece that was originally between x and x + dx is

2
, m mgx
X =x+.9(x):(k—‘lg+l)x— 2]‘312.

Although this piece is stretched, its mass is still p dx, where p =
is the original density of the slinky, because it still contains the same
material. To find the center of mass we just integrate

I
/ px"dx.
0

Be careful not to confuse dx” with dx: the mass of the piece is p dx,
not its new density times dx’. (You could work with the new density
and dx’, but it is an unnecessary extra step.)

l I 2
’ mg mgx

dx = — +1)x-
/opx p./o [(kl Jo =S
B mg 1 mgl ml  m?g
‘p[( Kl ”) } :

27 ek |
Dividing by m, the x-coordinate of the center of mass is

IEY

XcMm = 3 + 3%’
which is % below the center of the unstretched slinky.
A neater method: scaling. Having done the careful analysis, here
is an elegant alternative based on scaling arguments.
The possible parameters are m, g, k and /. By dimensional analysis,
a possible form is
mg
xem=al+ 8 a
where @ and (8 are dimensionless constants. Now, % is also dimension-
less, but we do not allow arbitrary functions of % in our guess. The
reason: the equations of the system (Hooke’s law, and the tension as a
function of x) are linear, and / and % should be independent of each
other. (We could have a slinky with [ = 0 or m = 0, for example, and
the same formula should still work. If / and % were mixed together,
these limiting cases would give nonsense.) So it is sensible to guess a
solution that is linear in / and Z£.
We find «a by letting k — oo: the slinky becomes so stiff that it

hardly stretches. Then

@ = —.

M =5 2

Define Ax as the extra distance of xcy beyond the center of mass of
the relaxed slinky:

Notice that

So if we hang a slinky of the same linear mass density but length 2/,
the shift of its center of mass from the relaxed position should be 4Ax:
its mass is 2m, and its spring constant is % (two identical springs in
series).

To get a second expression for this shift, cut the long slinky into
two parts of equal mass (Fig. 4.14). They do nor have equal lengths at
equilibrium, because the top part is stretched more.

Figure 4.14
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Ficure 4.14. Scaling arguments for a slinky of length 2/.

The bottom part is a slinky of mass m and original length /, with
tension mg at its top and O at its bottom. That is exactly the hanging
slinky we started with, so its center of mass is % + Ax below its top
end, by assumption.

The top part is a bit harder. It is a slinky of mass m and original
length [, but with tensions 2mg and mg at its ends (Fig. 4.14). This
is the same as the original slinky with an extra mass m hung from its
bottom end. The extra weight mg stretches the slinky uniformly by an
extra %, which moves its center down by an extra % So the center
of mass of the top part is at

1 mg
The top part’s total length is [ + Al + %, so the bottom part’s center
of mass is at

Remember that Al = % is the extension of the slinky under its own

weight. The two parts have equal masses, so the center of mass of the
whole slinky of length 2/ is the average of the two positions:

L mg 3 3mg
§+Ax+ﬁ+§l+7+Ax
2
mg
=l+Ax+—.
k

XcMm =

From the scaling argument we also know that
21
XCM = E +4Ax = + 4Ax.

Setting these equal,

_mg _ L, ms
M= = 2 3k

11 e
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4.8.3 Conservation of String

Another important class of problems is Atwood’s machines:

systems of pulleys, strings and masses. In this note we only
consider massless pulleys and strings, though this is not true in
general.

Besides writing the ' = ma equation for each mass, we
must notice that the length of each string is “conserved”. Since
a string cannot stretch, the positions of the objects at its two ends
must obey a fixed relation. This gives extra equations that relate
the accelerations of the masses. The next few examples show
how. Atwood’s machines are usually one-dimensional, so we
do not use vector notation for them. In all Atwood’s machines
in this note, downwards is the positive direction.

EXAMPLE. Find the accelerations a; and a; of m;

and my, and the tensions, in the set-up of Fig. 4.15.

Figure 4.15
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Ficure 4.15. Atwood’s machine 1.

Solution First, look at the tiny piece of string at the top of the pulley.

The forces on it must balance, since otherwise this massless piece
would have an infinite acceleration. So

T =T5.

From now on we write 7 for this tension. In fact, we can repeat this
argument for every tiny piece of a massless string, so the tension is the
same all along a continuous piece of string. So 7' is, without doubt, the
tension in the string joining m; and my.

The F = ma equations for the two masses are

mia; =mg-T,

moay =mpg —T.
Finally, by conservation of string,
ay = —aj.

This is because if m| moves up by some distance d, m, must move
down by d so that the length of string stays the same.

When solving such equations, it is usually quickest to multiply the
F = ma equations by factors chosen so that the left sides add up to
zero by the conservation of string equation. Then we can solve directly
for the tension. Here, multiply the first equation by m, and the second
by m1, and add:

mymp(ay + az) =2mymyg — (my + my)T.

CHAPTER 4 / TRANSLATIONAL DYNAMICS

Since a; +a» =0,

2m1m2
T="1"
mi +my

Putting T back into the F' = ma equations,

myp —my
a = ———8§,
mp +mp
my — ni
a=-ay = —g.
mi +my

EXAMPLE. Find all tensions and accelerations in the

two-layer system of three masses in Fig. 4.16.

Figure 4.16
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Ficure 4.16. Atwood’s machine 2.

Solution We already know how the tensions in different parts are
related. By the argument above, the tension in the string over the
bottom pulley is the same everywhere; call it 7. The tension in the
string over the top pulley must then be 27, so that the massless bottom
pulley (together with the bottom string) has no net force on it.

Why must a massless object have zero net force, even though it can
accelerate? Newton’s second law for a massless object gives a = % If
both F — 0 and m — 0, then a is not fixed by this formula; it depends
on how F and m go to zero. So a can be non-zero even though there is
no net force. But a non-zero net force on a massless object would give
an infinite acceleration.

So we now have two rules:

* the tension is the same all along a massless, frictionless string;
« the forces on every massless pulley must balance.

From now on, we write the tensions in different parts of the string
directly, without mentioning these rules each time, because the relations
are usually simple. If you are ever unsure why a tension has a certain
value, go back to these two rules and work it out yourself.

As always, write the F' = ma equations for all three masses:

mia; =mg — 2T,
maay =myg —T,

msasz = m3zg — T.

The conservation of string equation is less obvious here. It is

aj +aj
2

This is because the average height of m, and m3 moves by the same
distance as the bottom pulley, and the bottom pulley moves by the same
distance as m, in the opposite direction.

If this is still not clear, split the motion of m, and m3 into two
parts (Fig. 4.17). The first part is due to the motion of the pulley they

a) =
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hang from, which accelerates at —a; by conservation of the top string.
The second part is the acceleration a ¢ of the string joining m, and
m3 around a pulley that is at rest (since we have already taken out the
pulley’s motion). So

a) =—ay—a fs

az =-—aj+ar.

Adding these two equations and dividing by 2,

Figure 4.17
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Ficure 4.17. Different components of motion.

To solve the four equations, multiply the F' = ma equations by
2mom3, myms3 and mim, respectively and add them. The left side
becomes mmyms3(2ay + ap + az) = 0, which leaves an equation for T
alone. The result is

4m1m2m3

h 4m2m3 + m (mz + }’I’L3)g’
my(my +m3) — dmyms

a =
! 4m2m3 +m1(m2 +m3)g’

4myms + my(my — 3m3)
ajy =

4moms + my(my +m3) ©’
_ dmoms + my (m3 - 3Wl2)

4m2m3 + ml(mz + m3) ’

EXAMPLE. Now add a movable pulley that spans
the width of a single layer. Find all tensions and accelerations in the
system of Fig. 4.18.

Figure 4.18
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Ficure 4.18. Atwood’s machine 3.
Solution The F = ma equations are

mya; =mg—T,

mpay = mpg — 2T,

where the tension on m, is 2T so that the forces on the right pulley
balance. If the right pulley moves down by x, then m; must move up
by 2x to keep the length of string the same. So

a; = —2a.

To solve, multiply the F' = ma equations by m, and 2m and add (the
left side becomes mmy(a; + 2a3) = 0):

_ 3mmy

=5 &
4dmy + my

4m1 —2m2
a) = ———

>

Admy +my
my — 2my
a = ——g.

4m1 +m2g

Building constraints into coordinates. The derivations above
give a clear picture of what happens physically. But it is often
easier to get the conservation of string equation by defining
the coordinate of each mass while taking the length of each
string into account. Then the accelerations of the masses can be
written in terms of fewer independent coordinates. While doing
this, it is convenient to take the lengths of all strings and the
circumferences of all pulleys to be zero. They are constants, so
they disappear anyway when we differentiate.

Three identical masses m are connected
as in Fig. 4.19. Find their accelerations.

EXAMPLE.

Figure 4.19
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Ficure 4.19. Atwood’s machine 4.

Solution Number the masses 1, 2, 3 from left to right. Let the coordi-
nate of the first mass be x (positive downwards). The string joining
the first mass to its pulley has zero length (by our convention), so that
pulley’s coordinate is O — x = —x. Let the coordinate of the third mass,
and so of the pulley it is attached to, be y. Then the segment between
the second and third pulleys has length y — (—x) = y + x. Finally, the
segment between the top of the second pulley and the second mass has
length 0 — y — (¥ + x) = =2y — x, since the string over the second and
third pulleys has zero length. So the coordinates of the three masses
are
X, —x+ (=2y —x) = -2x -2y, y.

Hence

ay; =%, ap = —2% - 2y, as =jy.

Clearly, the conservation of string equation is

2a; +a2+2a3 =0.

13 e
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Let the tension on the second mass be 7. Then the tensions on the first
and third masses are both 27'. F = ma gives

may =mg — 2T,
may; =mg —T,
masz =mg — 2T .
Put these into the string equation: 2 (g - %T) +(g-L)+2 (g - %T) =
5¢ - %T = 0. Solving,
T—5m a——l a-4 a——l
=9 &, 1= 9g, 2—9g, 3= 98~

4.8.4 Remaining on an Inclined Plane

In some problems, an object must stay on a surface such as
an inclined plane. Then the acceleration of the object relative to

the surface must obey a certain relation. Consider this problem.

ExAMPLE. A block of mass m lies on a frictionless
plane of mass M and angle of inclination 6. You keep the horizontal
acceleration of the plane equal to A. Find the acceleration of the block

and the normal force on the block from the plane.

Figure 4.20
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Ficure 4.20. Block on an accelerating inclined plane.

Solution As usual, write the F = ma equations in the horizontal and
vertical directions:

Nsinf = may,
Ncos 0 —mg = may.
There are three unknowns (N, a and ay) but only two equations, so

we need one more. It comes from a careful look at the geometry: the
block must stay in contact with the plane. This constraint is

dy

= —tané.
ax —

It says that, relative to the plane, the block’s vertical acceleration must
be tan 6 times its horizontal acceleration, so that the block moves along
the surface. (a, — A is the block’s horizontal acceleration relative to
the plane; the plane has no vertical acceleration.) The minus sign is
because if the block moves up relative to the plane, it must move left
relative to the plane.
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Nsin 6
m

NcosO _

" 8

Solving these three equations (puta, =
into the constraint) gives

anday =

ay = gsin@cos 6 + Asin’ 6,

ay :AsinGcos@—gsin20,

N =mgcos6 +mAsin6.

Another approach is to define two independent coordinates. Let
the top-left tip of the plane be at (x, 0), and let s be the distance of the
block from the top-left tip, measured along the slope. Then the block
is at (x + scos @, —ssin6). So

ay =X+ 5§cosd =A+5§cosd,

ay = —§siné,
and the F = ma equations become

Nsinf = m(A + §cos @),

Ncosf —mg = —m§sin6.

Solving these gives the same result as before, because the condition
that the block stays on the plane is quietly built into the choice of
coordinates. To show this:

ay §sinf

=— = —tand,
ay—A s§cos@+i—A

since ¥ = A.

4.8.5 Polar Coordinates

Finally, we practise solving some systems in polar coordi-
nates. An important constraint here is circular motion. Note 3
shows that for an object to stay on a circle of constant radius r,
it must have an instantaneous centripetal acceleration, pointing
radially inwards, equal to

V2

ar = ——,
r
where v is its instantaneous tangential speed. So there must be

a net centripetal force on the object, which obeys
2

- mv*© o
E F, = ——F = -mré*#,
r

by Eq. (4.13), since i = 0.

ExAMPLE. A conical pendulum of length / moves
in uniform circular motion at a constant height, with angular velocity
w (Fig. 4.21). Find the range of w for which the pendulum can keep up
this motion with 6 > 0. What happens if w is smaller than the lower

limit of this range?
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Figure 4.21

upload: v1_ch®4_fig4-21.png/ .pdf/ jpg
to the figures/ folder

Ficure 4.21. Conical pendulum.

Solution For the pendulum bob to stay at the same height, the net
vertical force must be zero:

T cos = mg.

The bob moves in uniform circular motion with radius /sinf. So
the horizontal (radial) part of the tension must supply the required
centripetal force:

Tsin6 = ml sin 6 w?.

Since we are looking at positions with 6 > 0, we can cancel sin :
T = mlw?.

Dividing the first equation by this,

mg 8
cosf = = —.
mlw?  lw?

Since | cos 6| < 1, the motion is possible only if

/8
> =.
w ]

When w < l%, the mathematics breaks down at the step where we

cancelled sin 6, because in this case 6 = 0 (the pendulum cannot keep
up circular motion; it just hangs straight down). So 6 as a function of

w is in fact
cos~! £ for w > 5,
lw? 1

0 forw<\/§.

Now a more general use of F = ma in polar coordinates.

EXAMPLE. Two masses are connected by a string
that passes through a hole in a horizontal table (Fig. 4.22). Mass m
lies on the table. At this moment it is a distance » from the hole, with
radial velocity v, (positive outwards) and angular velocity w. Find
the instantaneous acceleration of the mass M below the table and the

instantaneous angular acceleration of mass m.

Figure 4.22
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Ficure 4.22. Two masses.

Solution Let the tension in the string be 7. The string pulls m towards
the hole, that is, in the —# direction. Newton’s laws for m in polar
coordinates in the plane of the table, Egs. (4.13) and (4.14), give

=T = m¥ — mréz,

0 = mré + 2mré.

At this instant 7 = v, and 6 = w, so

T = mi' — mrwz,

0 = mré + 2mv,w.
For mass M, with z its downward coordinate,
Mg—-T = M:.

Conservation of string requires # = —Z: if M goes down, m moves
towards the hole. Then the first equation gives T = mrw? +mZ. Putting
this into the equation for M and solving,

. Mg — mrw?

m+ M
2v,w

>

6=

,

All these quantities are instantaneous. The second result shows that

if the mass on the table moves radially outwards, its angular velocity

decreases a moment later, and vice versa. This is expected, because the

angular momentum of this system about the hole must be conserved
(Note 5).

4.8.6 Rigid Body Constraint

Another common constraint is the rigid body condition: the
particles must keep fixed distances from one another. A typical
set-up is discrete particles joined by massless, rigid rods. (A
continuous rigid body is better described by other methods; see
Note 5.)

A rigid rod usually feels forces only at its two ends. The
force from such a rod (its “tension”) can then only point along
the rod, so that the forces and torques on the rod balance. Here is
why: the two equal and opposite forces at the ends must cancel
each other, and their lines of action must coincide, so they must
lie along the rod. Otherwise, taking moments about one end
would give a non-zero net torque (Note 5). This fact, together
with the kinematics of rigid body motion in Note 3, is the key
to such problems.



EXAMPLE. Three masses m;, m, and m3 are con-
nected by massless, rigid rods of lengths /;, /; and /3 to a common
massless center O. The joint at O is fixed, so that adjacent rods make
constant angles #; > 0, 6, > 0 and 63 > 0. The set-up lies on a
frictionless, horizontal table. The masses are given velocities v, v
and v3, perpendicular to their rods and in the clockwise direction. Find
the instantaneous acceleration of each mass.

Figure 4.23
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F1cure 4.23. Three masses and rigid rods.

Solution Step 1: O is at rest. Define unit vectors €1, é, and €3 along
the rods, pointing out from the center O (which is also the origin). Let
the velocity of O be ¥o. The rigid body condition says that the two
ends of a rod have no relative velocity along the rod (otherwise the rod
would change length). For all three rods,

forall 1 <i < 3, where ¥; is the velocity of the ith mass. Since each ¥;
is perpendicular to its rod, ¥; - é; = 0, so

Vo-6;=0

for all i. The é; point in different directions, so the only way to satisfy
this is ¥o = 0. (More precisely: any two of the é; form a basis for
the two-dimensional plane of the table. Any vector in that plane is a
combination of them, so a vector whose dot products with both of them
are zero must be the zero vector.)

Step 2: the tensions. Let the forces exerted by the rods on the
massless center O be f‘l, f‘z and i‘g. The forces on O must balance, or
it would have an infinite acceleration:

T1+T2+f3=0.

So the three tension vectors form a closed force triangle (Fig. 4.24).
The angles between them are known, because each points along its rod.

Figure 4.24
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Ficure 4.24. Force triangle.

By the sine rule,

T, 7 T

sinf; ~ sin6, sin 63 B

CHAPTER 4 / TRANSLATIONAL DYNAMICS

for some new variable T'. Also, since T; = T sin 6; é;,

3 3
ZTsinH,-é,-:O — sing; é; = 0.
i=1 i=1

Step 3: the constraint on accelerations. Let the acceleration of O
be dp. (Remember: even though there is no net force on the massless
joint, it can still accelerate.) By the rigid body condition, the relative
acceleration of the two ends of a rod, along the rod, must be the
centripetal acceleration that goes with their relative tangential velocity.
Here the relative velocity is just ¥;, since O is at rest. So, along the rod,
(a@; —do) - é; = —‘;—fz (pointing towards O).

The force on m; from its rod is equal and opposite to the force of
that rod on O, so the acceleration of m; is

Putting this in, the condition becomes

Tsin6; . V?
— +ap - 6; = —
l;

m;

forall 1 <i<3.
Step 4. solve. Multiply the ith equation by sin ; and add all three:

3 .
Z T sin® 0;
- M i

L

3 v? sin 6;
)
=1 li

because the d@o terms add up to @ - (2?:1 sin 6; é,-) =dp-0=0.So

Finally, the acceleration of the ith mass is simply

2 ing.
; vjsmHJ
. Tsin6; . =1 I sinf; _
i == s i = ) . P ei‘
i 23 sin 9]‘ i
Jj=1 .
mj

4.9 SYSTEMS WITH A VARYING
AMOUNT OF MOVING MASS

4.9.1 What a System Is

In mechanics, a system is not a region of space with a
boundary. That wrong idea would mean that when particles
enter or leave the region, we add them to or remove them from
the system. Instead, a system is a fixed set of particles, chosen
in advance and followed from then on.
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Soitis misleading to write the following equation for a purely
translating rigid body, hoping that the dM /dr term describes
mass physically entering or leaving the body:

Zﬁ: C(ll—l; = @ = dd—Atll-;CM‘FMZiCM.

This equation implies that at one time we are looking at one
set of particles, and at another time at a completely different
set! Instead, we should define an all-including system, in which
different masses move at different velocities. Then we find the
total momentum p(¢) of this all-including system as a function
of time. (We use a small p because we deal with a single
system.) Its time derivative equals the net external force on the
system.

4.9.2 Using the Momentum of the Whole System

Consider the following examples.

ExAMPLE. An empty box is moving with horizontal
velocity v on frictionless ground. You add sand, initially at rest, into
the box at a rate o~ (mass added per unit time). What horizontal force
is needed to keep the box moving at constant velocity?

Solution Take the system to be the cart (with the sand inside it) together
with all the sand that has been, or will be, added. After time ¢, the total
horizontal momentum of this system is

p = (mg +ot)v,

where my is the initial mass of the cart. (The sand not yet added is at
rest, so it has no momentum.) The only horizontal external force on
this whole system is the force you exert on the cart. So

d
F=L-

= =ov.
dr

By coincidence, the equation
dm
F = + —
ma+ 2oV
gives the same result, with @ = 0 and dm/dr = o. But the physical

meaning of this equation is wrong, as the next example, which differs
only slightly, shows.

ExAMPLE. An empty box is moving with velocity
v. You hold sand of total initial mass M in your hand and move it at
velocity u in the same direction as the box. You then release the sand
into the box at a rate o7; just after leaving your hand, the sand still has
velocity u. What force is needed to keep the box moving at constant

velocity?

Solution Using F = ma + dm/dr v would give the same answer v
as before, which is clearly wrong. Instead, take the cart and all the sand
together as one system. After time 7, the masses of the cart and of the

sand left in your hand are mg + ot and M — o¢. So the total horizontal
momentum of the combined system is

p=(my+ot)v+(M-ot)u.

The only net horizontal external force on this combined system is the
force from you on the cart, so

F:(:l—IZ:(r(v—u).

Finally, an extreme case where the dm/ds term gives a
completely unreasonable answer.

ExAMPLE. A box of sand moving with velocity v
leaks sand at a rate o (mass lost per unit time). There is no friction
between the sand and the cart, so the sand that leaves still moves at
velocity v. What force is needed to keep the box moving at constant
velocity?

Solution Using F = ma + dm/dt v would give —ov. This says a
backward force is needed to stop the cart from accelerating! If we
instead take the box and all the sand as one system, its total horizontal
momentum does not change with time (assuming no other horizontal
forces act on the sand that has left). So in fact no force is needed!

Another view: two steps, and locality. Another way to see these
problems is to split each moment into two steps. First, sand is
added or lost, which may change the cart’s velocity. Second, the
force needed to keep the cart at constant velocity is applied.

* In the first problem, step one lowers the cart’s velocity
(by conservation of momentum), so a force is needed in
step two to keep the velocity constant.

* In the second problem, step one lowers the cart’s velocity
by less, because the sand was already moving. So a
smaller force is needed in step two.

* In the third problem, step one does not change the cart’s
velocity at all, so no force is needed.

This approach looks at the effect of adding a tiny amount of
mass, and of applying a force for a tiny time. We develop
it in Section 4.9.4, using the impulse-momentum theorem of
Section 4.4.

This second method has one big advantage over the whole-
system method: it describes the situation more precisely. When
we use an all-including system, we lose detail. For example,
in the second problem, once some sand has dropped, the cart’s
motion should not depend on how the sand still in your hand
moves (you could accelerate your hand, for example). In the
third problem, whether or not the sand that has left feels any
force should not affect the cart’s motion. In the end, interactions
should only be local. This principle of locality is a basic pillar
of physics, and casting a wider net only blurs it. But we can turn

17
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the argument round: since interactions are local, we may change
in any way the parts of a system that have no direct effect on the
part we care about, and the motion of that part stays the same.
This justifies the assumptions we made in the problems above.

For now, let us practise finding p and dp/d¢ for more
systems.

ExXAMPLE. A uniform, straight chain with linear mass
density A and length / hangs vertically at rest, with its lower tip touching
the surface of a weighing scale. It is then released. The parts of the
chain that hit the scale stop at once. Find the reading on the scale as a
function of x, the vertical distance the top end of the chain has fallen.
The bend at the surface of the scale is small, meaning that the length of
the bend is much smaller than the spacing between the tiny masses in

the chain, so the bend is effectively massless.

Figure 4.25
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Ficure 4.25. Falling chain.

Solution Take downwards as positive. The first key point is that the
tension in the chain must be zero. The two tension forces on the
massless bend point vertically and horizontally, so they cannot balance
each other unless both are zero. So the part of the chain that has not yet
hit the scale is in free fall, and its speed follows from the kinematics
equation (Note 3):

v = 4/2gx.

The length of chain still moving is / — x. The total momentum of the
whole chain, including the parts already at rest on the scale, is

v=2gx =

p =A(l —x)x.
Differentiating with the product rule,

d
d—’t’ = % + (1 - x)k.

Substituting X = v = 4/2gx and ¥ = g,

d
d—‘l: = —22gx + Ag(l —x) = =34gx + Agl.

The net external force on the chain is its weight Ag/ (down) minus the
normal force N from the scale (up):
Agl — N = -3Agx + Agl
N =3Agx.
At x = [, the normal force suddenly drops from 31g! to Ag! (the total

weight of the chain). The drop happens because there are no more
pieces of chain crashing into the scale. The exact size of this drop,
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2Agl, is best understood with the method of Section 4.9.4, where we
solve this problem again.

EXAMPLE. A long, uniform chain of linear mass den-
sity A is coiled into a heap, initially at rest, on a horizontal, frictionless
table. A tiny piece of one end hangs down through a hole in the table.
There is no internal friction between parts of the chain, and the only
moving part of the chain is the part below the table. Find the velocity
X of the moving part as a function of the length x that has fallen below

the table, and then find x(¢).

Figure 4.26
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Ficure 4.26. Falling chain from a heap.

Solution Only the hanging part moves, so the momentum of the whole
chain is

p = Axx.
The net vertical external force on the whole chain is Agx, the weight of
the hanging part. (For the part on the table, the normal force and the
weight cancel exactly, since its vertical momentum stays zero.) Also,
there is no tension in the chain: the chain on the frictionless table
cannot feel a net horizontal tension from the piece in the hole. So

dp

Agx = — = A% + Axi.
S =
Use the trick ¥ = 1 di?/dx (it follows from ¥ = $4* = ¢
Dividing by %/lx,
2

2,
— + —X° =2g.
dx xx g

Multiply by the integrating factor x> (Note 2). The left side becomes
an exact derivative:

dx2
X = 4+ 2% = 2gx2
d(x%2) 2
29
dx 8%
x2x2 X
/ d(x%2) :/ ngzdx
0 0
2
2.2 _ %3
xX°x° = 3gx

. [2
X =4/ zgx,
38

where we reject the negative root because the falling part can only
move downwards (positive). This follows from the fact that the net
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force on the system is downwards. Then, separating variables,

X1 r 12
—dxz/ \JZgdr
/0 Vx 0 38
2
2\/)_62 ggt

1 2
= —gr’.
X 6g

ExAMPLE. A uniform, straight chain of total mass m
and length [ lies at rest on a horizontal, frictionless table. At the start,
a tiny piece at one end of the chain passes through a hole in the table
and hangs vertically. Parts of the chain never “overshoot” the hole.
Find the velocity x of the chain as a function of the length x that has
fallen below the table, and then find x(¢). You will notice an error in
x(t). What causes this error, and why did it not happen in the previous

problem?

Figure 4.27
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Ficure 4.27. Falling straight chain.

Solution This time the whole chain moves with the same speed x.
Treat the two parts separately.

The tension T in the piece of chain inside the hole changes the
horizontal momentum of the part on the table, 2* (I — x)x:

T:%(?(l—x)x).

On the other hand, the weight of the hanging part, #x, minus this

tension changes the vertical momentum of the hanging part, 5 xx:

]
Adding the two equations (the T" cancels, and the two momenta add up
to mx),

mg  d(mx) _

T Tar T
Using ¥ = x dx/dx and separating variables,

X X
/ £ di / 8 dx
0 o 1

xz_gx2
2 7 2l
X = é)c

]

We choose the positive root, since x starts slightly positive and ¥ is
proportional to x throughout the motion. Now try to separate variables

and integrate:
X 1 t
[t e
ot X 0 1
Inx = \/§I+ln0+.

An awkward In 0" term appears out of nowhere! It is there because the
chain needs an infinite time to go from a negligible hanging length to a
noticeable one (so Inx goes to minus infinity).

This defect appears here because the chain is not slack. At the start,
the tension in the chain equals the weight of the tiny hanging piece
(so that this piece does not have an infinite acceleration). This small
tension pulls the part of the chain on the table towards the hole, giving
it momentum. Since that part is massive, it naturally takes an infinite
time to pull it into the hole by a noticeable amount (and to give it a
noticeable momentum).

In the previous problem, the whole chain was slack, so no force
was needed to drag the heap on the table into the hole. The heap simply
rearranges itself while its center of mass stays in place. Also, at the
start, the weight of the tiny hanging piece goes entirely into increasing
that piece’s own momentum, with no tension holding it back. Once it
gets past this first hurdle and reaches a noticeable hanging length, the
hanging part keeps a self-sustaining cycle going: a larger x leads to
a larger x. (This also happens for the straight chain, but the straight
chain fails at the first hurdle.) In terms of momentum: the weight of
the (at first tiny) hanging part only has to increase its own momentum,
not that of the whole chain, so it can reach a large velocity.

Despite all this, the result for X(x) in this problem is still correct.
It just takes an infinite time to reach a noticeable x.

4.9.3 Throwing Mass Away with No External
Force

A human-powered boat. You and your (N — 1) friends have a
brilliant idea: a boat pushed along by people! Each of you has
the same mass m. At first, all N of you stand on a boat at rest,
whose mass we take to be negligible. Each of you is only strong
enough to run along the boat and jump off at velocity u relative
to the boat. How should (N — 1) people jump so that the last
person moves as fast as possible? The boat rests on frictionless
ground.

All jump together. Suppose all (N — 1) people jump off
at the same time. Let the final velocity of the boat be v. The
jumpers then move at v — u in the lab frame. By conservation
of momentum (the total was zero),

N -1

O=N-1mv-u)+mv = v= N

u.

Jump one at a time. Now suppose the (N — 1) people jump
off one at a time. Let v; be the speed of the boat after i people
have jumped. Look at the moment when the (i + 1)th person
jumps. Before the jump, the total momentum of the boat and
the people on it is (N — i)mv;. After the jump, the boat moves
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at v;4+1, so the person who jumped moves at v;;; — u in the lab
frame (Fig. 4.28).

Figure 4.28
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Ficure 4.28. Propelling a boat.

By conservation of momentum,
(N=imv; = (N—i—1)ymviz1 + m(viy1 — u).

The right side is (N — i)mv;, — mu, so

Vigl = v + -U.

-1

Using this recursion formula again and again, starting from

v =0,
N
1 1 1
VN—1:(§+"’+N)M=M1.§27.

This is larger than the previous final velocity. There are (N — 1)
terms, and each is equal to or larger than %, so the sum is at
least NT_lu.

The second method is in fact the best one. The reason:
people who have jumped off move at —u relative to the boat’s
velocity after their jump. If they jump one by one, each person
leaves while the boat is still slower (it has not yet been sped up
by the later jumps). So each person leaves with a larger velocity
towards the left in the lab frame than when all jump at once.
Since the total momentum of the system must still be conserved,
the last person and the boat end up moving faster.

Smaller pieces. Finally, suppose there are now j(N — 1)
people of mass 2 each, while the last person still has mass m
(so the total mass is unchanged). Repeat the calculation with
people jumping one at a time. The final velocity of the last
person on the boat is

o= — .
ViN-1 (j+1 N

| .
>(‘15+‘]5++J‘]—N)M

The inequality comes from splitting the terms into groups of j
consecutive terms: each term in a group is at least as big as the
last (smallest) term of that group. The last expression is just
vy —1 found before. So it also pays to split the thrown mass into
smaller pieces, as well as throwing the pieces one at a time.
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Fuel-propelled rocket. Since throwing many small masses one
after another gives the boat the most speed, let us replace the
boat of people by a rocket of initial mass m;. Now and then
(not necessarily at regular times), it throws out a tiny amount of
mass from its back, at velocity u relative to itself. What is the
speed of the rocket when its mass has fallen to m ¢, if its initial
speed is v;?

Figure 4.29
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Ficure 4.29. Rocket.

Let the mass and speed of the rocket at some moment be m
and v. The rocket throws out an amount — dm of mass. (dm is
the change in the rocket’s mass, which is negative, so —dm is
positive.) After this, the rocket’s mass is m + dm and its velocity
in the lab frame is v + dv. So the ejected fuel moves at v +dv —u
(Fig. 4.29). By conservation of momentum,

mv=(m+dm)(v+dv) —dm (v +dv —u).

On the right, the terms dm (v + dv) cancel, leaving mv +m dv +
udm. So "
dv=——dm.
m

Integrating from the initial state to the final state,

my :
—u/ —dm=—u[1n|m|]nm1f =ulnﬂ,
m

VE—V; =
! l ;o m mg
m;
ve=vi+uln—.
my

This rocket example shows how to use conservation of momen-
tum for such problems. Sadly, the logarithm in the result is very
discouraging, especially since this way of propelling is the most
efficient one possible!

4.9.4 Systems under a Net External Force

The boat and the rocket had no net external force on them,
so we could use conservation of momentum. For systems with
varying mass under a net external force, we can apply the
impulse-momentum theorem (Eq. 4.11) to the system over a tiny
time interval d¢. This is the “local” method described earlier.

ExAMPLE. A cart is moving at velocity v. You start
to add sand, moving at velocity u, to the cart at a rate o~ (mass per unit
time). Find the force F you must exert on the cart so that it moves at
constant velocity v.
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(This is the situation of the second sand-box example above, now
solved with the local method.)

Solution Let the mass of the cart at this moment be m. During a
time dr, the cart gains an extra mass dm of sand, which was moving at
velocity u. The cart’s mass and velocity become m + dm and v + dv.
By the impulse-momentum theorem, applied to the cart plus this bit of
sand,
Fdt =Ap = (m+dm)(v +dv) — (mv + udm).

F dt is the impulse delivered in the short time, and the right side is the
change in the combined momentum of the cart and the incoming sand.
Drop the second-order term dm dv and divide the whole equation by

dr: d d
m v
F=—+m—.
a " a
Since dv/dt = 0 and dm/dt = o,

F=0(-u).

ExAMPLE. A chain of uniform linear mass density 4
and length / is held at rest, hanging vertically, with its lower end just
touching a table. It is then released. Find the normal force of the table
on the chain as a function of x, the distance the top of the chain has
fallen. When a part of the chain hits the table, it stops at once.

(This is the falling chain solved above by the whole-system method;
here we use the local method.)

Figure 4.30
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Ficure 4.30. Falling chain.

Solution The normal force of the table on the chain has two jobs. First,
it holds up the weight of the part of the chain already at rest on the
table. Second, it must stop the part of the falling chain that hits the
table. We find the force F' needed for the second job, and then add the
weight of the chain already on the table.

In a time df, a mass Av dt of chain, moving at v, comes to rest.
(The extra velocity that this falling piece gains from gravity during d¢
is second order, so we ignore it.) By the impulse-momentum theorem,

Fdr=vdm=12dr.

We can write v in terms of x using conservation of energy (Note 6) or
the kinematics equations (Note 3), since the moving part of the chain
is in free fall: there is no tension in the chain (see the whole-system

solution above).
v2=2¢x = F =2lgx.

Finally, add back the weight Agx of the part of the chain at rest on the
table to get the normal force:

N =F + Agx = 3Agx.

This approach makes clear why N suddenly drops from 31g/ to Ag/ at
x = [: there is no longer any falling piece hitting the scale, and at x =/
that part contributed 21g/ to N.

Sometimes the change in mass can be written in terms of a
distance travelled. Then the work-energy theorem (Note 6) can
be applied over a tiny distance, as the next example shows.

A massless bucket holds a mass M of sand
and is at rest at the origin. You pull it in the positive x-direction with a
constant tension 7" across frictionless ground. The bucket leaks sand at
the rate

EXAMPLE.

d_m M

L’
where m is the mass of the bucket (with its sand) at that moment. Find
its kinetic energy as a function of its coordinate x, for x < L. (“An
Introduction to Classical Mechanics™)

Solution Let E(x) be the kinetic energy of the bucket and its sand at
that moment. Look at the change dE in kinetic energy as the bucket
moves a tiny distance dx. Two things change it:

* By the work-energy theorem, the bucket gains kinetic energy
T dx from the work done on it by the tension.

* It also “gains” kinetic energy %”E as its mass changes by dm.
This quantity is negative, because dm is negative: the leaked

sand carries away its share, the fraction %, of the kinetic

energy.
So
dE =Tdx+ —E
Dividing by dx,
d_E—T+d_m E
de de m
Sincesz—%x,
dm E_ M E  E
d&x m L M_% T L-x’
and so
dE - E
dx L-x_

Multiply by the integrating factor ﬁ The left side becomes an exact
derivative:
1 dE E d ( E ) T

L—xa+(L—x)2=a L—-x L-x

E
-x E X T
‘/0 d(L—x)_,/O L—xdx'

The lower limit is O because the bucket starts at rest (E = 0 at x = 0).
Since /Ox % =In ﬁ, simplifying gives

E=T(L-x)ln

L-x’
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ROBLEMS

u Center of Mass

1. Regular Pentagon*

Find the center of mass of a uniform, regular pentagon
with edge length /.

Solution Draw two neighboring lines of symmetry of the
pentagon. By symmetry (Section 4.5), the center of mass
lies on both, so it is where they cross. The interior angle

of a pentagon is
3n

5
A line of symmetry through a vertex cuts that angle in half,
so the lines from the center to the two ends of an edge
make angle with the edge. By simple trigonometry, the
perpendlcular distance from the center of mass to the edge
that a line of symmetry cuts is

. A Strange Rod*

Find the center of mass of a one-dimensional rod of
length [ whose linear mass density at a point is 4 = ﬁ,
where k is a constant and x is the distance from the left
end of the rod to that point.

Solution Put the origin at the left end of the rod. Write

X s
1— ——|dx
( x+l)

X+ - T x+l
kx—klln|x+l|] =kl —klln2,

d
/x "= ,/ x+l
/dm /—dx [kInlx +1[]y = kIn2,

fxdm_l |
M am (ln2 )

. Cone**

A uniform cone has base area A and height 4. Find
how far below its vertex its center of mass lies.

Solution Let the density of the cone be p. Put the origin
at the vertex, with the positive z-axis along the axis of the
cone, meeting the base at right angles. The cross-section
between z and z + dz is a disk. Its linear size grows in
proportion to z, so its area is Z—zA and its volume is Z—iA dz.

Then
1 [n 1 "
= — dm = —
ZCM M/ zam M‘/O'

h 2
1 Ah
B [pz A] _ 0
0

T M |4n? aM

Also,
3

M = %Ahp - ICM = Zh
Another method. Take a thin isosceles triangle of tiny
width and thickness, whose axis of symmetry makes the
half angle of the cone with the z-axis. Turning it through
a complete revolution about the z-axis gives a thin conical
layer (a hollow cone). So the center of mass of this conical
layer is at a height % above its base, where [ is the layer’s
height (the triangle’s center of mass is one-third of its
height from its base). Now we can build the solid cone
of height h by stacking conical layers with heights from
! = 0to! = h inside each other. So the center of mass
of the solid cone is the weighted average of the centers of
mass of these layers. The weight of each layer is its mass,
which is proportional to its surface area and hence to its
height squared, /2. So the center of mass of a solid cone
of height 4 lies at a height

fre-ta o
frea 4

above its base, on its axis (by symmetry).

. Spherical Cap**

A spherical cap of height % is cut from a uniform sphere
of radius R (a spherical cap is what you get by slicing a
sphere with a plane). Show that its center of mass is

3(2R - h)?
43R - h)
above the center of the original sphere.

Solution Put the origin at the center of the original sphere,
with the positive z-axis through the top (vertex) of the cap.
By symmetry, the center of mass lies on the z-axis. Take
thin disks between z and z + dz. The radius r of such a

disk obeys
rP+2=R = r*=R-7.

So the volume of the disk is 77> dz = 7(R* - z%) dz, and

R R
M = — zdm = — pﬂ(RZZ - ) dz
M Jr_pn M Jr_p
_ prh?(2R - h)?
- AM ’

R
z z*

. [ R2 1 [p2 212 _
(The integral is [ = — T]R—h =7 [R —(R-h) ]
}lh2(2R — h)2.) The volume of the whole cap is

R W3R -h
V:/ 7(R? - 2y de = ZEORZD)
R—h 3

M = pV.

Therefore
3(2R - h)?

MZ4GR-h)



PROBLEMS AND SOLUTIONS

5. Triangle**

Write the coordinates of the center of mass of a general
uniform triangle in terms of the coordinates of its three
vertices. Hint: use the result for a right-angled triangle.

A plated triangle is made as follows. Take a uniform

triangle of surface mass density o, with vertices at (x1, y1),
(x2,y2) and (x3, y3), and join the midpoints of its edges.

Cover the new triangle with a plating of surface mass
density o. Repeat this with the new triangle and with
all later triangles. Find the center of mass of this plated
triangle.

As a separate question, prove geometrically that the
center of mass of a uniform triangle is the point where its
three medians meet. (You do not need to prove that the
medians meet at one point.)

Solution Let the plane of the triangle be the x”y’-plane.

Put the origin O’ at one vertex, and turn the x’-axis so that
a second vertex lies on it, at (x},0). The last vertex is at

(23, ¥3)-

Figure 4.31
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Ficure 4.31. Triangle.

The foot of the perpendicular from the third vertex to
the x"-axis is at (x},0). (In Fig. 4.31 it lies outside the
triangle, but its exact position does not matter.) Now use
the two right-angled triangles formed: one with vertices O’,
(xé, 0), (xg, yg), and another with vertices (xé, 0), (xé, 0),
(x5, ¥%). Here we must first “fill the hole” to get the big
triangle, and then take away the small triangle. By the
result for a right-angled triangle, their centers of mass are
at

2 1 2
(3x§, 3y3) and (§x§ + 553, 3y3)
Let the mass density take the value 2, so that each triangle’s
mass equals base times height. Their masses are then x}y’,
and —(x} —x/)y} (remember the minus sign for the second

one, since we are subtracting it). So the center of mass of
the general triangle is

2 ’ l ’ +g
, x3y3( ) (x3—x2)y3(3 21 7 )
(XCM) _ 3y3 35

X33~ (¥~ X)y;

1 X’ 1
- (3 2t 3x3).
395

In terms of the position vectors 7/ and 7/, of the second

Yem

and third vertices relative to O’,

VR PV Y

em =3 ry+ 373
Now take a general origin O, where the vertices have
position vectors 71, 7, and F3. Note that Foy = r Mt 71,
w1thr2 =Fy—rFrand ¥ r3 =r3—r1. So

o |
rCMzg(r1+r2+r3).

For the plated triangle' the midpoints of the edges of
a trlangle with vertices at 7, F», F3 have position vectors
r‘;rz, r‘;’” nd r2+'3 So the center of mass of the new
triangle formed by Joming the midpoints is

1 F1+72 71+?3 ?2+?3
3 2 2 2

FCM,new =

| R
= §(r1 + 7y +F3) = Fcmoolds

the same as the center of mass of the original triangle.
Every added layer has this same center of mass, so the
center of mass of the plated triangle is just that of the first
triangle:

(xl +X2+xX3 i +)’2+)’3)
3 ’ 3 '

Figure 4.32
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Ficure 4.32. Triangle and median.

For the last part, take one median, BM, in Fig. 4.32.
Take two lines, DD, and E|E;, parallel to BM and
at equal distances from it on opposite sides. Since
AAD Dy ~ AABM, ACE\E; ~ ACBM, and AM = MC
(by the definition of a median), we get DD, = EE>. So
the thin strips along DD, and E{E; have equal masses.
They are also at equal perpendicular distances (y) from
BM, but on opposite sides. So if we take an axis along BM
and measure the coordinate (call it z) perpendicular to BM,
the two strips together add nothing to the z-coordinate of
the center of mass. Repeating this for all pairs of parallel
strips at equal distances from BM, the z-coordinate of the
center of mass of the whole triangle is zero: the center of
mass lies on BM. Doing the same for the other two medians
proves that the center of mass is where the medians meet.

. Cylindrical Segment***

Find the position of the center of mass of the cylindrical
segment below. It has uniform density and a circular base
of radius r, and is obtained by slicing a cylinder with a
plane.

23 =
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Figure 4.33
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F1cure 4.33. Cylindrical segment (problem figure).

Solution We use Cartesian coordinates, with the origin
at the left tip of the segment (side view, Fig. 4.34). In
Cartesian coordinates, dm is just p dx dy dz, where p is
the density of the wedge. Take a tiny element at (x, y, 7).

Figure 4.34
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Ficure 4.34. Cylindrical segment.

We must be very careful with the limits of integration
for x, y and z. For a given x, z runs from O to xtan6,
while y runs from —/r2 — (r — x)? to \/r2 — (r — x)? (the
half-width of the circular base at that x). By symmetry,
the y-coordinate of the center of mass is 0. We compute
the other two coordinates.

r2—(r- x)2 X tan

2r
/xdm / xp dzdydx

2r r2—(r— x)2
—p/ x* tan 6 dy dx

=ptan9/ 2022 = (r —x)2dx.
0

The last integral can be done with the substitution r — x =
rsin g, sodx = —r cos ¢ de, x2 = r2=2r% sin @+r2 sin” ¢,
and \r2 — (r —x)? = rcos¢. As x goes from 0 to 2r, ¢
goes from 7 to -7

2r
22 = (r—x)2dx

-7
=—/ (r? = 2r%sin @ + r2 sin® @) r cos ¢ - r cos ¢ dg
7

5
= Zart.

8

(Swap the limits to remove the minus sign. Over —7 to
3 / cos? pdp = 7. the sin ¢ cos? ¢ term gives 0, and
[ sin* pcos®> pde = %.) Thus

5
/xdm = Zptan@nr4.

Similarly,
2r r2 (r— x)2 X tan 6
zdm = / zpdzdydx
2r r2 (r— x)2 1

—p/ —x tan? 6dydx
= ptan 9/ —(r—x)%dx

= —ptan“ 0

8'0 an® 0 r’

Finally, the volume of the segment is easy to find: two
such segments fit together to make a cylinder of radius r
and height 27 tan 6. So the total mass of the segment is

M:pﬂr3tan0,
and
/xdm 5 0
XcM = i _Zr’ yem = U,
_/de_St 9
cM = " —Sran.

7. Constant Ratio***

A rod of length / and mass M lies along the x-axis, with
ends at x = 0 and x = [. The rod has a special property:
if we cut it at any point x = y and keep the part between
x =0 and x = y, the center of mass of this remaining part
is at ky, where k is a constant. Find A(x), the linear mass
density of the rod as a function of x.

Solution In mathematical form, the property is

/Oy/lxdx
y/oy/ldx

Let foy Axdx = g(y) and foy Adx = m(y). Then

=k.

g(y) = kym(y).

Differentiate with respect to y. By the fundamental theo-
rem of calculus, g’(y) = A(y)y and m’(y) = A(y), so

A(y)y = km(y) + kyA(y).

Rearranging,
W)k
m(y)  (1-k)y
Since A(y) = dm/dy, the left side is d(Inm)/dy, so

Integrating and simplifying,

m(y) = AyT¥,
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where A is a constant. We find A from m(l) = M:

M
A=—
|T-%
So
m(y) = —— yTF,
T-%
A(x) = dm(x) _ kM xz]l:kl

A handy limiting case to check is k = %, which should be
arod of constant density. It is, since the exponent becomes

1
2k—1:2'§—1

=0.
1-k 1_%

. Square Fractal***

Find the center of mass of the square fractal below,
whose surface mass density is uniform. The largest square
has side /, and each later square has half the side of the
one before it. Note that the fractal only “grows” in one
direction.

Figure 4.35
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Ficure 4.35. Square fractal (problem figure).

Solution Let the center of mass be a horizontal distance
2x from the left edge of the largest square. (Its vertical
position is obvious by symmetry.)

The fractal is made of a smaller copy of the fractal,
two squares of side % and the largest square of side /.
By scaling, the center of mass of the smaller fractal is
a distance x from the left edge of its largest square. We
only need the mass of the smaller fractal. Taking the mass
density as one (its value does not matter),

l2+3l2+3lz+ _12
4 16 64 2
(After the first term, this is a geometric series: % . 1% =
~z

%.) The largest square and the two squares of side % have
total mass 12 + 2 - % = % with their center of mass at
%; the smaller fractal’s center of mass is at [ + x. Now
compute the center of mass of the original fractal from

these parts:

[ 32 ?
3 U+ -5
= 2x.
KT o
2 T2

Solving,
5

7 l .

There is an even neater way to get the mass ratios. By
scaling, the original fractal has four times the mass of the
smaller fractal, since corresponding squares have areas in
the ratio 4 : 1. So the three remaining squares have three
times the mass of the smaller fractal. Then

L3+ (+x)-1 X
22T g
3+1

2x =

and again 2x = %l .

. Triangle Fractal***

Take an equilateral triangle of side /. Fill with mass
the equilateral triangle inside it whose vertices are the
midpoints of its sides (it covers a quarter of the area). This
leaves three empty equilateral triangles of side % The
bottom two of these then go through the same process,
and so on for all later triangles, forever. Find the vertical
distance between the center of mass of this fractal and the

bottom edge of the original triangle, in the figure below.

Figure 4.36
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Ficure 4.36. Triangle fractal (problem figure).

Solution Let the vertical distance between the center of
mass of the fractal and the bottom edge be 2y. The original
fractal is made of two smaller copies of the fractal, with
all lengths halved, and one equilateral triangle of side %
By scaling, the center of mass of each smaller fractal is a
distance y above its bottom edge, which lies on the bottom
edge of the original triangle.

We only need the mass ratios. By scaling, the original
fractal has four times the mass of a smaller fractal. So
the equilateral triangle of side é has twice the mass of a
smaller fractal. This middle triangle points downwards,
with its apex on the bottom edge and its top edge at height

‘/Tgl, so its center of mass is at height ‘/él . Then

y-l+y-1+
1+1+2

B.o

b

= Systems with No Constraints

10. Walking on a Plank*

A wooden plank of length / and mass M lies on fric-
tionless horizontal ground. Consider the one-dimensional
problem in which a person of mass m starts at one end of
the plank and walks to the other end. Find the horizontal

25 mm
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displacement of the plank if the plank and the person were
both at rest at the start.

Now suppose a massless ant rests at one end of the
plank. The ant has a supply of snowballs of total mass
m. The ant starts throwing snowballs at velocity v, and
they stick to a massless wall at the other end of the plank.
Find the horizontal displacement of the plank after all the
snowballs have hit the wall. The ant and the plank were
both at rest at the start.

Solution There is no net external force on the system of
person and plank. So its center of mass does not move (it
starts at rest; Section 4.5.5). Put the origin at the center of
mass of the plank before the person starts to move. The
person is then at %, so the center of mass of the whole
system is at MTZM) After the person reaches the other
end, let the center of mass of the plank be at x; the person
is then at x — % So

m(x—%)+Mx
= — X = .
m+ M 2(m+ M) m+ M

ml ml

This is also easy to see another way: the final state is the
initial state flipped horizontally about the center of mass.
So the displacement is twice the initial coordinate of the
center of mass, Z(m”jrlM) X2 = m”:gw

The second problem is in effect the same as the first: a
mass m is moved from one end of the plank to the other.

So the answer is the same.

Pulling a Block*

You and a block of metal are at rest on frictionless
horizontal ground, a distance / apart. Your mass is m and
the block’s mass is M. You pull the block with a constant
force F' through a massless string. Find the time 7 at which
you collide with the block.

Solution The block’s acceleration is a, = % By New-
ton’s third law, the string also pulls you with force F, so
your acceleration is a,, = % The two accelerations point
in opposite directions (towards each other). So in your
frame, the block effectively accelerates towards you at

, 11
asz M-FZ .

Both start at rest, so by the kinematics equation

ol o, [ 2mm
=% “\NFM+m)

Falling Slinky*

A slinky with negligible relaxed length, mass m and
spring constant k is held vertically in mid-air by its top.
The top is released, so it starts to fall and collide with the
other parts of the slinky. The parts that have not yet been
hit by the top are seen to stay still. Find the time, measured

from the release, at which the bottom of the slinky starts
to move. Repeat the calculation if an extra mass m hangs
from the bottom of the slinky at the start.

Solution Put the origin at the top of the slinky, with the
y-axis positive downwards.

First case. From the slinky example in the main text
(with relaxed length [ = 0), the bottom of the slinky is at
y = 52 and its center of mass is at y = . After release,
the only external force on the slinky is its weight mg. So its
center of mass accelerates from rest at g. The bottom starts
to move only when the center of mass reaches the bottom
end, that is, when the top has collected all the other parts.
This means the center of mass travels % — 5% = Z£. By
basic kinematics,

m m
L S

81" = 6k 3%

1
2
Second case. The extra weight stretches the whole

slinky uniformly by an extra total length % So the bottom

. . 3 . .
of the slinky is at y = =%, and its center of mass is at
mg mg Smg

Y =3¢ + 3¢ = % - The time needed is then given by

1 , 3mg Smg 2mg m
lo2 = M8 Om8 — =22,
25" Tk T ek T 3k 3k

NOTE (added in rewrite, not in the original) In the second case the
slinky feels, besides its weight mg, the downward pull mg of the
hanging mass, which stays at rest (and so needs a supporting
tension mg) until the collapse reaches it. With a net force 2mg,
the slinky’s center of mass accelerates at 2g, not g, which gives

19 = 2;',15", that is, r = \/22. The same value follows

from the slinky-plus-mass system: net force 2mg, total mass 2m,
center of mass moving from 76% to %;"—kg CP’s printed answer

2#% uses acceleration g; check this step.

m Systems with Constraints

For the following problems, assume that there is no friction
between any surfaces and that strings and pulleys have negligible
mass, unless stated otherwise.

13. Atwood’s Machine 1*
Find the accelerations of the masses m and M if the
ramp does not move. There is friction between the ramp
and M, with static coeflicient u; and kinetic coefficient

Hi < Hs-
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Figure 4.37
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Ficure 4.37. Atwood’s machine 1 (problem figure).

Solution When the system stays at rest. The forces on
both m and M must balance. Let the friction on M be f,
pointing down the slope (f may turn out negative). Then

T-mg=0 = T =mg,
T-Mgsind—f=0 — f=mg—Mgsin6.

The normal force on M from the slope is N = Mg cos 6.
The friction must not be more than the largest possible
static friction:

|f] < usN = usMgcos 6,
|mg — Mgsinf| < usMg cos@.

This needs Msind < m < M(uscosf + sinf) or
M(sinf — pugcosf) <m < Msiné.

When the system moves. If m > M (ug cos 6 + sin )
or m < M(sin @ — g cos 6), the system cannot stay at rest.
Let the acceleration of M along the plane be a, and the
vertical acceleration of m be ay, both positive upwards.
F = ma for the blocks, and the conservation of string, give

may =T —mg,
Ma=T-Mgsin6 - f,

a = —Cly.

Here f is either uyyxN = ugMgcos6 or —urN =
—ur Mg cos 6, depending on which way M slides relative
to the slope. For now we keep the symbol f. Subtracting
the second equation from the first and using a = —a,,

Mgsin9—mg+ f

4y = m+M m+M’
_mg— Mgsin0 f
a m+M m+M

To find the sign of f, look at the sign of a without friction.

oIf m > M(ugcos 8 + sin6), M moves and a without
friction is positive. Friction must then reduce this

positive a, so f takes the positive value Mg cos 6.

oIf m < M(sin@ — pg cos §), M moves and a without
friction is negative. Friction must then make a less

negative, so f takes the negative value —ux Mg cos 6.

14. Atwood’s Machine 2*

Find the force F needed to prevent any relative motion
of m, M and pu.

15.

Figure 4.38
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Ficure 4.38. Atwood’s machine 2 (problem figure).

Solution Let the tension in the string be T'. For m to have
no vertical motion relative to the others, F' = ma for m in
the vertical direction gives

T-mg=0 = T=mg.

With no relative motion, all three blocks have the same
acceleration ay. So for the three blocks as one system,

F=(M+u+m)ay.

Finally, F' = ma for mass M gives

m
T = Max S ay = ﬁg,
and so
Fe m(M + p+m)g
= m .
Traveling Together**

Find the largest value of m; in the set-up below for
which the masses m, and m3 stay at rest relative to each
other. The coeflicient of kinetic friction between m, and
the table is uy, and the coefficient of static friction between
my and m3 is ug. Assume that m, moves relative to the
table.

Figure 4.39
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Ficure 4.39. Traveling together (problem figure).

Solution Let the tension in the string be T, the friction be-
tween the table and m, be fi, the friction between m; and
m3 be f;, and the common acceleration of the masses be a.
(Using one common « is the conservation of string, used
here without saying so.) Take rightwards and downwards
as positive.

For the system containing m; alone,

mia=myg—-T.
For the system containing m, and ms,

(my+m3)a =T~ fi.
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Adding these, and using f] = pg(my + m3)g (the table
supports the weight of m, and m3),

(my +may+m3)a=mig— fi =mg— ur(ma+ms)g
my — pg(ma + m3)

mi; +my+m3

a =

Next, isolate m3 alone. Only the static friction f, acceler-
ates it:

|f2| = m3a < psmsg

my — p(ma +m3)
mi; +mpy+m3 -

S

We use | f>| = m3a and not | f>| = —m3a because a > 0.
Indeed, m; > uo(my + m3) > pg(my + m3) is needed for
the set-up to move at all, where yq is the coefficient of
static friction between the table and m;. Solving,

< (s + pg) (my + m3)
< T )

Sliding down a Plane**

A block of mass m is held at rest on a frictionless plane
of mass M and angle of inclination 6. There is no friction
between the inclined plane and the ground. The block is
released. What is the horizontal acceleration of the plane?

Solution Take rightwards and upwards as positive. Let
N be the normal force on the block from the plane (this
is not necessarily mg cos 6), a, and a,, the horizontal and
vertical accelerations of the block, and A the horizontal
acceleration of the plane. The F = ma equations in the
vertical and horizontal directions are

N cos —mg = may,
Nsinf = may,
—Nsinf = MA.

(The last equation is for the plane: by the third law, the
block pushes on the plane with the reverse of N.) For the
block to stay on the plane, as in the main text,

a
Y = _tané.
a,— A
: N sin 6 N 4] N sin 6
Puttlng ax = %, ay = % - g and A = _%
into the constraint and solving,
N = g ’
sinf tan 0 (% + ﬁ) + %
A= _Nsin@ __mg sin 6 cos
M M +msin® @

17. Atwood’s Machine 3**

Find all tensions and the accelerations of the masses
in the set-up below.

18.

Figure 4.40
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F1cUre 4.40. Atwood’s machine 3 (problem figure).

Solution If the tension in the string holding m is T, the
tension in the string holding m, is 4T. So the equations of
motion are

miay =mig—T,

maay = mpg — 4T,

with downwards positive. For the conservation of string
equation, imagine that the second and fourth pulleys at the
top (counting from the left) move down by a and b. Let
the displacements of m; and m; be x; and x,. Then

x1+2a+2b=0,

since the second and fourth pulleys take up a length of
string equal to twice the distance they move. Also, from
the piece of string holding up the pulley attached to m;,

a+b=2x,

since moving m, down by x, needs an extra 2x; of string.
Combining,

dxr+x1=0 = a; +4a, =0.
Here a and b are displacements of pulleys, not accelera-

tions. Solving (multiply the equations by m, and 4m; and
add),

_ Smyimag
B 16m; +m2’
16m1 —4m2
aq=—-
16m; + my
nyp —4m1

an m 8.
Atwood’s Machine 4**

Find the accelerations of the masses m and 2m. For
the two pulleys shown, one continuous string goes once
around the bottom pulley, once around the top pulley and
once more around the bottom pulley, and is then tied to the
ceiling.
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Figure 4.41
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F1cUre 4.41. Atwood’s machine 4 (problem figure).

Solution The tension is the same all along the string; call
it 7. Four segments of the string hold up the right mass.
With downwards positive, the F' = ma equations for the
two masses are

may =mg —T,

2may = 2mg —4T.

For the conservation of string: if the right mass moves by
a distance d, the left mass must move 4d the other way,
because four string segments are joined to the right mass
but only one to the left mass. So

a; +4a, =0.

To find T, add the first equation to twice the second:
5
m(ay +4a;) =5mg-9T — T = §mg,

4 1

§g, a = —§g.

Atwood’s Machine 5%*

Find the accelerations of all the masses in the set-up
below. Try to get the conservation of string equation by
picturing how the strings actually move.

ay =

Figure 4.42
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Ficure 4.42. Atwood’s machine 5 (problem figure).

Solution Number the masses from left to right. The
F = ma equations are

may =mg —-T,
may; =mg —T,

masz =mg — 2T.

Figure 4.43
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F1cure 4.43. Atwood’s machine 4 (CP’s caption for this
figure).

To get the conservation of string equation, suppose the
middle mass moves up, above the dotted line, by a distance
d (Fig. 4.43). This frees a length 2d of string elsewhere.
But a length d must be “added” to the string joining the
middle mass and the bottom pulley (above the dotted line).
So only an extra length d is left to be shared between the
pulleys of the other two masses. Let x and y be the lengths
of string gained by the pulleys of the left and right masses.
Then the right mass only moves down by %, because the
string on each side of its pulley must get longer by % We
can then write the accelerations of the masses as second
time derivatives of x, y and d:

x+y=d, ar = —d, ap =X, a3=§,

S a1+a2+2a3=0.

Putting the F' = ma equations into this gives 4g — % =0.
Solving,
2 1 1 1

T'=3mg, ar=zg a=3g a3=-38

20. Atwood’s Machine 6**

Find the accelerations of all the masses in the set-up
below.

Figure 4.44

upload: v1_ch®4_prob4-20.png/ .pdf / .jpg
to the figures/ folder

Ficure 4.44. Atwood’s machine 6 (problem figure).
Solution Number the masses from left to right. The key
point in this problem is that the tension in the string above
the middle mass need not equal the tension in the string
below it, because they are separate strings. Let the tension

above the middle mass be 7 and the tension below it be
T>. Then

may =mg — Ty,
may =mg+ 1T, - T,
maz = mg — 2T,.
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Here we have two conservation of string equations, one for
each string:

a = —aj, 2a3 = as.

) . . . T.
Solving (the first string equation gives 71 = mg + 3 ; the
second then gives 7>),

4
T = 5 "8 I = 38

2 2 1

aj =—§g, a = a3=§g.

Pulling a Mass**

A ball of mass m is tied to two strings. One, of length
11, is tied to a fixed pivot A. The other passes around a fixed
pulley B and is pulled at constant velocity v. The length
of the segment between the mass and B at this moment is
[>. In terms of the angles a and 8 marked in the diagram
below, find the tension on the ball from the second string.

5%

Figure 4.45
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Ficure 4.45. Pulling a mass (problem figure).

Solution Since pivot A is fixed, the mass can only move
perpendicular to the first string (tangentially). Let this
tangential speed be u, anticlockwise.

Figure 4.46
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F1GURE 4.46. Velocity and acceleration of the mass.

The component of the ball’s velocity along the second
string is the rate at which the segment from the mass to
the fixed pulley B gets shorter: —I, = v (think of polar
coordinates centered on B). So

ucos(90° —a —-pB) =v
_ v
"~ sin(e +B)°
Next, let the radial and tangential accelerations of the
mass relative to the first string be a, and ag, as marked
in Fig. 4.46. Since A is fixed and the first string keeps its
length, a, must be the centripetal acceleration:

u? v2

ap=—=—.
Iy I sin’(a +pB)

22,

Similarly, /> = 0 (the string is pulled at constant speed).
So in the radial equation of polar coordinates about B,
the component of acceleration along the second string
must also be the centripetal acceleration that goes with the
velocity u cos(a + B) perpendicular to the second string:

2 2
ag sin(a + )  ay cos(a + g) = @D

I
Substituting the expressions for # and a,,
vZcos(a + B) ( 1 cos(a+ ﬁ))
ag = 3 — + .
sin’(a +B) \l b

Finally, look at the forces on the mass. Let the tension
on the mass from the second string be 73; the tension
from the first string does not matter here, because we take
components perpendicular to the first string. Taking the
components of 7, and of the weight perpendicular to the
first string,

Trsin(a + B) —mg cosa@ = mag

Mg cos
- sin(a + B)
- mvZcos(a+pB) (1 cos(a+p)
sin*(a + B) (E ¥ I ) '

Equivalent Mass**

Two masses m; and mj are connected over a pulley.
Suppose we can replace this set-up by an equivalent one
made of a single mass m.q hanging from a string. Find m.q.
Hint: if the set-ups are equivalent, any system connected
to them should behave in the same way.

Solution The pulley and the equivalent mass must have
equal accelerations, so that the string holding them is
conserved in the same way for every outside set-up joined
to them. Call this common acceleration aeq. Also, for the
set-ups to be fully equivalent, the tensions in the strings
holding the pulley and the equivalent mass must be the
same. Call this common tension 7'; the string over the
pulley then has tension %

Let the accelerations of m; and mj be aeq + a’ and
deq — a’ (their average must be aeq). Then

T
mg - E = ml(aeq +dad'),

T
myg — 5 = mz(aeq -a’),
Meqg — T = Meqleq.

Solving (divide the first two by m; and m, and add to
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remove a’),

4mim(g — deq)
mi +mp
, My —mp
a'= ———(g — aeq).
w1 +my (g eq)
Note that aeq, and hence T and a’, cannot be found here:
they depend on the set-up that these masses are connected

to.

Infinite Atwood Machine***

Infinitely many identical masses are arranged as shown
below. Find the acceleration of every mass. Assume the
set-up has N masses, with the Nth mass taking the place of
what would have been the Nth pulley, and then let N — oo.
What would happen if the Nth mass were a massless pulley
instead? The result of the previous problem may be useful.
(Adapted from “Introduction to Classical Mechanics.”)

Figure 4.47
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Ficure 4.47. Infinite Atwood machine (problem figure).

Solution (a) Method 1: equivalent masses. The previous
problem showed that the equivalent mass is

4m1m2

Meg = ————.
c mi + my

Apply this from the bottom up. At each step m stays equal
to m, while m; is the equivalent mass found so far. Since
my starts at m, we are in effect applying the function

dmx

fx) =

m+Xx

to m infinitely many times, one layer after another. Notice
that f(x) > x whenever x < 3m, and that f(3m) = 3m is
a fixed point. So, starting from m, each step increases the
equivalent mass towards 3m. The whole arrangement to
the right of the top pulley is therefore equivalent to a mass
3m. This reduces the problem to the simplest Atwood
machine with two masses, which we solved earlier. Num-
bering the masses 1,2, ... from left to right, the result of
the first example in Section 4.8.3 (with m| = m, my = 3m)
gives
ar=-%,
2

with downwards positive. Let the tension on the first mass
be T. Then the tension on the kth mass is zk—T_l (each lower

pulley halves the tension). ' = ma for the first and the kth
mass gives

3
mg—-T=ma;, — Tz%,
T : 3
mg—F—mak = ar= 1—2—k g.

(b) Method 2: scaling and symmetry. Again let the
tension on the first mass be 7. Then the tension in the
string joining the first pulley to the wall is 27, and the
tension in the string joining the second pulley to the first
mass is 7. If the system of masses is fixed, the tension 2T
between the first pulley and the wall can only depend on
the gravitational field strength g. By dimensional analysis
it must be proportional to g:

o
g

for some constant k, as long as we keep the same system
of masses, even if the field strength changes.

Now look at the system of masses on the right of the
first pulley. The second pulley accelerates at —a, with
ap positive downwards. So in the frame of the second
pulley, it is as if the masses below it lived in a world where
gravity is g + a;. Also, the tension in the string holding
the second pulley plays the same role as the tension in the
string joining the first pulley to the wall, because the second
pulley “does not know” what it is attached to. Using this
symmetry, and the fact that the tension depends only on
the apparent gravitational field strength,

k

2r T
g g+ar
This gives at once
ay = —%.
Using the F' = ma equations for the first and the kth mass
again gives
3
ar = 1- 2_k 8.

If the last mass is a massless pulley. T = 0 is also a
solution of the equation above, but it means that all the
masses are in free fall. This is what happens if the last
mass is a massless pulley: the tension in the last string is
then zero, which makes the tension in every string zero.
Method 1 gives the same conclusion, since the equivalent
mass is then clearly zero. So a single mass can have a
surprisingly large effect!

u Polar Coordinates/Circular Motion

24. Rotating Rod**

A uniform rod of linear mass density A and length [
lies on a horizontal table. Use polar coordinates with the
origin at one end of the rod. The rod rotates about the

31 =
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origin at a constant angular velocity w. Find the tension
as a function of the radial coordinate, T(r), (i) if the end
at r = 0 is free (the end at r = [ could be attached to a
rotating cylinder, for example), and (ii) if the end at r = [
is free (the end at r = 0 could be skewered and turned, for
instance).

Solution Take a tiny piece between r and r + dr, with out-
wards positive. The tension 7 at r pulls the piece radially
inwards, while the tension at r + dr, written T + dT', pulls
it radially outwards. The net radial force d7” must supply
the centripetal force on the piece, whose mass is A dr and
whose acceleration is —rw?:

Artw?

dT = -Arw’d
rw r 2

= T(r)=- +c,

where c is fixed by a boundary condition. The tension at a
free end must be zero. Soif r = 0 is a free end, ¢ = 0:
Arw?

>

T(r)=-

AP,

Ifr =/isafreeend, c = 5

T(r)= /lTwz (12 - r2) .

NOTE (added in rewrite, not in the original) A negative T means
the rod is being pushed together (compressed) rather than pulled
apart. This is possible for a rigid rod, though not for a string.

Rotating Chain**

A chain of uniform linear mass density A forms a circle
of radius R and is wrapped around a frictionless cone with
half angle @. The chain rotates about the symmetry axis
of the cone at a constant angular velocity w, while keeping
its shape as a circle of radius R. Find the tension T in the
chain.

Solution Take a tiny piece of chain of length R df, be-
tween 0 and 0 + dé in polar coordinates in the plane of the
chain. Figure 4.48 shows its free-body diagram.

Figure 4.48

1

1

1
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Ficure 4.48. Free-body diagram of an infinitesimal
segment.

T is the tension at the two ends of this piece, from the
neighboring pieces (the two must be equal so that the piece

has no tangential acceleration). dN is the normal force
on the piece from the cone. Because the cone’s surface is
slanted, dN points at the angle a above the plane of the
chain. dW is the weight of the piece, ARg df. For the
vertical forces to balance,

AR
228 4.

dNsina =dW — dN = —
sin

The two tensions each make a small angle dTH with the

tangent, so together they have an inward radial component
2T sin % ~ T df, using sinx ~ x for small x. The net
radial force (outwards positive) is then

F, =dNcosa—Td0 = (1Rgcota —T)df.

This must equal the required centripetal force (mass AR d6
times —Rw?), so

(ARgcota —T)df = —AR d6 Rw?
T = AR*w? + ARg cot a.

= Systems with Varying Amounts of Moving Mass

26.

27.

Sweeping Pan**

A sweeping pan of width / and initial mass M is at rest
on a horizontal, frictionless table. Dust is spread evenly
over the whole table, with surface mass density o. Find
F (1), the force needed to push the pan so that it moves
with a constant acceleration a.

Solution After the pan has moved a distance x, it has
swept up an area /x of dust, so its mass is

m(x) =M + olx.

Since the pan moves with constant acceleration a from
rest,

2
X = —at”,
2

Take the system to be the pan and all the dust (the dust not
yet swept is at rest). The momentum at time 7 is

1 2
v = at, m=M+§a'lat.

1
p=mv=Mat+ Ea’lazt3,

F = C(ll_I; =Ma+ ga'laztz.

Holding a Rope**

Take a uniform rope of length / and linear mass density
A. Hold it by its ends, vertically, so that it forms two
segments of length % with a small bend at the bottom
(small in the same sense as in the falling-chain example:
the bend is effectively massless). Now gently let go of one
end while still holding the other. The parts of the rope that
pass through the bend stop at once. Find F(#), the force
you exert on the rope as a function of time.
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Solution The key point is that there can be no tension
in the rope. The small bend is essentially horizontal,
and the tensions on both sides of it point upwards. Any
tension would give the massless bend an infinite upward
acceleration. So the moving part of the rope is in free fall.

After time ¢, the free end has dropped a vertical dis-
tance %’2 But only a length thz of rope has passed over
the bend (as with a movable pulley: the bend moves down
half as far as the free end). So a length % - % of rope is
still moving, at velocity gt, with downwards positive. The
momentum of the whole rope is therefore

1 gt?
p:/l(z_T)gt

The net force on the whole rope is its weight minus the force
you exert. It must equal the rate of change of momentum:

dp agl 31g%1%

Agl — F = —
§ a2 4
1 2.2
Fe gl+3/lgt.
2 4

Att = \/g, F suddenly drops from 24gl to Agl (the

weight of the rope). From then on, there are no more
downward-moving parts of the rope crossing the bend that
must be given an upward acceleration to stop them on the
other side.

Pulling a Rope**

A long rope of linear mass density A lies on a horizon-
tal, frictionless table, with a small bend as shown in the
figure (small as in the falling-chain example). You grab
the end of the rope near the bend and start to pull it. At
the start, the length of rope that has passed the bend is
negligible, and the whole rope is at rest. (Adapted from
“Introduction to Classical Mechanics”.)

(1) Find the force F needed to pull the rope so that it
moves at a constant velocity v.

(2) Find the force F(t) needed to pull the rope so that it
moves with a constant acceleration a.

(3) Prove the reverse of part (1): if a constant force F
acts on the rope, show that it moves at a constant
velocity.

(4) Now replace the force on the rope by a spring, so that
the rightwards force on the rope is k(L — x), where
L is a constant and x is the rightwards displacement
of the end the spring is attached to. Find x(¢), the
displacement of this end as a function of time, for
x < L.

Figure 4.49
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F1GURrE 4.49. Pulling a rope (problem figure).

Solution At every moment, only the parts of rope that
have passed the bend are moving, because the rope is
slack everywhere (see the previous solution). After the
end has been pulled a distance x, only a length 5 of rope
moves, at speed x (again as with a movable pulley). So the
momentum of the whole rope is

Axx
p(x) = T'

The net force on the rope equals its rate of change of
momentum:

_dp_/l)'c2+/Lw'c'
T dr 2 2

(1) Here x = v and ¥ = 0. The force needed is

(2)Herex = %aﬂ,x = at and X = a. The force needed
is
Aa*t? N Aa*t? _ 3a?t?
2 4 4
(3) F is constant and the rope starts at rest, so p = Ft.
Then

F =

Axdx_Ft
2 dr
x/l t
/—xdx: Frdt
0o 2 0
x* Fr?
4 2
2F
X = —
A
) 2F
X =4/,
A

a constant velocity.
(4) Here F = k(L —x). Using the trick ¥ = 1 d¥? /dx,
A2 Ax di?
k(L—x)= —+——.
(Lm0 =5+ &
Multiply by the integrating factor 4x. The left side of the
result is an exact derivative:

24 d@5)

2 + A
X X dx

=4k(L — x)x.
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Integrate, usingx = O0and x =0 at¢ = O:

x2x2 X
/l/ d(x?%%) = / 4k (L — x)x dx
0 0

4kx3
Ax2i? = 2kLx? - RS
. 2kL 4kx

X =
31

We take the positive root, since x > 0 for 0 < x < L, as

x>0. Writex:J‘S‘—’jJ%L—x and separate variables:
* 1 r 4k
[ === [ 5
0 1/%L—x 0 34
4k
V6L — V6L —4x = ﬁt'

(The left integral is Z,I%L — ZJ%L —x, and 24% =

V6L.) So

6L_4x_( )
R

This holds until x = L. After that, the force on the rope
becomes compressive (the spring pushes), and the rope
deforms.

Drag Force on Sheet*

A massive sheet is surrounded by sand at rest, with
mass density p. The sheet moves at a constant speed
v. Find the drag force per unit area on it, assuming the
collisions are elastic.

Solution Let the total area of the sheet be A. In time dt,
the sheet sweeps through a volume Av dt, so it hits a mass
dm = pAv dr of sand. This sand gains momentum 2v dm,
because it leaves the sheet at speed 2v. (Find the change
in velocity in the sheet’s frame: there the sand comes in at
—v and, in an elastic bounce off the massive sheet, goes
back out at v. Adding back the sheet’s velocity v, the sand
leaves at 2v in the lab frame.) The change in the sheet’s
momentum in this time is the negative of this. So

dp = 2pAv?dr,
d
Firag = d_f = _2.0AV27
Fdrag 2
— = =2pv-.
A i

Propelling a Car**

You throw baseballs at speed u towards a car of mass
M that can move without friction on the ground. The base-
balls leave your hand at a rate o~ (mass per unit time) and

31.

bounce elastically off the car’s window, straight back. The
car starts at rest. Find its speed and position as functions
of time. (“An Introduction to Classical Mechanics’)

Solution Let the car’s velocity at some moment be v(7).
Imagine you throw a mass dm of baseballs at the car. In
the frame moving at v, the baseballs come towards the car
at (u — v) and bounce back at (v — u). The change in the
momentum of the baseballs, (2v — 2u) dm, is the negative
of the change in the car’s momentum in the moving frame.
So the change in the car’s momentum in the moving frame
is
dp =2(u—-v)dm,

where F’ is the force on the car in the moving frame and
F is the force on the car in the lab frame. They are equal
because forces are the same in all inertial frames under
Galilean transformations (Note 3).

Note also that dm/dt # o, where dm/dt is the rate at
which baseball mass hits the car. The baseballs leave your
hand at velocity u, but they move at (u — v) relative to the
car. Think of it as something like the Doppler effect. In
numbers: if neighboring baseballs are a distance [ apart,
the time between hits is ul—v, compared with ﬁ if the car
were at rest. So

dmn  u-v
= o,
dr u

Md_v _ 2(u — v)zo_
dr u

Separate variables and integrate:

v 1 2 t
[ [
0o (u-v)? Mu Jo

1 l_20‘t
u-v u Mu
u
V=u-— .
20t
e

Integrating once more for the position,

J /( +%)dt
x—ut——l( Zm).

Drag Force on Sphere**

A massive sphere of radius R is surrounded by air
particles, which do not interact with each other, of mass
density p. The sphere moves at speed v. Find the drag
force on it, assuming the collisions are elastic.
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Solution Let the sphere move at velocity v in the positive
y-direction. In the sphere’s frame, the incoming particles
move at velocity —v. Look at a collision between a particle
and a tiny surface element of the sphere at azimuthal angle
o and at angle 6 from the z-axis, in spherical coordinates.
In an elastic bounce off the massive sphere, the particle’s
velocity component along the area vector of the surface
element (which points radially outwards) is reversed; the
other components do not change. So the particle’s change
in velocity is twice the negative of that component. The
unit area vector is

sin 6 cos ¢
7 =|sinfsiny |.
cos 6

So the component of the particle’s initial velocity along it
is

0 sin 6 cos ¢
—v|-|sin@sing | = —vsin 6 sin ¢.
0 cos 6

The change in the particle’s velocity is —2 times this, along
the radial direction:

AV =2vsin@sin g F.

The change in momentum of the particle, of mass dm, is
then
dm AV =2vsin@sing - dm .

By conservation of momentum, the change in the sphere’s
momentum is the negative of this:

dp = —2vsinfsing 7 - dm.

Now we only need to find how much mass hits the surface
element at ¢, 6 in a time d¢. Back in the lab frame, the
volume swept by this surface element in time dr is the
dot product of the sphere’s velocity with the area vec-
tor of the element, times dz. The area of the element is
dA = R?sin 6 dy dé (Note 1). So

dm=pv-dA F dt

0\ [sinfcosgp
=p|v|-|sin@sing |R?sin 6 dp db dr
0 cos 6

= pvR?sin? Osin ¢ dp do dr .

Hence

43
d_It) = —2psz2 sin® @ sin’ pFdedd.

By symmetry, the total drag force on the sphere points only
along the y-direction. So we only need the y-component

of the above, using #, = sin @ sin ¢:

ny

T —2pv?R? sin* 6 sin® p de d6 .

32,

The total drag force comes from integrating this over the
half of the sphere’s surface that faces forward (only that
half is hit by particles), thatis, 0 < ¢ <mand 0 < 0 < 7.
Using foﬂ sin* 9. dg = 3?" and foﬂ sin® pdg = %,

Ve /3
Firag = — / / 2pv*R? sin* @sin® p dp d6 = —mpv>R%.
0o Jo

Interestingly, comparing this with the drag force on a sheet
(Problem 29) shows that the “effective area” of a sphere is
half its cross-sectional area, %TIRZ.

Sweeping Duster***

A rod-shaped duster has length / and initial mass M.
It is held at rest at the top of an inclined plane with angle
of inclination 6. The whole plane is covered with dust of
surface mass density . The duster is given a slight push
and picks up dust as it moves. Find its velocity v along the
plane as a function of x, the distance it has travelled along
the surface of the plane.

Solution The total mass of the duster plus the dust it has
collected is m = M + olx. At any moment, the net force
on the duster-plus-dust system along the plane is mg sin 6.
Apply the impulse-momentum theorem over a time dt (the
dust about to be picked up is at rest):

mgsin@dt = (m + dm)(v +dv) —my
= mgsinf = d—mv +md—v.
dr dr
Notice that
dm dv dm dx . 2 .
Ev+ma = a-av+mv=(rlv +mv.

Hence
(M + orlx)gsin @ = v + (M + olx)v.
Lety = % +x (soy =vandy = V), and divide by o’/:

ygsin@ = y2 + y§.
Using j = 5 dj*/dy,
1 dy?
y'2 + Ey% = ygsiné.
Multiply by the integrating factor 2y:
2 dy? _ d(y*y*) _

2y%gsin 6.
dy dy y“g sin

2y9° +y

At the start, y = % and y = 0, so

24,2

y°y y
/ d(y*y?) = / 2y*g sin 6 dy
0 M

ol

252 2 203 sin 6 207 sin 0
y y - 3y g 30_313g

. 2 0 2M3g sin 6
=4|Zygsing - ———,
YT\38 30303y2
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and, going back to x,

. 2 (M N -
=|=-|— in
X 3\l X|gs
2M3gsin6

3038 (2 4 x)°

1/2

Raindrop***

Model a raindrop as a blob that always keeps the shape
of a uniform sphere of constant density. A raindrop, at first
of negligible size, starts to fall through a uniform cloud of
tiny water droplets. The raindrop collects the droplets it
meets. Find its acceleration.

Solution Let p be the density of the raindrop and A the
mass density of the droplets in the cloud (mass per unit
volume of cloud), both uniform. Let r(z), m(¢) and v(¢) be
the raindrop’s radius, mass and velocity at time . We need
three equations for these three unknowns: two expressions
for ri1 and the impulse-momentum theorem.

First, the only force on the raindrop is gravity. The
droplets it collects are at rest. Taking downwards as
positive, over a time dt,

mgdt = (m +dm)(v +dv) —mv

mg =mv+mv.
Next, since the raindrop is always a sphere,

m= §7Tr3p = i =4nr’ip.
We get another expression for 7t from the fact that in a
time d¢ the raindrop sweeps out a volume equal to its
cross-sectional area times v d¢. So the mass gained in df is

dm=2dV = anr’vdt = 1= Anrty.

Comparing the two expressions for 7,

4p . 4p
— v =—F.
1 1

Put these into the equation from the impulse-momentum
theorem:
4p .

4 4p 4
571'r'3'0g :471'}"21""0 . Tpf'+ 57‘(’7‘3'0' 77‘.

Dividing by 27r2p - 2,

A
g—r =372 + ri.

4p

Using # = § d7? /dr,

i ga
— ==
dr 4p

1
37"2+ Er

Multiply by the integrating factor 2r. The left side be-
comes an exact derivative, d(r®72) / dr:

2 g
6r37% + r6L = g—ré.
dr  2p
The raindrop starts with negligible size, so

6.2

r-r r /l /l
/ d(rb?) = / 820dr = 52 =807
0 0o 2p 14p

. g4
F=q|lT—r.
14p

Separating variables again,

"1 g
—dr =/ s ar
/o \r o \l4p

g4 gl »
2 = — = = —1".
vr 14p "= S6p

So ¥ = %, and the acceleration of the raindrop is

4p . g

= —r = =,
A 7
which does not depend on p, 4 or ¢.
A faster, less rigorous way. To solve

mg =my+my,

guess from the question that v should be a constant a (so
v = at), since the question does not ask for the accelera-
tion as a function of time. Since v = 47”;*, we get r o 2,
and then m = $xr3p gives m = ki® for some constant k.

Substituting m = kt®, v = aand v = ar,

ki®g = 6kt - ar + kt%a = Tki®a = a=

=3[0
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