Introduction to

S1a TICS
DYNAMICS

Problem Book

Rudra Pratap and Andy Ruina
Spring 2001



(© Rudra Pratap and Andy Ruina, 1994-2001. All rights reserved. No part of
this book may be reproduced, stored in a retrieval system, or transmitted, in
any form or by any means, electronic, mechanical, photocopying, or otherwise,
without prior written permission of the authors.

This book is a pre-release version of a book in progress for Oxford University
Press.

The following are amongst those who have helped with this book as editors,
artists, advisors, or critics: Alexa Barnes, Joseph Burns, Jason Cortell, Ivan
Dobrianov, Gabor Domokos, Thu Dong, Gail Fish, John Gibson, Saptarsi Hal-
dar, Dave Heimstra, Theresa Howley, Herbert Hui, Michael Marder, Elaina Mc-
Cartney, Arthur Ogawa, Kalpana Pratap, Richard Rand, Dane Quinn, Phoebus
Rosakis, Les Schaeffer, David Shipman, Jill Startzell, Saskya van Nouhuys, Bill
Zobrist. Mike Coleman worked extensively on the text, wrote many of the ex-
amples and homework problems and created many of the figures. David Ho
has brought almost all of the artwork to its present state. Some of the home-
work problems are modifications from the Cornell’s Theoretical and Applied
Mechanics archives and thus are due to T&AM faculty or their libraries in ways
that we do not know how to give proper attribution. Many unlisted friends,
colleagues, relatives, students, and anonymous reviewers have also made helpful
suggestions.

Software used to prepare this book includes TeXtures, BLUESKY’s implemen-
tation of LaTeX, Adobe Illustrator and MATLAB.

Most recent text modifications on January 21, 2001.



Contents

ProblemsforChapterl. . . . ... ... ... .. ... ........ 0
Problems for Chapter2. . . . . .. ... .. ... ... ........ 2
ProblemsforChapter3. . . . . .. ... ... .. .. ... .... 10
ProblemsforChapter4. . . . . . .. ... ... ... ... ...... 15
Problems for Chapter5. . . . . .. ... ... .. .. ... . .... 18
ProblemsforChapter6. . . . ... .. ... ... .. ......... 31
ProblemsforChapter7. . . . ... ... ... ... . ... .... 41
ProblemsforChapter8. . . . . .. ... ... .. ... ........ 60
ProblemsforChapter9. . . . . . ... ... .. ... ... ..... 74
ProblemsforChapter10 . . . . . . . .. .. ... ... ........ 83
ProblemsforChapter11 . . . . . . ... .. ... ... ........ 88
ProblemsforChapter12 . . . . . . ... .. ... .. . ........ 100

Answers to *'d questions



Problems for Chapter 1

Problems for Chapter 1

Introduction to mechanics Because no
mathematical skills have been taught so far, the
questions below just demonstrate the ideas and
vocabulary you should have gained from the
reading.

1.1What is mechanics?

1.2Briefly define each of the words below (us-
ing rough English, not precise mathematical
language):

a) Statics,
b) Dynamics,
¢) Kinematics,
d) Strength of materials,
e) Force,
f) Motion,
g) Linear momentum,
h) Angular momentum,
i) Arigid body.
1.3 This chapter says there are three “pillars”

of mechanics of which the third is ‘Newton'’s’
laws, what are the other two?

1.4This book orgainzes the laws of mechanics
into 4 basic laws numberred 0-lll, not the stan-
dard ‘Newton’s three laws’. What are these
four laws (in English, no equations needed)?

1.5Describe, as precisely as possible, a prob-
lem that is not mentionned in the book but
which is a mechanics problem. State which
quantities are given and what is to be deter-
mined by the mechanics solution.

1.6 Describe an engineering problem which is
nota mechanics problem.

1.7 About how old are Newton's laws?

1.8 Relativity and quantum mechanics have
overthrown Newton'’s laws. Why are engineers
still using them?

1.9Computationis part of modern engineering.

a) What are the three primary computer
skills you will need for doing problems
in this book?

b) Give examples of each (different thatn
the examples given).

c) (optional) Do an example of each on a
computer.



2 CONTENTS

Problems for Chapter 2

ec C 2.11 For the unit vectorsy and A shown
Vector skills for mechanics B below, find the scalarsx and 8 such that
R oy — 3l = .
. rcp y
2.1 Vector notation and vec-
" r'aB 3
tor addition b A2
N 1
k \600
2.1Represent the vectdT = 5mi — 2mj in A | R T - X
three different ways. J A1
problem 2.5: problem 2.11:
(Filename:pfigure2.vec1.5) (Filename:pfigure2.vec1.11)
2.2 Which one of the following representations .
of the same vectoF is wrong and why? 2.6 The forces acting on a block of mass 5 1 |, the figure shownT; = 202N, T, =
a) b) m = Skg are shown in the figure, where 44N andw is such that the sum of the three
N F1=20N, F2 = 50N, andW =mg Find  f5ceg equals zero. W is doubled, findx and
j the sumF (= F1+ Fa + Wj? B such thate T}, BT, and WV still sum up to
| 3N -3Ni +2Nj Fi F, zero. y
i
‘ﬁ /
9 d) . % 3 T, -
% 3\ 600/ 45°
problem 2.2: W X
(Filename:pfigure2.vec1.2) problem 2.6
(Filename:pfigure2.vec1.6)
2.3 There are exactly two representations that2.7 Three position vectors are shown in the W
describe the same vector in the following pic- fi bel Gi that. . — 3m(ii problem 2.12:
tures. Match the correct pictures into pairs. Igure below.  Given tharg = m(zt + (Filename:pfigure2.vec1.12)
N b) AN ‘/Téj) andrg g = 1mi —2mj, find 7 c.
~ \ B 2.13In the figure shown, rods AB and BC are
J S 4% each 4 cm long and lie along and x axes,
30 30 respectively. Rod CD is in thez plane and
7 J makes an anglé = 300 with thex-axis.
C) d) | (a) Findr,p interms of the variable length
2N ": / i L.
2N(-E ++/3j i
23N ( J) (b) Find¢ anda such that
Tap = Tag — Tac + ok
) f) c
\ \ V4
A N 1 & A D
3N + 1Ny 3N(z3t +J) problem 2.7:
problem 2.3: (Filename:pfigure2.vec1.7) :

(Filename:pfigure2.vec1.3)

¢/
2.8Given that the sum of four vectod, i Al_4cm B

i N ) 1 to 4, is zero, wherd] = 20Ni, F, = 30° 7 Y
2.4 Fmg the sum ngforcelsFlA = 20Ni — g, Nj, F, = 10N(—i + ), find Fj. cm
2N_],F2=30N(ﬁl+ﬁ_]), andF3:
—20N(—i + v/3j). 2.9 Three forcesF = 2Ni —5Nj, R = pr)(()blem 2.13:0
10 N(COS@i+Sin9j) andW = -20 Nj- sum (Filename:pfigure2.vec1.13)

) _ upto zero. Determine the anglend draw the
2.5 In the figure shown Eelow, the position force vectorR clearly showing its direction. 214 Find the magnitudes of the forcd?l —
vectors arerg = 3ftk, e = 21tj, and _ L . 30Ni—40NjandF, = 30Ni+40Nj. Draw
Tep = 2ft(j + k). Find the position vector 2.10GiventhatRy = 1Ni+15Nj andR =  the two forces, representing them with their
Tap- 3.2Ni — 0.4Nj, find 2R, + 5R,. magnitudes.



Problems for Chapter 2

2.15 Two forces R = 2N(0.161 +
0.80j) andW = —36Nj act on a particle.

2.21 A1m x 1m square board is supported 2.24 A circular disk of radius 6 inis mounted
by two strings AE and BF. The tension in the on axle x-x at the end an L-shaped bar as shown

Find the magnitude of the net force. What is string BF is 20N. Express this tension as ain the figure. The disk is tipped 450 with the

the direction of this force? vector.
2.16In Problem 2.13, find such that the length —— 25m 4"
of the position vector,p is 6 cm.
F
2.17 In the figure shownfF; = 100N and E ‘
F2 = 300 N. Find the magnitude and direction ° om
of F, — F,. 11\X7%
1 l
Im
A B
plate—__| im
D C X
problem 2.21:

problem 2.17: X (Filename:pfigure2.vec1.21)

(Filename:pfigure2.vec1.17)

2.18 Let two forcesP and Q actin the direc-  the points A and B in the/z plane. Find the

tion shown in the figure. You are allowed {0 |ength of the strings AD and BD using vectors

change the direction of the forces by changinngD andrgp.

the anglesxr and6 while keeping the magni-

itudes fixed. What should be the valuesaof B
andg if the magnitude ofP + Q has to be the

maximum? y
2m

P
o 6

X 1m
problem 2.18:
(Filename:pfigure2.vec1.18) A

2.19Two points A and B are located in they
plane. The coordinates of A and B are (4 mm,

8 mm) and (90 mm, 6 mm), respectively. 30° X
(a) Draw position vectors, andrg.
. . — z
(b) Find the magnitude de andrg. problem 2.22:

(c) How faris A from B? (Filename:pfigure2.vec1.22)

2.23 A cube of side 6 inis shown in the figure.

2.20 In the figure shown, a ball is suspended
with a 0.8 mlong cord from a 2 mlong hoist OA.

(a) Find the position vectch of the ball.
(b) Find the distance of the ball from the

(a) Find the position vector of point I?F
from the vector sunfp = 7, + 7 p +

e
(b) Calculate7x].

origin.
y A (c) Findrg usingr.
V4
/'Y
0.8m E——F
P ot
“'B He. ... -G
i
O X A B X
problem 2.20: problem 2.23:

(Filename:pfigure2.vec1.20) (Filename:pfigure2.vec1.23)

2.22 The top of an L-shaped bar, shown in the
figure, is to be tied by strings AD and BD to

horizontal bar AC. Two points, P and Q, are
marked on the rim of the plate; P directly par-
allel to the center C into the page, and Q at the
highest point above the center C. Taking the

base vectors, j, andk as shown in the figure,
find
(a) the relative position vect(fb /P

(b) the magnitud¢?Q/P|.

X
problem 2.24:

(Filename:pfigure2.vecl.24)

2.25 Find the unit vectoﬁAB, directed from
point A to point B shown in the figure.
y

3m B
A
Im om
Im
X
problem 2.25:

(Filename:pfigure2.vec1.25)

2.26 Find a unit vector along string BA and
express the position vector of A with respect to
B, /B in terms of the unit vector.

y
15m

25m

Im X
3m B

V4
problem 2.26:
(Filename:pfigure2.vec1.26)

2.27 In the structure shown in the figuré =

2ft, h = 1.5ft. The force in the spring i¥" =
krg, wherek = 100 Ibf/ ft. Find a unitvector

Mg along AB and calculate the spring force

F = FXAB



y C 2.34Find the dot product of two vecto =
101bfi —201bfj andA = 0.8i +0. 6. Sketch

5 resents.
o~ " . N
— 2.35The position vector of a point A is, =
309 30cni. Find the dot product of, with A =
h ¢ Bi+1j.
00X X 2.36 From the figure below, find the component
problem 2.27: of force F in the direction of\..

(Filename:pfigure2.vec1.27)

2.28Express the vectar, = 2mi —3mj +

5mk in terms of its magnitude and aunitvector 3 F=100N
indicating its direction.
30° \100
- N ~ o X
2.29Let F = 101Ibfi + 30Ibfj and W = problem 2.36:

—201bfj. Find a unit vector in the direction of

the net forceF" + W, and express the the net
force in terms of the unit vector.

(Filename:pfigure2.vec1.33)

2.37Find the angle betweed); = 2Ni +
R R . R . 5NjandF, = —2Ni +6Nj.
2.30Let A = 0.80f +0.60j and}, = 0.5 +

0.866 . 2.38A force F is directed from point A(3,2,0)

to point B(0,2,4). If thex-component of the

force is 120 N, find they- andz-components
(b) Isthe sum of these two unitvectorsalso ¢+ f-

a unit vector? If not, then flnd a unit
vector along the sum dg and)Q.

(a) Show thaﬁl andjg are unit vectors.

2. 39A force acting on a bead of masss given
asF = —201bfi +22 Ibfj +12 Ibfk. What is

2.31Ifamass slides from point A towards point the angle between the force and thaxis?
B along a straight path and the coordinates of
points A and B are (0 in, 5in, 0in) and (10in, 2.40Given® = 2rad/si +3 rad’sj, Hl =

0in, 10in), respectively, find the unit vector (201 +30j) kg mz/sande = (10 +15j +
XAB directed from A to B along the path. 61‘) kg m?/ s, find (a) the angle betwegmand

H 1 and (b) the angle betweed and H 5.
2.32Write the vectorsFl =30Ni +40 NJ -

10N, FZ = _ZONJ + 2Nk, andF3 ~— 1 =074 +067j. If the weight of a block
~10Ni — 100Nk as a list of numbers (rows on this surface acts in the j direction, find

or columns). Find the sum of the forces usingthe angle that a 2000 N normal force makes

a computer. with the direction of weight of the block.

2.42 Vector algebra.For each equation below

state whether:

2.2 The dot product of two
vectors

(@) The equation is nonsense. If so, why?
(b) Isalwaystrue. Why? Give an example.
(c) Is never true. Why? Give an example.

2.33 Express the unit vectors andA in terms
of 7 andj shown in the figure. What are tixe

N ways.
andy components of = 3.0 fti2 — 1L.5ftA? *

You may use trivial examples.

y Q) A+tB=B+A
b) Atb=b+A
; A B-B A
d) B/C =B/C
problem 2.33: ®) blA :PCA T
(Filename:efigl.2.27) ) A= A-B)B+(A-C)C+(A-D)D

F andA and show what their dot product rep-

2.41The unit normal to a surface is given as

(d) Is sometimes true. Give examples both

CONTENTS

2.43 Use the dot product to show ‘the law of
cosines’; i. e.,

¢ = a2 + b? + 2abcoss.

(Hint: ¢ =a+ b;also,c - ¢ =¢ - C)

problem 2.43:
(Filename:pfigure.blue.2.1)

2.44 (a) Draw the vectorr = 3.5ini +

3.5inj —4.95ink. (b) Find the angle this vec-
tor makes with thez-axis. (c) Find the angle
this vector makes with the-y plane.

2.45 Inthe figure showni andn are unit vec-
tors parallel and perpendicular to the surface

AB, respectively. AforceW = —50Nj acts
onthe block. Find the componentsWf along
A andn.

@)
problem 2.45:
(Filename:pfigure2.vec1.41)

2.46 From the figure shown, find the compo-
nents of vector,g (you have to first find this
position vector) along

(a) they-axis, and

(b) alongA.
z

X
problem 2.46:
(Filename:pfigure2.vec1.42)

2.47The net force acting on a particle s =
2Ni + 10Nj. Find the components of this
force in another coordinate system with ba-
sis vectors’ = —cosdi + sing j andj’ =
—sinfi — cosf j. For® = 300, sketch the
vector F and show its components in the two
coordinate systems.

2.48 Find the unit vectorg g andéy in terms
of i and j with the geometry shown in figure.



Problems for Chapter 2 5

What are the componets W alongég and  2.54 Write a computer program (or use a a) BxC=CxB
€9? canned program) to find the dot product of BxC_C.B
two 3-D vectors. Test the program by com- b) - x - = - L
puting the dot products- Z,7 - j, andj - k. ) C-(AxB)=B. - (CxA)
Nov&use th(f program to find the compqnents d) Ax (ﬁxé) _ (KE)E—(X E)é
of F = (2 +2j — 3k)N along the line
0 - 7 _ 027 A .
¢ Tag = (051 =02 +0.1kym. 2.58What is the momenM produced by a 20
f 2 55Let ?n = 1 m(cosdni + Sin@nj), where N forcef acting in thp( direction with a lever
| On = 6p — NAG. Using a computer generate arm of 7 = (16 mm j?
. the required vectors and find the sum
l W 2.59 Find the moment of the force shown on
44 ] o the rod about point O.
é Zr-, with A9 = 1° andgy = 45°. y F=20N
N n=0 D
¢ PN
problem 2.48:
(Filename:pfigure2.vec1.44) 23 CI’OSS pI’OdUCt, moment,
2.49 Write the position vector of point P in i 0
fte the p P and moment about an axis 45 om
terms ofA; andA, and
(a) find they-component offp, 2.56 Find the cross product of the two vectors o
b) find th t o aloni shown in the figures below from the informa- \/ X
(b) find the componen Paonkl. tion given in the figures. problem 2.59:
y P (a) y (b) y (Filename:pfigure2.vec2.2)
£o N > = ] 7
/5: a s e b 4 105° 2.60 Find the sum of moments of forces
|02 2 2[ > 3 7l W and T about the origin, given thaty =
X I X 100N T = 120N ¢ = 4m, andd = 3(°.
y
El EY
/)"1 (© y (d) y T \
o 4 45° N\ y
N\ . 9
X = s NI y
problem 2.49: 30° X 45 X \, W
(Filename:pfigure2.vec1.45) 4 E B 0
2.50 What is the distance between the point Oproblem 2 60: X
A and the diagonal BC of the parallelepiped () y ()] y (Flename:pfigure2.vec2.3)

shown? (Use vector methods.)

B 1 2.61 Find the moment of the force
A — C 5 ; % 5 , X a) about point A
3 a a b) about point O.
4 F=50N
problem 2.50:

(Filename:pfigure.blue.2.3) (g) y B — 4j (h) y o= 300
2.51Let F; = 30Ni +40Nj — 10Nk, F, = (12 N b (22 ; ‘
~20Nj + 2Nk, andF; = Fa,i + Fa, j - a
Fs, k. If the sum of all these forces must equal ol X N X 15m
zero, find the required scalar equations to solve = 31“\/74 (13- (-1 \
for the components af;. problem 2.56: | =
2.52 A vector equation for the sum of forces (Filename:pfigure2.vec2.1) | 2m ‘

results into the following equation: problem 2.61:

2.57 Vector algebra.For each equation below
state whether:

(@) The equation is nonsense. If so, why? 5 g2 | the figure shown, OA=AB=2m. The
(b) Isalways true. Why? Give an example. force F = 40N acts perpendicular to the arm
AB. Find the moment of” about O, given that

. ) 6 = 45°. If F always acts normal to the arm
(d) Is sometimes true. Give examples bothag \vould increasing increase the magnitude
ways. of the moment? In particular, what valueéf
You may use trivial examples. will give the largest moment?

(Filename:pfigure2.vec2.4)

g(i—ﬁj)+§(3i+6j) — 25Nk

whered = 0.30i — 0.954j. Find the scalar
equations parallel and perpendiculaito
2.53 Let aﬁlj— ﬂFz + yﬁg = 0, where

F,, F,, andF; are as given in Problem 2.32.
Solve fora, 8, andy using a computer.

(c) Is never true. Why? Give an example.



A 1

L
O X
problem 2.62:

(Filename:pfigure2.vec2.5)

2.63 Calculate the moment of the 2 kNpayload
on the robot arm about (i) joint A, and (ii) joint
B,if¢1 =08m,¢2 =0.4m, and¢3z =0.1m.

y

A &
30°
b 2 M c
B
45° 2kN
X
problem 2.63:

(Filename:pfigure2.vec2.6)

2.64 During a slam-dunk, a basketball player

pulls on the hoop with a 250 Ibf at point C of the

ring as shown in the figure. Find the moment

of the force about

a) the point of the ring attachment to the
board (point B), and

b) the root of the pole, point O.
board

6"

3 Bi H‘ basketball hoop
10| ¢\ 18°
250 |bf

@)
problem 2.64:

(Filename:pfigure2.vec2.7)

2.65 During weight training, an athelete pulls
a weight of 500 Nwith his arms pulling on a

hadlebar connected to a universal machine by
acable. Find the moment of the force aboutthez. 71A force F = 20 Nj -5 Nk acts through

shoulder joint O in the configuration shown.

problem 2.65:

(Filename:pfigure2.vec2.8)

CONTENTS

2.66 Find the sum of moments due to the %program definition
two weights of the teeter-totter when the teeter-z(1)=a(1)*b(1);

totter is tipped at an angk from its vertical  z(2)=a(2)*b(2);
position. Give your answer in terms of the vari- z(3)=a(3)*b(3);
ables shown in the figure. w=z(1)+z(2)+z(3);

2.73 Find a unit vector normal to the surface
ABCD shown in the figure.

Wl

OA=h
AB=AC=¢

problem 2.66:

C
O
wh

(Filename:pfigure2.vec2.9)

problem 2.73:

(Filename:efig1.2.11)

2.74 If the magnitude of a forcéV normal
2.67 Find the percentage error in computing t0 the surface ABCD in the figure is 1000 N,
the moment ofW about the pivot point O as Write N as a vector*

a function ofé, if the weight is assumed to act z

normal to the arm OA (a good approximation | B
whend is very small). A

Im .- R b
l D ‘% im Y
= —=1m
problem 2.67: Xe"Im ~Im ~
(Filename:pfigure2.vec2.10) problem 2.74:

(Filename:efig1.2.12)

2.68What do you get when you cross a vector
and a scalar?
2.75The equation of a surface is givenas

2x — y. Find a unit vectom normal to the

2.69Why did the chicken cross the road?
surface.

2.70Carry out the following cross products in
different ways and determine which method
takes the least amount of time for you.

a) F = 20fti +3.0ftj — 15ftk; F =
—03Ibfi — 1.0Ibtk; F x F =2

b) ¥ = (—i +20j +04kym; L =

2.76 In the figure, a triangular plate ACB, at-
tached to rod AB, rotates about thexis. At

the instant shown, the plate makes an angle of
60° with the x-axis. Find and draw a vector
normal to the surfacze ACB.

(35 — 2.0k)kgmys; F x L =2 B
c) = ({—-15j)rads; ¥ = (100 — -
R Aol 45
2j+3k)in; @ xr =? C
152 |
A im
apoint A with coordinates (200 mm, 300 mm, ‘ y
-100 mm). Whatisthe momed (= 7 x F) 60°
of the force about the origin?
problem 2.76:

2.72 Cross Product programWrite a program (Filename:efig1. 2.14)

that will calculate cross products. The input to

the function should be the components of the

two vectors and the output should be the com-2.77 What is the distance between the origin
ponents of the cross product. As a model, hereédnd the lineAB shown? (You may write your
is a function file that calculates dot products in solution in terms ofd and B before doing any
pseudo code. arithmetic).*
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X
problem 2.77:

(Filename:pfigure.blue.1.3)

2.78 What is the perpendicular distance be-
tween the point A and the line BC shown?
(There are at least 3 ways to do this using var-
ious vector products, how many ways can you
find?)

)

d)

e)

f)

g)

h)

Write bothfl and F’z as the product
of their magnitudes and unit vectors in
their directions*

What is the angle AOB®?

c) What are the coordinates of the point
on the plane closest to point B?

What is the component cfl in the
x-direction?*

WhatisF po x ﬁl? (Fpo = FO/D
is the position of O relative to D)

What is the moment of", about the
axis DC? (The moment of aforcg about
an axis parallel to the unit vectar is
definedad, = A-(r x F)wherer is
the position of the point of application
of the force relative to some point on
the axis. The result does not depend
on which point on the axis is used or
which point on the line of action of”

is used.).

problem 2.83:

(Filename:pfigure.s95q2)

2.4 Equivalant force sys-
Repeat the last problem using either a

different reference pointon the axis DC tems and couples
or the line of action OB. Does the solu-

tion agree? [Hint: it should.}

! z
J | 5m A
| C. B 2.84 Find the net force on the particle shown
i 0 2\ 3 X in the figure.
) Fa/ |, 6N
problem 2.78:
(Fil pfigure.blue.2.2)
llename:pfigure.blue. & P
2.79Given aforce,Fy — (—3i +2j +5k)N of F1 3m X 3 10N
acting at a poin whose position is given by 4m y J —
p/o = (41 — 2j + 7k) m, what is the mo- D C I_,
ment about an axis through the orighwith )E)roblem 281" X
direction} = %j + \/igjo (Filename:p1sp92) 8N
2.80 Drawing vectors and computing with 282 A, B, and C are located by position problem 2.84:

vectors. The point O is the origin. PointAhas vectorsr o = (1,2,3), rg = (4,5, 6), and

xyzcoordinateq0, 5, 12)m. Point B haxyz
coordinateg4, 5, 12)m.

a) Make a neat sketch of the vectors OA,
OB, and AB.

b) Find a unit vector in the direction of
OA, call it Ao A.

¢) Find the forceF which is 5N in size
and is in the direction of OA.

d) Whatisthe angle between OA and OB?
e) What iS?BO X F?

f) What is the moment of” about a line
parallel to thez axis that goes through
the point B?

2.81 \Vector Calculations and Geometry.

The 5N forceF; is along the line OA. The 2.83 Points A, B, and C in the figure define a
plane.

7N force F 5 is along the line OB.
a) Find a unit vector in the direction OB.
*

b) Find a unit vector in the direction OA.
*

d)

e)

a)

b)

(Filename:pfigure2.3.rp1)

rc=(7,809.

a) Use the vector dot product to find the
angleBAC (A is at the vertex of this
angle).

b) Use the vector cross product to find the 2:85 Replace the forces acting on the parti-
angleBC A (C is at the vertex of this cle Qf masam shown in the figure by a single
angle). equivalent force.

. . . 2T
¢) Find a unit vector perpendicular to the

planeABC. T

How far is the infinite line defined by
ABfromthe origin? (Thatis, how close
is the closest point on this line to the
origin?)

Is the origin co-planar with the points
A, B, andC? i
problem 2.85:

(Filename:pfigure2.3.rp2)

Find a unit normal vector to the plane.
*

Find the distance from this infinite 2.86 Find the net force on the pulley due to the
plane to the point D* belt tensions shown in the figure.



2.90The forcesandthe momentactingonpoint

C of the frame ABC shown in the figure are

300\ Cx = 48N, Cy = 40N, andM¢ = 20N-m.
Find an equivalent force couple system at point20
B.
50N Cy
Mc
j B “9—»
| C Cx
A SON L 12m
problem 2.86:
(Filename:pfigure2.3.rp3) 15m
2.87 Replace the forces shown on the rectan-
gular plate by a single equivalent force. Where
should this equivalent force act on the plate and A
why? — —
300 mm problem 2.90:
. (Filename:pfigure2.3.rp7)
A D
200 mm
6N_> B Cl i 2.91 Find an equivalent force-couple system
for the forces acting on the beam in FR®, if
the equivalent system is to act at
a) point B,
4N v int 8
5N b .
problem 2.87: ) point D.
(Filename:pfigure2.3.rp4) 2 kN
2.88Three forces acton a Z-section ABCDE as
shown in the figure. Point C lies in the middle A ? 3 I?l
of the vertical section BD. Find an equivalent C
force-couple system acting on the structure and
make a sketch to show where it acts. .2m | 2m
A problem 2.91:
40 N (Filename:pfigure2.3.rp8)
0.6m Co|
100N
| S—
E 2.92 In Fig. ??, three different force-couple
“OS—m,‘ systems are shown acting on a square plat
problem 2.88: Identify which force-couple systems are equiv-

(Filename:pfigure2.3.rp5)

2.89 The three forces acting on the circular
plate shown in the figure are equidistant from

the center C. Find an equivalent force-couple % "ozm {

system acting at point C.

problem 2.89:

(Filename:pfigure2.3.rp6)

CONTENTS

Mc
}1ON

| C
\

30cm

|
problem 2.93:
(Filename:pfigure2.3.rp10)

2.5 Center of mass and cen-
ter of gravity

2.94 An otherwise massless structure is made

of four point massean, 2m, 3m and 4m, lo-
cated at coordinates (0, 1 m), (1m, 1 m), (1 m,
—1m), and (0—1m), respectively. Locate the
center of mass of the structure.

2.95 3-D: The following data is given for
a structural system modeled with five point
masses in 3-D-space:

mass coordinates (in m)
0.4kg (1,0,0)
0.4kg (1,1,0)
0.4kg (2,1,0)
0.4kg (2,0,0)
1.0kg (1.5,1.5,3)

Locate the center of mass of the system.

2.96Write a computer program to find the cen-
ter of mass of a point-mass-system. The input
to the program should be a table (or matrix)
containing individual masses and their coordi-

nates. (Itis possible to write a single program
for both 2-D and 3-D cases, write separate pro-
grams for the two cases if that is easier for

alent.

40N

30N
problem 2.92:
(Filename:pfigure2.3.rp9)

2.93 The force and moment acting at point C
of a machine part are shown in the figure where
Mc¢ is not known. It is found that if the given
force-couple systemis replaced by a single hor-
izontal force of magnitude 10 N acting at point
A then the net effect on the machine part is the
same. What is the magnitude of the moment
Mc?

you.) Check your program on Problems 2.94
e@nd 2.95.

2.97 Find the center of mass of the following
composite bars. Each composite shape is made

taoN
T o ° i ) of two or more uniform bars of length®m and
. 02m S0 -
g { : mass B kg.
@ (b)

(©

problem 2.97:

(Filename:pfigure3.cm.rp7)
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2.98 Find the center of mass of the follow-
ing two objects [Hint: set up and evaluate the
needed integrals.]

@ Y
Ym:Zkg

r=05m
(0] X
(b)
O X
problem 2.98:

(Filename:pfigure3.cm.rp8)

2.99 Find the center of mass of the following
plates obtained from cutting out a small sec-
tion from a uniform circular plate of mass 1 kg
(prior to removing the cutout) and radiugdlm.

@) 200 mm x 200 mm

(b) r =100 mm
<
100 mm
problem 2.99:

(Filename:pfigure3.cm.rp9)
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Problems for Chapter 3

F=50N
Free body d
ree body diagrams
. m=10kg (
3.1 Free body diagrams h
3.1 How does_one know what forces and mo- % /frlctlonless
ments to use in problem 3.4:

a) the statics force balance and moment
balance equations?

(Filename:pfig2.2.rp1)

o 3.5 A 1000 kg satelliteisin orbit. Its speecus
b) the dynamicslinearmomentumbalance,nqits distance from the center of the eartRiis

and angular momentum balance equa-pray a free body diagram of the satellite. Draw
another that takes account of the slight drag

tions?

3.8 A thin rod of masan rests against a fric-
tionless wall and on a frictionless floor. There
is gravity. Draw a free body diagram of the
rod.

problem 3.8:
(Filename:ch2.6)

force of the eaith’s atmosphere on the satelllte?h9 A uniform rod of massn rests in the back

e

R

3.2 A point massm is attached to a piston
by two inextensible cables. There is gravity. i
Draw a free body diagram of the mass with a /
little bit of the cables. ‘

| 9a

| Sa

I
‘ i
|
| |
|

C

problem 3.5:\ o

(Filename:pfigure.s94h2p5)

3.6 The uniform rigid rod shown in the figure

hangs in the vertical plane with the support of
the spring shown. Draw a free body diagram

problem 3.2:

(Filename:pfigure2.1.suspended.mass)

of the rod.

I

problem 3.6:

3.3 Simple pendulum.For the simple pendu-
lum shown the “body"— the system of interest
—isthe mass and a little bit of the string. Draw
a free body diagram of the system.

(Filename:pfig2.1.rp1)

3.7 FBD of rigid body pendulum. The rigid
body pendulum in the figure is a uniform rod
of massm. Draw a free body diagram of the
rod.

problem 3.3: g
(Filename:pfigure.s94h2p1)

3.4 Draw a free body diagram of massat
the instant shown in the figure. Evaluate the
left hand side of the linear momentum balance
equationp_ F = ma) as explicitly as possi-
ble. Identify the unknowns in the expression.

uniform rigid/‘/
bar, mass m

problem 3.7:
(Filename:pfigure2.rod.pend.fbd)

of a flatbed truck as shown in the figure. Draw
afree body diagram of the rod, setup a suitable
coordinate system, and evalu@ F for the
rod.

frictionless

=

problem 3.9:

(Filename:pfig2.2.rp5)

3.10 A disc of massn sits in a wedge shaped
groove. Thereis gravity and negligible friction.
The groove that the disk sits in is part of an
assembly thatis still. Draw a free body diagram
of the disk. (See also problems 4.15 and 6.47.)

y l_
X
problem 3.10:

01 02

(Filename:ch2.5)

3.11 A pendulum, made up of a mass at-
tached at the end of a rigid massless rod of
length ¢, hangs in the vertical plane from a
hinge. The pendulum is attached to a spring
and a dashpot on each side at a péj from

the hinge point. Draw a free body diagram
of the pendulum (mass and rod system) when
the pendulum is slightly away from the vertical
equilibrium position.
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) — 3.15 A small block of massn slides down an 2b
14 ¢ incline with coefficient of frictionu. At an ‘47 b — D
- - instant in timet during the motion, the block C i
1] L has speed. Draw a free body diagram of the d
k ¢ c k block. el | P
Q=
3/4¢
A o B \
@,, problem 3.18:
problem 311 (Filename:ch2.2)
(Filename:pfig2.1.rp5)
problem 3.15: 3.19 A sprin_g-mass model of a mechanical
_ (Filename:plig2.3.p5)  SYSt€M consists of a mass connected to three
3.12 The left hand side of the angular momen- springs and a dashpot as shown in the figure.
tum bala_nce (Torque ba!ance in statics) equa- The wheels against the wall are in tracks (not
tion requires the evaluation of the sum of mo- shown) that do not let the wheels lift off the wall
ments about some point. Draw a free body di- so the mass is constrained to move only in the

agram of the rod shown in the figure and com-5 15 Assume that the wheel shown in the fig- vertical direction. Draw a free body diagram
pute > Mg as explicitly as possible. Now yre rolls without slipping. Draw a free body of the system.
computed M . How many unknown forces diagram of the wheel and evalua}e F and

does each equation contain? > M. What would be different in the ex-
pressions obtained if the wheel were slipping?

k
C k
%))
problem 3.19:
probILem 3.12: - P (Filename:pfig2.1.rp2)
e problem 3.16:
(Filename:pfig2.2.rp3) (Filename:pfig2.2.rp4)
3.20 A point mass of mass moves on a fric-
tionless surface and is connected to a spring
3.13 A block of masan s sitting on a friction- with constank and unstretched length There
less surface at pon‘]t& andB and acted upon L . is graVity. At the instant of interest, the mass
at pointE by the forceP. There is gravity, -1/ A compound wheel with inner radius — has just been released at a distance the
Draw a free body diagram of the block. and outer radiuR is pulled to the right by right from its position where the spring is un-
2b a 10N force applied through a string wound stretched.
c ~——b—{D around the inner wheel. Assume that the wheel free body di fthe of th
rolls to the right without slipping. Draw a free a) Drawafree ody diagram of the of the
1 body diagram of the wheel. mass and spring together at the instant
d P E=10N of interest.
() E i—) d — b) Draw frt_ae body diagrams of t_he mass
G and spring separately at the instant of
A B \ interest.
(See also problem 5.32.)
problem 3.13:
(Filename:ch2.1)
problem 3.17:
3.14 A mass-spring system sits on a conveyer (Filename:pfig2.1.rp8)

problem 3.20:

belt. The spring is fixed to the wall on one
end. The belt moves to the right at a constant
speedvg. The coefficient of friction between
the mass and the belt js. Draw a free body o )
diagram of the mass assuming it is moving to3-18 A block of massm is sitting on a fric-  3.21 FBD of a block. The block of mass 10 kg
the left at the time of interest. tional surface and acted upon at pdihby the s pulled by an inextensible cable over the pul-
horizontal forceP through the center of mass. ley.

(Filename:ch2.10)

m /M The_block is resting on sha_rp edge at pdmt_ a) Assuming the block remains on the
andis sup_ported_ by a small ideal wheel_at point floor, draw a free diagram of the block.
<,> <,> A. There is gravity. Draw a free body diagram
of the block including the wheel, assuming the  b) Draw a free body diagram of the pulley
problem 3.14: block is sliding to the right with coefficient of and a little bit of the cable that rides

(Filename:pfig2.1.rpe) ~ friction w at pointB. over it.
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,X—{ F=50N 3.25 In the system shown, assume that the two
— masses A and B move together (i.e., no relative
— slip). Draw a free body diagram of mass Aand
1 evaluate the left hand side of the linear momen-
m=10kg h tum balance equation. Repeat the procedure
for the system consisting of both masses. gl
L J L
frictionless X 1=02
1 A ; N
problem 3.21:
(Filename:pfigure2.1.block.pulley) k m
B — problem 3.28:
3.22 A pair of falling masses.Two masses A F (Filename:pfigure2.simp.pend.fbd)
& B are spinning around each other and falling
towards the ground. A string, which you can problem 3.25: 3.29For the double pendulum shown in the fig-
assume to be taught, connects the two masses. (Filename:pfig2.2.p2)  jrg, evaluatez F andz M, at the instant
A snapshot of the system is shown in the figure. shown in terms of the given quantities and un-
Draw free body diagrams of 3.26 Two identical rigid rods are connected known forces (if any) on the bar.
a) mass A with a little bit of string, together by a pin. The vertical stiffness of the

. . . . system is modeled by three springs as shown
b) mass B with a little bit of string, and  ; the figure. Draw free body diagrams of each
c) the whole system. rod separately. [This problem is a little tricky
and there is more than one reasonable answer.]

B m m
KN D\ N
m
30°
k 2k k
A
problem 3.26: problem 3.29:
m (Filename:pfig2.1.rp3) (Filename:pfig2.2.rp6)

problem 3.22:

(Filename:pfigure.s94h2p4)  3.27 A uniform rod rests on a cart which is 3.30 See also problem 11.4. Two frictionless
being pulled to the right. The rod is hinged at blocks sit stacked on a frictionless surface. A
3.23 A two-degree of freedom spring-mass o_ne_end (with a frictionlo_sss hinge) and has noforce_ F is applied to the top block. There is
system is shown in the figure. Draw free bodyfrlctlon at the contact with the cart. The cart gravity.
diagrams of each mass separately and then th!lS on massless wheels that have no bearing 4y pyay a free body diagram of the two
two masses together. friction (ideal massless wheels). Draw FBD's blocks together and a free body diagram
of of each block separately.

Xo a) therod,

?
b) the cart, and g F
) my —
c) the whole system.
?

A
5 5 my
problem 3.23: 6
(Filename:pfig2.1.rp4) B F
i problem 3.30:

3.24 The figure shows a spring-mass model of g § (Filename:ch2.3)

a structure. Assume that the three masses are .
problem 3.27: 3.31 For the system shown in the figure draw

displaced to the right bys, x2 andxz from the _
static equilibrium configuration such that < free body diagrams of each mass separately

X2 < X3. Draw free body diagrams of each assuming that there is no relative slip between

mass and evaluafp_ F in each case. Ignore 3:28FBD's ofsimple pendulumanditsparts.  the two masses.

gravity. The simple per]d_ulum inthe figure is composed
XL kg X X3 of arod of negligible mass and a pendulum bob

¢ 0 0 of massm.

(Filename:pfigure.s94h2p6)

a) Draw a free body diagram of the pen-
dulum bob.

b) Draw a free body diagram of the rod.

problem 3.24: c) Draw a free body diagram of the rod problem 3.31:
(Filename:pfig2.2.rp10) and pendulum bob together. (Filename:pfig2.1.rp7)
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3.32 Two frictionless prisms of similar right 3.35 Animagined testing machine consists of
triangular sections are placed on a frictionlessa box fastened to a wheel as shown. The box
horizontal plane. The top prism weigitéand  always moves so that its floor is parallel to the
the lower onenW. Draw free body diagrams ground (like an empty car on a Ferris Wheel).
of Two identical masses, A and B are connected
together by cords 1 and 2 as shown. The floor of
the box is frictionless. The machine and blocks

a) the system of prisms and

b) each prism separately. are set in motion whe#i = 0°, with constant ‘ ‘ ‘
| b | 0 = 3 rad’s. Draw free body diagrams of: — 4m —-— 4m —
ﬁi a) the system consisting of the box, problem 3.37: - ofidure2 130 pulev fod
¢ W blocks, and wheel, (Filename:pfigure2.1.3D pulley.fod)

b) the system of box and blocks, 3.38 Mass on inclined plane. A block of

c) the system of blocks and cords, massm rests on a frictionless inclined plane.

nw It is supported by two stretched springs. The
d) the Si/.Stemef ngl’ bIOde B, cord 2, and mass is pulled down the plane by an amount
q5/ a portion of cord L and, 8 and released. Draw a FBD of the mass just
| | e) the box and blocks separately. after it is released.
problem 3.32:

(Filename:pfigure.blue.28.2)

3.33 In the slider crank mechanism shown,
draw a free body diagram of the crank and

evaluate) " F and) M as explicitly as pos-
sible.
Crank of

mass m massless

(¢

problem 3.35:
(Filename:pfigure.blue.52.1)

-

~
) problem 3.38:
3.36 Free body diagrams of a double ‘phys- (Filename:efig2.1.24)
3.34 FBD of an arm throwing a ball. An ical’ pendulum. A double pendulum is a sys-
arm throws a ball up. A crude model of an arm tem where one pendulum hangs from another.
is that it is made of four rigid bodies (shoul- Draw free body diagrams of various subsys-3.39 Hanging a shelf.A shelf with negligible

problem 3.33:

(Filename:pfig2.2.rp9)

der, upper arm, forearm and a hand) that argéems in a typical configuration. mass supports a®kgmass at its center. The
connected with hinges. At each hinge there are . shelf is supported at one corner with a ball and
muscles that apply torques between the links. %) E:_r aILN t?1 free bod;;_dll(agraybo{r:h?_l?(wgr socket joint and the other three corners with
Draw a FBD of S I[():' ,the uppf(_ers ICK, and both sucks In strings. At the moment of interest the shelf is
) arbitrary configurations. in a rocket in outer space and accelerating at
a) the ball, the shoulder (fixed to the wall), o i k directi g
b) Repeat part (a) but use the simplifying 10nys© in thek direction. The shelf is in the
b) the upper arm, assumption that the upper bar has negXY plane. Draw a FBD of the shelf.
ligible mass.

c) the fore-arm,
d) the hand, and

e) the whole arm (all four parts) including
the ball.

Write the equation of angular momentum bal-
ance about the shoulder joint A, evaluating the
left-hand-side as explicitly as possible.

A

problem 3.39:

(FiIename:chS.l&)

problem 3.36:
(Filename:pfigure.s94h2p3)  3.40 A massless triangular plate rests against

B a frictionless wall at poinD and is rigidly at-
C D tached to a massless rod supported by two ideal
bearings. A ball of mass is fixed to the cen-
3.37 The strings hold up the mass = 3kg. troid of the plate. There is gravity. Draw a free
problem 3.34: There is gravity. Draw a free body diagram of body diagram of the plate, ball, and rod as a
(Filename:efig2.1.23)  the mass. system.
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problem 3.40:
(Filename:ch2.9)

3.41 An undriven massless disc rests on its
edge on a frictional surface and is attached
rigidly by a weld at point C to the end of a
rod that pivots at its other end about a ball-and-
socket joint at poinO. There is gravity.

a) Draw a free body diagram of the disk
and rod together.

b) Draw free body diagrams of the disc
and rod separately.

¢) What would be different in the free
body diagram of the rod if the ball-and-
socket was rusty (not ideal)?

ball and

(Filename:ch2.7)

CONTENTS
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Problems for Chapter 4

4.4 What force should be appliedtothe end of ~ a) F1 — 3F> + % F3=0
the string over the pulley & so that the mass
at Ais at rest? b) 2F; + %Fz -0

Statics

4.1 Static equilibrium of one
body

) 3F2++2F3=0.

Can the student solve foFq, Fp, and F3
uniquely from these equationg?

4.1 To evaluate the equatioE F = ma for
some problem, astudentwritgs: F = Fi—
(Fy —30N)j + 50 Nk in the xyz coordinate

system, bu@ = 2.5nm/s?i’ + 1.8nmyj’ — -2m--— 3m — 4.9What is the solution to the set of equations:
A/ .

azk in arotatedk’y’Z coordinate system. If problem 4.4: X+ _

) . y+z+w = 0
~ ~ . s ~ (Filename:f92h1pl.a)
1 —COSGG’l:I;SInAGOD_],_] = —sin601 + X—y+tz—w = 0
cos 6@ j andk = k, find the scalar equations X+y—z—w = 0
for thex’, y’, andZ directions.

X ¥ andz direct 4.2 Elementary truss analy- Xxtytz—w = 2?
4.2 N small blocks each of mass hang ver- is
tically as shown, connected By inextensible
strings. Find the tensiol, in stringn. * The first set of problems concerns math skills
that can be used to help solve truss problems.4'-3 Advanced truss analy'

If computer solution is not going to be used, qi- ; FNE T
the following problems can be skipped. SIS: determlnacy, I’Igldlty,

4.5 Write the following equations in matrix and redundancy
form to solve for x, y, and z:

2x—3y+5=0, 4.4 Internal forces
y+2rz =21, .
1 4.5 Springs

éx—2y+nz—11=0.

4.6 Are the following equations linearly inde-

P
problem 4.2: pendent?
(Filename:pfigure2.hanging.masses) a) X1+ 2x2 + x3 = 30 4.10What s the stifiness of two springs in par-
b) 3x1 + 6xz + 9x3 = 4.5 allel?

4.3 See also problem 7.98. A zero length
spring (relaxed lengtlip = 0) with stiffness
k = 5N/m supports the pendulum shown. As- .
sumeg = 10 N/ m. Findé for static equilib- 4.7 Write computer commands (or_a program)
rium. * to solve forx, yandzfrom the following equa-

o tions withr as an input variable. Your program 4 11\what is the stiffness of two springs in se-

C) 2X1 + 4xp + 15%3 = 7.5.

should display an error message if, for a partic- ;o5
£y=0 ularr, the equations are not linearly indepen-
k=5N/m dent.
a) X+2ry+z=2
D=4m g=10ms b) 3x + 6y + (2r — 1)z =3
l C) X+ —-Dy+3rz=>5. 4.12What is the apparant stiffness of a pendu-
Find the solutions for = 3, 4.99, and 5. lum when pushed sideways.

- 4.8 An exam problem in statics has three un-
known forces. A student writes the following
m=2kg three equations (he knows that he needs three
$ equations for three unknowns!) — one for the
0 L=3m force balance in th&-direction and the other 4.13 Optimize a triangular truss for stiffness
problem 4.3: two for the moment balance about two differentand for strength and show that the resulting
(Filename:pfigure2.blue.80.2.2) POINts. design is not the same.
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4.6 Structures and machines

4.14 See also problems 6.18 and 6.19. Find

the ratio of the masses; andmy so that the
system is at rest.

problem 4.14:

(Filename:pulley4.c)

4.15 (See also problem 6.47.) What are the

forces on the disk due to the groove? Define

any variables you need.

y l—
X
problem 4.15:

61 6o

(Filename:ch2.5.b)

4.16 Two gears atrestSee also problems 7.77
and??. At the input to a gear box, a 100 Ibf
force is applied to gear A. At the output, the
machinery (not shown) applies a force g

to the output gear. Assume the system of gears

is at rest. What i$-g?
no slip

Fao=1001b
problem 4.16: Two gears.
(Filename:pg131.3.a)

4.17 See also problem 4.18. A reel of mads
and outer radiuR is connected by a horizontal
string from pointP across a pulley to a hanging
object of masan. The inner cylinder of the
reel has radius = % R. The slope has angte
There is no slip between the reel and the slope
There is gravity.

a) Find the ratio of the masses so that the
system is at resft

b) Find the corresponding tension in the

CONTENTS

d) Another
look at equilibrium. [Harder] Draw
a careful sketch and find a point where
the lines of action of the gravity force
and string tension intersect. Forthe reel
to bein static equilibrium, the line of ac-
tion of the reaction force & must pass
through this point. Using this informa-
tion, what must the tangent of the angle
¢ of the reaction force a€ be, mea-
sured with respect to the normal to the
slope? Does this answer agree with that
you would obtain from your answer in 4.19 Two racks connected by three gears at
part(c)?* rest. See also problem 7.86. A 100 Ibf force
i . . is applied to one rack. At the output, the ma-
Whatisthe relatlonshlp betweenthe an-chinery (not shown) applies a force Bf to

gle yr of the reaction aC, measured the other rack. Assume the gear-train is at rest.
with respectto the normalto the ground, What isFg?

and the mass ratio required for static
equilibrium of the reel?

problem 4.18:
(Filename:pfigure2.blue.47.3.b)

e

~

massless Fg="7?

Check that fop = 0, your solution giveﬁ =

0 andFc = Mgj and for6 = %, it gives
ﬁ =2andF¢c = Mg(i+2j).
massless

‘|

rack
problem 4.19: Two racks connected by
three gears.

m

(Filename:ch4.5.a)

problem 4.17:

4.20 In the flyball governor shown, the mass
of each ball ism = 5kg, and the length of
each link is¢ = 0.25 m. There are friction-
less hinges at point8, B, C, D, E, F where
the links are connected. The central collar
4.18 This problem is identical to problem 4.17 has massn/4. Assuming that the spring of
except for the location of the connection point constank = 500 N/m is uncompressed when
of the string to the reel, poinP. A reel of 6 = x radians, what is the compression of the
massM and outer radiuR is connected by spring?
an inextensible string from poir®® across a m
pulley to a hanging object of mass Theinner
cylinder of the reel has radius = %R. The
slope has anglé. There is no slip between the
reel and the slope. There is gravity. In terms
of M, m, R, and®, find:

a) theratio ofthe masses sothatthe system
is at rest/*

(Filename:pfigure2.blue.47.3.a)

b) the corresponding tension in the string,
and*

problem 4.20:

(Filename:summer95p2.2.a)
c) the corresponding force onthereel atits

point of contact with the slope, poigt ~ 4-21 Assume a massless pulley is round and
*

has outer radiufRy. It slides on a shaft that
has radiusR;. Assume there is friction be-
tween the shaft and the pulley with coefficient

Check that for¢ = 0, your solution gives
% = 0andFc Ngj and for6 = %,  of friction y, and friction anglep defined b_y

it gives% 2andF¢c = Mg(i —2j).The K= tan(¢). Assume the two ends of the line

negative mass ratio is impossible since masdhatare wrapped around the pulley are parallel.
cannot be negative and the negative normal a) What is the relation between the two

o *
string, in terms oM, g, R, ando. force is impossible unless the wall or the reel or tensions when the pulley is turning?

¢) Findthe corresponding force on the reel both can ‘suck’ or they can ‘stick’ to each other You may assume that the bearing shaft
at its point of contact with the slope, (thatis, provide some sort of suction, adhesion, touches the hole in the pulley at only
pointC, in terms ofM, g, R, andd. * or magnetic attraction). one point.* .
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b) Plug in some reasonable numbers for (3 (b) )
winch c B
< - T

R, Ro and i (or ¢) to see one rea- Wwinch B
son why wheels (say pulleys) are such <=

a good idea even when the bearings are %&\ Z
not all that well lubricated*

c) (optional) To further emphasize the
point look at the relation between the
two string tensions when the bearing is (c)
locked (frozen, welded) and the string
slides on the pulley with same coeffi- winch/-:
cient of friction i (see, for example, <= ——
Beer and Johnston Statics section 8.10).
Look at the force ratios from parts (a)
and (b) for a reasonable valueof say
n=02*

FBD j
Li
ST
3 Foreeso bearing
\

on pulley
problem 4.21:

problem 4.23:
(Filename:f92h1p1)

4.24 The strings hold up the mass = 3kg.
You may assume the local gravitational con-
stant isg = 10 nys?. Find the tensions in the
strings if the mass is at rest.

-«

(Filename:pfigure.blue.20.2)

4.22 A massless triangular plate rests against
a frictionless wall at poinD and is rigidly at-
tached to a massless rod supported by two ideal
bearings fixed to the floor. A ball of mass

is fixed to the centroid of the plate. There is
gravity and the system is at rest What is the
reaction at poinD on the plate?

d=c+(LU2)b /d”y

-~— 4m —-— 4m —
problem 4.24:

(Filename:f92h1p1.b)
4.25 Hanging a shelf.A uniform 5 kg shelf is
joint and the other three corners with strings.

At the moment of interest the shelf is at rest.
Gravity acts in the-k direction. The shelf is

supported at one corner with a ball and socket

problem 4.22:
(Filename:ch3.1b)

4.7 Hydrostatics

4.8 Advanced statics

4.23 See also problem 5.119. For the three
cases (a), (b), and (c), below, find the tension
in the string AB. In all cases the strings hold up
the massn = 3kg. You may assume the local
gravitational constant ig = 10nys?. In all
cases the winches are pulling in the string so
that the velocity of the mass is a constant sm

upwards (in thek direction). [ Note that in
problems (b) and (c), in order to pull the mass
up at constant rate the winches must pull in the
strings at an unsteady speed.]

in thexy plane.

a) Draw a FBD of the shelf.

b) Challenge: without doing any calcula-
tions on paper can you find one of the
reaction force components or the ten-
sion in any of the cables? Give yourself
a few minutes of staring to try to find
this force. If you can't, then come back
to this question after you have done all
the calculations.

¢) Write down the equation of force equi-
librium.

d) Write down the moment balance equa-
tion using the center of mass as a refer-
ence point.

e) By taking components, turn (b) and
(c) into six scalar equations in six un-
knowns.

f) Solve these equations by hand or on the
computer.

g) Instead of using a system of equations
try to find a single equation which can
be solved forTgy. Solve it and com-
pare to your result from beforé.
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h) Challenge: For how many of the reac-
tions can you find one equation which
will tell you that particular reaction
without knowing any of the other reac-
tions? [Hint, try moment balance about
various axes as well as aforce balance in
an appropriate direction. It is possible
to find five of the six unknown reaction
components this way.] Must these so-
lutions agree with (d)? Do they?

J

problem 4.25:

(Filename:pfigure.s94h2p10.a)
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Problems for Chapter 5

velocity (which is a known constant). Write
this sentence as a differential equation, defin-
ing any constants you need. Solve the equation

assuming some given initial velocity. [hint:
\/ t acceleration is the time-derivative of velocity]
”””””””” 5.17 The mass-dashpot system shown below
is released from rest at = 0. Determine an

Unconstrained motion of particles

5.1 Force and motion in 1D

5.1In elementary physics, people safy “= equation of motion for the particle of mass
ma* What is a more precise statement of an thatinvolves only andx (afirst-order ordinary
equation we use here that reducefte= ma X differential equation). The damping coefficient
for one-dimensional motion of a particle? of the dashpot is.

F()

5.2 Does linear momentum depend on ref- —
erence point? (Assume all candidate points = g
are fixed in the same Newtonian reference I ¢ l
frame.) problem 5.9:

(Filename:pfigure.blue.6.1)

5.3 The distance between two points in a bi- 5-10A motorcycle accelerates from 0 mph to x
cycle race is 10 km. How many minutes does60 mph in 5 seconds. Find the average accel- T

a bicyclist take to cover this distance if he/she€ration in m/s”. How does this acceleration  problem 5.17:

maintains a constant speed of 15 mph. compare withg, the acceleration of an object (Filename:pfigure.blue.151.2)

falling near the earth’s surface? ) . o
5.18Due to gravity, a particle falls in air with

5.4 Given that x = ki + kot, k4 = 911A plartii:le_ moves %'8”9 thez-a;(is with 3 drag force proportional to the speed squared.
1ft/s, ko = 1ft/2, and x(0) = 1ft, an initial velocityvx = 60my/s at the origin ) s o )
whét is x(210 92 / © whent = 0. For the first 5s it has no accelera- ~ (2) ertez F = ma in terms of vari-
tion, and thereafter it is acted upon by a retard- ables you clearly define,
ing force which gives it a constant acceleration ) - e
5.5Findx(39 given that ax = —10m/s2. Calculate the velocity and the () find @ constant speed motion that satis
. . fies your differential equation,
, x-coordinate of the particle whein= 8s and ) )
x=x/(19 and x(0) =1m whent = 125, and find the maximum positive ~ (€) pick numerical values for your con-
or, expressed slightly differently, x coordinate reached by the particle. stants and for the initial height. Assume

. o the initial speed is zero
5.12The linear speed of a particle is given as

x=cx and x(0) = o, v = vo + at, wherew is in m/s, vo = 20Ny’s, (i) setupthe equation for numerical
wherec = 15~ andxg = 1m. Make asketch a = 2m/s?, andt is in seconds. Define ap- __ solution, _
of x versugt. * propriate dimensionless variables and write a (i) solve the equation on the com-
dimensionless equation that describes the rela- puter,
tion of v andt. (iii) make a plot with your computer
5.6 Given that x = Asin[3rag/s)t], A = solution and show how that plot

0.5m/s, and x(0) = 0m, whatis x(/29? 5.13A ball of massm has an acceleratian =
cv?i. Find the position of the ball as a function
of velocity.

supports your answer to (b).

5.7Given that x = x/s and x(09 = 1m, 5.19 A ball of massm is dropped vertically

find x(59. 5.14A ball of massm is dropped from rest at from rest at a heighh above the ground.
a heighth above the ground. Find the position Air resistance causes a drag force on the ball
and velocity as a function of time. Neglect air proportional to the speed of the ball squared,

5.8Lleta = %% = —kv? andv(0) = vo. Find  friction. When does the ball hit the ground? Fa = cv?. The drag force acts in a direction

t such thaw(t) = %vo- What is the velocity of the ball just before it opposite to the direction of motion. Find the
hits? velocity as a function of position.

5.9 A sinusoidal force acts on a 1 kg mass as5.15 A ball of massm is dropped vertically =~ 5.20A force pulls a particle of masa towards
shown in the figure and graph below. The masgrom rest at a heightt above the ground. Air  the origin according to the law (assume same

is initially still; i. e., resistance causes a drag force on the ball diequation works fox > 0, x < 0)
rectly proportional to the speedof the ball, 5 ]
x(0) =v(0) =0. Fg = bv. The drag force acts in a direction F = Ax+ Bx®+Cx

opposite to the direction of motion. Find the Assumex(0) = 0.

velocity and position of the ball as a function Using numerical solution

of time. Find the velocity as a function of po- o g"c andxg so that '

b) What is the position of the mass after sition. Gravity is non-negligible, of course. T
27 seconds?

a) What is the velocity of the mass after ]
27 seconds? find values of

(a) the mass never crosses the origin,
5.16A grain of sugar falling through honey has
c) Plot positiorx versus time forthe mo-  a negative acceleration proportional to the dif-

tion. ference between its velocity and its ‘terminal’  (c) the mass crosses the origin many times.

(b) the mass crosses the origin once,
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5.21 A car accelerates to the rightwith constant 5. 2 Energy methods in 1D d) What is the speed of the mass when it
acceleration starting from a stop. There is wind passes througkh = 0?
resistance force proportional to the square ofg o5 The power available to a very strong ac- X
the speed of the car. Define all constants that:elerating cyclist is about 1 horsepower. As- q
you use. sume a rider starts from rest and uses this | £ |

a) What is its position as a function of constant power. Assume a mass (bike + W m

time? rider) of 150lbm, a realistic drag force of
.006 Ibf/(ft/ s)2v2. Neglect other drag forces. I —

b) What is the total force (sum adll

forces) on the car as a function of time? (&) What s the peak speed of the cyclist? problem .30:

(Filename:pfigure.blue.25.1)

¢) How much powerP is required of the (b) Using analytic or numerical methods
engine to accelerate the car in this man- make a plot of speed vs. time. _ _ _
ner (as a function of time)? (c) What is the acceleration as— oo in  >-3% SPring and mass. A spring with rest
P this solution? Ie_ngtheo is attached t_o a mass which slides
/Q&\ _ _ ~ frictionlessly on a horizontal ground as shown.
S5 —_ (d) What is the acceleration a&s— 0in At time t = 0 the mass is released with no
§> your solution? initial speed with the spring stretched a distance

d. [Remember to define any coordinates or
base vectors you use.]

526 Givenv = —grif, whereg and R are

problem 5.21: Car.

(Filename:s97p1.2)  constants and — di _ Solve fory as a function a) Whatisthe acceleration of the mass just

of r if v(r = R) = vp. [Hint: Use the chain after release?
5.22 A ball of massm is dropped vertically ule of differentiation to eliminate, ie. G = b) Find a differential equation which de-
from a heighth. The only force acting on the &7 - % = % -v. Or find a related dynamics scribes the horizontal motion of the
ball in its flight is gravity. The ball strikes problem and use conservation of energy.] mass.
the ground with speed” and after collision ¢) What is the position of the mass at an
it rebounds vertically with reduced speet . . . arbitrary timet?
directly proportional to the incoming speed, Also see several problems in the harmonic os-
vt = ev™,whereO< e < 1. Whatisthemax- cillator section. d) What is the speed of the mass when it
imum height the ball reaches after one bounce, passes through the position where the
in terms ofh, e, andg. * spring is relaxed?

a) Do this problem using linear momen- 5.3 The harmonic oscillator £y d
tum balance and setting up and solving ) . ‘ o
the related differential equations and The first set of problems are entirely about W m

“jump” conditions at collision. the ha_1rmoni_c oscillator gO\_/erning differential
_ o equation, with no mechanics content or con- I —
b) Do this problem again using energy bal- text. problem 5.31:
ance. (Filename:s97f1)

5.27 Given thatk = —(1/s?)x, x(0) = 1m,
andx(0) = O find:

5.23 A ball is dropped from a height dfg = 5.32 Reconsider the spring-mass system in

10 monto a hard surface. Afterthe firstbounce, a) X(mws) =? problem 3.20. Let = 2kg andk = 5N/m.

it reaches a height df; = 6.4 m. What is the b) x(r s =? The mass is pulled to the right a distance
vertical coefficient of restitution, assuming it X = xg = 0.5m from the unstretched posi-

is decoupled from tangential motion? What is 5.28 Given thatX + x = 0, x(0) = 1, and  tjon and released from rest. At the instant of
the height of the second bounde;? x(0) = 0, find the value ok att = 7/2 s. release, no external forces act on the mass other

5.29Given thatk + 32X = C, X(0) = Xo, and than the spring force and gravity.

%(0) = 0, find the value ok att = /A s. a) What is the initial potential and kinetic
energy of the system?

N * * b) What is the potential and kinetic en-
The next set of problems concernone mass con- ergy of the system as the mass passes
ho nectedtoo?e ormor?_sgrmgsand possibly with through the static equilibrium (un-
a constant force applied. stretched spring) position?
5.30 Consider a mags on frictionless rollers. \ ¢ | X |
The mass is held in place by a spring with stiff- | F
nessk and rest lengtlf. When the spring is
relaxed the position of the massxs= 0. At
I timest = 0 the mass is at = d and is let go
problem 5.23: with no velocity. The gravitational constantis ~ problem 5.32:
(Filename:Danef94s1q7) g. In terms of the quantities above, (Filename:ch2.10.a)
a) Whatis the acceleration of the block at
5.241n problem 5.23, show that the number of t=0t?

bounces goes to infinity in finite time, assum- 5.33Reconsider the spring-mass system from

ing that the vertical coefficient is fixed. Find b) Wh_at 1S th’)e differential equation gov- problem 5.30.

the time in terms of the initial heiglh, the co- erningx(t)” a) Find the potential and kinetic energy of
efficient of restitutiong, and the gravitational ¢) What is the position of the mass at an the spring mass system as functions of
constantg. arbitrary timet? time.
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b)

Using the computer, make a plot of the 5.36 The mass shown in the figure oscillates in
potential and kinetic energy as a func- the vertical direction once setin motion by dis-
tion of time for several periods of os- placing it from its static equilibrium position.

cillation. Are the potential and kinetic The positiony(t) of the mass is measured from
energy ever equal at the same time? Ifthe fixed support, taking downwards as posi-

CONTENTS

s0, at what positiox(t)?

c) Make a plot of kinetic energy versus .
potential energy. What is the phase re-
lationship between the kinetic and po-
tential energy?

5.34For the three spring-mass systems shown
in the figure, find the equation of motion of the
mass in each case. All springs are massless and

tive. The static equilibrium position ig and
the relaxed length of the spring {g. At the
instant shown, the position of the masy and
its velocity y, directed downwards. Draw a X
free body diagram of the mass at the instant of
interest and evaluate the left hand side of the
energy balance equatig® = Eg). m

problem 5.37:
(Filename:pg141.1)

are shown in their relaxed states. Ignore grav- Ys . .
ity. (In problem (c) assume vertical motiort.) k |y The following problem concerns simple
harmonic motion for part of the motion. It in-
(a) y R volves pasting together solutions.
K Lo F(t) m
m . X
problem 5.36: (Filename pfigz.arp) D38 One of the winners in the egg-drop con-
test sponsored by alocal chapter of ASME each
(b) spring, was a structure in which rubber bands
held the egg at the center of it. In this prob-
k, £o k, £o F(t) lem, we will consider the simpler case of the
m — egg to be a particle of mass and the springs
to be linear devices of spring constdnt We
will also consider only a two-dimensional ver-
sion of the winning design as shown in the fig-
F(t) . . ure. If the frame hits the ground on one of the
(c) 5?}7 M_assfhangmg from atshprmg?a?aﬁsu straight sections, what will be the frequency
Is hanging from a spring with constathic of vibration of the egg after impact? [Assume
k, £o k, £o has the Ie_ngtlb when itis relaxed (. e., V\_/hen small oscillations and that the springs are ini-
m no mass is attached). It only moves vertically. tially stretched ]
a) Draw aFree Body Diagram of the mass.
problem 5.34:
(Filename:summer95f.3) b) Write the equation of linear momentum €egg, m
balance*
ﬁg?fr: spring and mass system is shown in the C) Reduc_:e this equat_ion toa sta_n_dard dif-
’ ferential equation irx, the position of
a) First, asareview, l&, ko, andkz equal the mass*
zero andks be nonzero. What is the ground
natural frequency of this system? d) Verify that one solution is that(t) is problem 5.38:
b) Now, let all the springs have non-zero constant ak = lg + mg/k. (Filename:pfigure.blue.149.1)
;:gfnsf)sr;gvgiti\llzrgﬁtS{gﬁtr;]isig:n%isr:g_ e) What _is the m_ean_ing of that soll_Jtion?
tion of ky, ko, ks, ks? What is the fre- _(That |s,*descr|be in words what is go-
o ing on.
quency of oscillation of masisl? gon) 5.39 A person jumps on a trampoline. The
c) Whatis the equivalent stiffnedeyq, of f) Define a new variabl& = x — (Ip +  trampoline is modeled as having an effective
all of the springs together. That is, if mg/k). Substitutex = R+ (lg+-mg/k)  vertical undamped linear spring with stiffness
you replace all of the springs with one into your differential equation and note k = 200 Ibf/ ft. The person is modeled as a
spring, what would its stiffness have to that the equation is simpler in terms of rigid massm = 150lbm.g = 32.2 ft/<2.
1 w K
2;3?;'?%;2"’:};:&SO);Svtﬁ)Tat?:r?,)the same the variablex. a) Whatis the period of motion if the per-
k X g) Assume that the mass is released from son's [notlor:hlstso sm?ll g;at her feet
S8 — an an initial position ok = D. What neverleave the trampoline:
is the motion of the mass? b) Whatis the maximum amplitude of mo-
. . o ) tion for which her feet never leave the
h) Wh_at is the period of oscillation of this trampoline?*
oscillating mass?
¢) (harder) If she repeatedly jumps so that

problem 5.35:

(Filename:pfigure.blue.159.3)

her feet clear the trampoline by a height
h = 5ft, what is the period of this mo-
tion? *

Why might this solution not make phys-
ical sense for a long, soft spring if
D > £g+ 2mg/k)? *
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problem 5.39: Apersonjumpsonatram-

poline.

(Filename:pfigure3.trampoline)

21

5.4 More on vibrations: 5.6 Coupled motionsin 1D

damping The primary emphasis of this section is set-

ting up correct differential equations (without
sign errors) and solving these equations on the
5.401f X +cx +kx =0, x(0) = X9, and computer. Experts note: normal modes are
x(0) = 0, find x(t). coverred in the vibrations chapter. These first

problems are just math problems, using some
5.41 A mass moves on a frictionless surface. Of the skills that are needed for the later prob-
Itis connected to a dashpot with damping coef-lems.

ficientb to its right and a spring with constant g 4s\write the following set of coupled second

!<and rest length to its Ie_ft. At the i_nstant of  order ODE’s as a system of first order ODE's.
interest, the mass is moving to the right and the

spring is stretched a distangefrom its posi- X1 = ko(xo —Xp) — kixg
tion where the spring is unstretched. There is $o = kaxo — ko(Xp — x1)
gravity.

a) Draw a free body diagram of the mass
at the instant of interest. 5.46See also problem 5.47. The solution of a
b) Evaluate the left hand side of the equa—set of a second order differential equations is:
tion of linear momentum balance asex- ¢ty = Asinwt + B coswt + £*

licitl ible X . .
plicitly as possible E(t) = Awcoswt — Bow Sinwt,

| ¢ [ X | whereA andB are constants to be determined
‘ K ‘ ‘ b from initial conditions. Assume\ and B are
the only unknowns and write the equations in
matrix form to solve forA and B in terms of
problem 5.41: £(0) and¢ (0).

(Filename:ch2.11) - 5 47 Solve for the constant8 and B in Prob-
lem 5.46 using the matrix form, i§(0) =
0, §(0) = 0.5 w=0.5radsand* =0.2.

5.5 Forced oscillations and 5_.48Ase§offirstorderIineardifferentialequa-
resonance tions is given:

X1 = X2
5.42 A 3kg mass is suspended by a spring X2 +kx +cx =0
(k = 10 N/m) and forced by a 5 N sinusoidally
oscillating force with a period of 1s. What is . . . a0 N
the amplitude of the steady-state oscillationswrIte these e?(uatlons in the form = [A]x,
(ignore the “homogeneous” solution) whereX = { x; }
5.43Given thatd + k20 = Bsinwt, 6(0) =0, 5.49Write the following pair of coupled ODE'’s
andd (0) = 6o, find 6(t) . as a set of first order ODE'’s.
5.44 A machine produces a steady-state vi- ¥1+X1 = ).(2 sint
bration due to a forcing function described by Xg+x2 = Xxpcost
Q(t) = Qgpsinwt, whereQg = 5000N. The
machine rests on a circular concrete founda- _ _ _ _
tion. The foundation rests on an isotropic, elas-5.50The following set of differential equations
tic half-space. The equivalent spring constantcan not only be written in first order form but

of the half-space ik = 2, 000,000 Nm and
has a damping ratid = c/cc = 0.125. The
machine operates at a frequency.of 4 Hz.

in matrix formX = [A]X + €. In general
things are not so simple, but thigiear case
is prevalant in the analytic study of dynamical

(a) Whatisthe natural frequency of the sys-SYStems.
tem?

X1 = X3

(b) If the system were undamped, what Xo = X4
would the steady-state displacement

be? Y P X3 + 5Q2x1 — 4Q%xp = 2Q%v}

- 2 2 2
(c) What is the steady-state displacement X4 — 4Q°X1 + 52Xz = —Q%v}
given thatd = 0.1257?

(d) How much additional thickness of con- 1Wri h of the followi :
crete should be added to the footing to g.gysterrlrﬁeo??i(r:st gr(;ef Othl)E\{\sng equations as

reduce the damped steady-state ampli- 5.2
tude by 50%? (The diameter must be &) ¢ +A“0 = cost,
held constant.) b) X+ 2px+kx=0,
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c) X+ 2cx +ksinx =0.

5.52A train is moving at constant absolute ve-
locity vi. A passenger, idealized as a point
mass, is walking at an absolute absolute veloc-
ity uZ, whereu > v. What is the velocity of
the passenger relative to the train?

5.53 Two equal masses, each denoted by the
letterm, are on an air track. One mass is con-
nected by a spring to the end of the track. The
other mass is connected by a spring to the first
mass. The two spring constants are equal and

5.55 Normal Modes.Three equal springk)
hold two equal massesnj in place. There is
no friction. x; andx, are the displacements of
the masses from their equilibrium positions.

CONTENTS

5.58 The springs shown are relaxed when
XA = Xg = Xp = 0. In terms of some or all
of ma, Mg, Mp, XA, XB, XD, XA, XB, Xc, and
ki, ko, k3, kg, c1, and F, find the acceleration
of block B.;(‘

problem 5.54:

(Filename:pfigure.twomassenergy)

problem 5.58:

a) How many independent normal modes (Filename:pfigure.s95q3)

of vibration are there for this systeni? 559 A system of three masses, four springs,
and one damper are connected as shown. As-
b) Assume the system is in a normal modeSume that all the springs are relaxed when

ofvibration and itis observed thai = XA = X8 = Xp = 0. Givenky, ko, k3, ks,

represented by the lettkr In the rest (springs
are relaxed) configuration, the masses are a dis-
tancel apart. Motion of the two massa&s and

X2 is measured relative to this configuration.

a) Draw a free body diagram for each
mass.

Asin(ct) + B cogct) whereA, B, and €1, MA, M, Mp, XA, XB, XD, XA, XB, andXxp,
c are constants. What i (t)? (The find the acceleration of mass Bg = %Xgt. *
answer is not unique. You may express
your answer in terms of any &, B, c,
mandk. ) *

¢) Find all of the frequencies of normal-
mode-vibration for this system in terms
of mandk. *

b) Write the equation of linear momentum
balance for each mass.

¢) Write the equations as a system of first k k k problem 5.59:
order ODEs. 9
M (Filename:pfigure.s95f1)
d) Pick parameter values and initial con- T 5.60 Equati of motion. Two masse
ditions of your choice and simulate a : quations ot motion. W0 masses are
motion of 'zﬂs system. Make a plot of }—*Xl }—* Xo connected to fixed supports and each other with
the motion of, say, one of the massesvs  problem 5.55: the three springs and dashpot shown. The force
time, (Filename:pfigure foarz)  F acts on mass 2. The displacemextsand
) Xo are defined so that; = x2 = 0 when the
e) Explain how your plot does or does springs are unstretched. The ground is friction-

not make sense in terms of your under-5.56 A two degree of freedom spring-mass less. The governing equations for the system
standing of this system. Is the initial system.A two degree of freedom mass-spring shown can be writen in first order form if we
motion in the right direction? Are the system, made up oftwo unequalmassesnd  definevy = X1 anduvy = %o.
solutions periodic? Bounded? etc. my and three springs with unequal stiffnesses a) Write the governing equations in a neat
ki, kz andks, is shown in the figure. All three first order form. Your equations should
springs are relaxed in the configuration shown. be in terms of any or all of the constants
Neglect friction. my, Mg, kg, kz,K3, C, the constant force
a) Derive the equations of motion for the F, andt. Getting the signs right is im-
two masses* portant.

Write computer commands to find and
plot v1(t) for 10 units of time. Make
up appropriate initial conditions.

For constants and initial conditions of
your choosing, plok; vst for enough
time so that decaying erratic oscilla-
tions can be observed.

X1 X2

problem 5.53:

b) Does each mass undergo simple har- b)
monic motion?*

(Filename:pfigure.s94f1p4)

~

5.54 Two equal masses, each denoted by the ) H ¢
letterm, are on an air track. One mass is con-
nected by a spring to the end of the track. The
other mass is connected by a spring to the first
mass. The two spring constants are equal and
represented by the lettér In the rest config-

u_ration (springs are _relaxed) the masses are 8 57 For the three-mass system shown, draw
distancet apart. Motion of the two masse$ 5 free body diagram of each mass. Write the

problem 5.56:

(Filename:pfigure.s94h5p1)

andxy is measured relative to this configura- spring forces in terms of the displacemexis
X2, andxz.
— \ | |
‘ L—f—L——L—

tion.

a) Write the potential energy of the system
for arbitrary displacementg andx; at
some timet.

problem 5.60:

L 4»‘ (Filename:p.f96.1.3)
K 5.61 x1(t) andxy(t) are measured positions
on two points of a vibrating structureg (t) is

shown. Some candidates frg(t) are shown.

b) Write the kinetic energy of the system
at the same timein terms ofxq, X, m,

andk.
c) Write the total energy of the system.

problem 5.57:

(Filename:s92f1p1)

Which of thexx(t) could possibly be associated
with a normal mode vibration of the structure?
Answer “could” or “could not” next to each
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choice. (If a curve looks like it is meant to be
a sine/cosine curve, itis.)

xa(0)
|

3 Xz1
3

b >gZi

o) X)Zi

9 >,<)2i

/

o) XZ*
7
problem 5.61:

(Filename:pfigure.blue.144.1)

5.62 For the three-mass system shown, one of
the normal modes is described with the eigen-

vector (1, 0, -1). Assumg; = xp = x3 =0
when all the springs are fully relaxed.

a) Whatis the angular frequeneyfor this
mode? Answer in terms of , m, k,
andg. (Hint: Note that in this mode
of vibration the middle mass does not
move.)*

b) Make a neat plot of, versusx, for one
cycle of vibration with this mode.

problem 5.62:

(Filename:pfigure.blue.160.2)

5.63 The three beads of masses2m, andm
connected by massless linear springs of con
stantk slide freely on a straight rod. Le§
denote the displacement of th¢' bead from
its equilibrium position at rest.
a) Write expressions for the total kinetic
and potential energies.

b) Write an expression for the total linear
momentum.

c) Draw free body diagrams for the beads
and use Newton’s second law to derive
the equations for motion for the system.

d) Verify that total energy and linear mo-
mentum are both conserved.

5.64 The system shown below comprises three
identical beads of mags that can slide fric-
tionlessly ontherigid, immobile, circular hoop.
The beads are connected by three identical lin-
ear springs of stiffnesk, wound around the
hoop as shown and equally spaced when the
springs are unstretched (the strings are un-
stretched whefi; = 6o = 63 =0.)

a) Determine the natural frequencies and
associated mode shapes for the system.
(Hint: you should be able to deduce a
‘rigid-body’ mode by inspection.)

b) If your calculations in (a) are correct,
then you should have also obtained the
mode shapg0, 1, —1)T. Write down
the most general set of initial conditions
sothat the ensuing motion of the system

is simple harmonic in that mode shape.

c) Since (0,1, -1T is a mode shape,
then by “symmetry”,(—1,0,1)7 and
(1, —1,0)T arealso mode shapes (draw

a picture). Explain how we can have

~

a) In the special case whéq = k»

b

=
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k3 k4 = k,cqg = 0, andmp =

mg = mp = m, find a normal mode
of vibration. Define it in any clear way
and explain or show why it is a normal

mode in any clear way:

In the same special case as in (a) above,
find another normal mode of vibration.

problem 5.66:

(Filename:pfigure.s95fla)

three mode shapes associated with thes 67 As in problem 5.143, a system of three

same frequency.
d

~

Without doing any calculations, com-

. '

m
problem 5.64:
(Filename:pfigure.blue.158.1)

masses, four springs, and one damper are con-
nected as shown.

In the special case when

pare the frequencies of the constrained® = 0, find the normal modes of vibration.
system to those of the unconstrained
system, obtained in (a).

problem 5.67:

(Filename:pfigure.s95q3a)

5.68 Normal modes. All three masses have

m = 1kg and all 6 springs are = 1N/ m.

5.65 Equations of motion. Two masses are
connected to fixed supports and each other
with the two springs and dashpot shown. The
displacements; and x, are defined so that
X1 = Xo 0 when both springs are un-
stretched.

For the special case that= 0 andFy = 0
clearly define two different set of initial condi-
tions that lead to normal mode vibrations of

e) Show that the center of mass must ej-this system.

ther remain at rest or move at constant

velocity.

f) What can you say about vibratory (si-
nusoidal) motions of the system?

Static
equilibrium , , ,
configuration. .. iny 4 5 m @
Displaced
configuratjgn,”im@\wﬂ,vvb@\u)vk@
' Tw T %
problem 5.63:

(Filename:pfigure.blue.161.1)

Fosin(it)

problem 5.65:

(Filename:p.s96.p3.1)

5.66 As in problem 5.59, a system of three
masses, four springs, and one damper are co

nected as shown. Assume that all the springs

are relaxed wherp = xg = xp = 0.

The system is at rest wheq = xo = x3 = 0.

a) Findas many differentinitial conditions

as you can for which normal mode vi-
brations result. In each case, find the
associated natural frequency. (we will
call two initial conditions {] and [w]
different if there is no constartso that
[v1 v2 v3] = c[wy w2 wg]. Assume
the initial velocities are zero.)

b) For the initial condition

[X] =[0.1m 0 0],
[%] =[0 2m/s O]
whatis the initial (immediately after the
start) acceleration of mass 2?

X1 Xo X3
T

k k k

A \M./rnS

problem 5.68:

(Filename:pfigure3.f95p2p2)
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5.7 Time derivative of a vec-
tor: position, velocity and
acceleration

5.69The position vector of a particle in they-
plane is given ag = 3.0mi + 2.5mj. Find
(a) the distance of the particle from the origin
and (b) a unit vector in the direction @f.

5.70Given F (t) = Asin(wt)i + Btj + Ck,
find

@ v

(b) a

(c) F(t) x a().
5.71A particle of mass =3 kg travels in space
with its position known as a function of time,
— N N t ~
F = (sin{) mi +(cos ) mj+tes m/sk. At
t = 3s, find the particle’s

a) velocity and

b) acceleration.

5.72A particle of massn = 2 kg travels in the
Xy-plane with its position known as a function
oftime, 7 = 3t2m/s%i + 4t3s—fg‘j. Att =5s,
find the particle’s

a) velocity and*

b) acceleration*

5.731f F = (upsinQt)i + voj and 7 (0) =
Xol + YoJj, with ug, vo, and, find 7 (t) =
XML +yt)j. *

5.74 The velocity of a particle of masm
on a frictionless surface is given a =
(0.5m/9)i — (1.5mys)j. If the displacement
is given by AF vt, find (a) the distance

traveled by the mass in 2 seconds and (b) a unief the particle from the origin and its velocity

vector along the displacement.

5.75For v = vy + vyj + vk anda =
2mys2i — (3my/s2—1mist) j —5 m/é t2k,
write the vector equatiom = [ @ dt as three
scalar equations.

5.76Find F (59 given that

F =visinchi+voj and F(0) = 2mi+3mjp.86Whatsymbols do we use for the following

and thatv, is a constant 4 ifs, v» is a constant
5my/s, anccis a constant 43, Assumd and
J are constant.

5.77 Let 7 vocoswi + vosinaj +

(votand — gt)l:t, whereuvg, a, 0, andg are
constants. Ifr (0) = 0, find 7 (t).

5.78 On a smooth circular helical path the

velocity of a particle is = —Rsinti +

Rcostj + gtk. If F(0O) = Ri, find

r((m/3)9).

5.79  Draw unit vectors along

® = (4.33rags)i + (2.50rads)j andr =
(0.50ft) — (0.87ft)j and find the angle be-
tween the two unit vectors.

CONTENTS

5.80What is the angle between tleaxis and
the vectorv = (0.3f — 2.0j + 2.2k) m/s?

5.87Does angular momentum depend on refer-
ence point? (Assume that all candidate points
are fixed in the same Newtonian reference
- o frame.)

5.81 The position of a particle is given by
r@t) = t2m/s% + es mj). What are the
velocity and acceleration of the particl&?

5.88 Does kinetic energy depend on refer-
ence point? (Assume that all candidate points
are fixed in the same Newtonian reference
frame.)

5.82A particle travels on a path in they-plane
given by y(x) = sir?(%)m. wherex(t) =
ts(s—";). What are the velocity and acceleration
of the particle in cartesian coordinates when

1
t=(7)3s?

5.89What s the relation between the dynamics
‘Linear Momentum Balance’ equation and the
statics ‘Force Balance’ equation?

5.90What is the relation between the dynam-
ics ‘Angular Momentum Balance’ equation and
the statics ‘Moment Balance’ equation?
5.83 A particle travels on an elliptical path
given by y2 = b2 — %) with constant
speedv. Find the velocity of the particle when
X = a/2 andy > 0in terms ofa, b, andv.

5.91A ball of massn = 0.1 kg is thrown from
a height ofh = 10 m above the ground with
velocity ¥ = 120 knyhi — 120 knyhj. What
is the kinetic energy of the ball at its release?

5.92 A ball of massm = 0.2kg is thrown

from a height ofh = 20 m above the ground

with velocity v = 120 knyhi — 120 knyhj —

10kmy/hk. What is the kinetic energy of the

ball at its release?

is the rate of change of speed of the particle?

What angle does the velocity vector make with 3-93How do you calculaté®, the power of all

the positivex axis whernt = 3s? external forces acting on a particle, from the
forcesF; and the velocityv of the particle?

5.84 A particle travels on a path in they-plane
given byy(x) = (1— e‘Lm) m. Make a plot of
the path. It is known that the coordinate of
the particle is given by(t) = t2m/s2. What

5.85 A particle starts at the origin in they-
plane,(xo = 0, yo = 0) and travels only in the
positivexy quadrant. Its speed andcoordi-

5.94 A particle A has velocityd o and mass
ma. A particle B has velocityvg = 2 D a

and mass equal to the othmig = ma. What
is the relationship between:

andx(t) = t m/s, respectively. What ig (t) 3) Lf andLB;

in cartesian coordinates? What are the veloc- b) Ha,c andHg,c, and
ity, acceleration, and rate of change of speed of
the particle as functions of time? What kind of

path is the particle on? What are the distances g5 a pyllet of mass 50 g travels with a veloc-
ity v = 0.8kmy/sl 4+ 0.6km/sj. (a) What is
the linear momentum of the bullet? (Answer
in consistent units.)

nate are knowntobet) = . /1+ (Siz)t2 m/s

c) Exa andExpg?

and acceleration when= 3m?

5.96A particle has positiod = 4mi +7mj,
velocity ¥ = 6m/st — 3my/sj, and accelera-
tiona = —2mys’i + 9m/s?j. For each po-
sition of a point P defined below, finH p, the
angular momentum of the particle with respect
to the pointP.

a) ?p =4mi+7mj,

5.8 Spatial dynamics of a
particle

guantities? What are the definitions of these
quantities? Which are vectors and which are
scalars? What are the Sl and US standard units
for the following quantities?

b) rp=—-2mi +7mj, and
c) rp=0mi +7mj,

a) linear momentum d) Fp=0

b) rate of change of linear momentum 5,97 The position vector of a particle of mass

C) angu|ar momentum 1 kg at an .inStant isr : 2mi - 05 mj ]
If the velocity of the particle at this instant is

d) rate of change of angular momentum 3 _— _4 m/st + 3m/sj, compute (a) the lin-

e) kinetic energy ear momentLLnL = mv and (b) the angular

rate of change of kinetic energy momentum f o = ?/o x ().

g) moment 5.98 The position of a particle of masa =
h) work 0.5kgis 7 (t) = € sin(t)i + hj; wherew =

2rad/s,h =2m, ¢ = 2m, andr is measured
i) power from the origin.
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a) Find the kinetic energy of the particle
att =0sand =5s.

b) Findtherate of change ofkinetic energy
att =0sand =5s.

5.99For a particle

12
Exk = = mv“.
K 2 v
Why does it follow thaEx = m v - @? [hint:
write v2 asv - ¥ and then use the product rule
of differentiation.]

5.100 Consider a projectile of mass at some
instant in timet during its flight. Letv be
the velocity of the projectile at this instant (see
the figure). In addition to the force of gravity,
a drag force acts on the projectile. The drag

force is proportional to the square of the speed

(speee= || v) and acts in the opposite
direction. Find an expression for the net power

of these forces® = ) F. ) on the particle.

problem 5.100:
(Filename:pfig2.3.rp3)

5.101A 10gm wad of paper is tossed in the
air (in a strong turbulent wind). The position,
velocity, and acceleration of its center of mass

areF = 3mi+3mj+6mk, v = —9m/si +
24mysj + 30nysk, anda = —10nys%i +
24nyLj + 32 m/szk respectively. Find the
linear momenturmL. and its rate of changL
of the the potato’s center of mass.

5.102 A 10gm wad of paper is tossed into
the air. At a particular instant of interest, the
position, velocity, and acceleration of its cen-
ter of mass are® = 3mi 4+ 3mj + 6mk,

v = —9m/si + 24nysj + 30nmysk, and

a = —10nYs2L + 24mys2 j + 32nys?k, re-
spectively. What is the translational kinetic en-
ergy of the wad at the instant of interest?

5.103A 2 kg particle moves so that its position
r is given by

F(t) = [5sin@tyi + bt2j + ctk]m

where a= 7/ secb = .25/ sed, c = 2/ sec.

a) Whatisthe linear momentum of the par-
ticle att = 1sec?

b) What is the force acting on the particle
att = 1sec?

5.104A particle A has masmp and velocity

V. Aparticle B at the same location has mass

mg = 2 ma and velocity equal to the other
Vg = Va. Point C is a reference point. What
is the relationship between:

25

a) LpandLg, Particle FBD
b) ﬁA/C andﬁB/c, and
c) Exa andExpg?

F

problem 5.107: FBD of the particle
(Filename:pfigurel.1.part.fbd)

5.105 A particle of massm = 3kg moves
in space. Its position, velocity, and acceler-
ation at a particular instant in time ave =

2mi+3mj+5ml:’, v = -3ny/si+8m/sj+
10nmysk, and@ = —5m/s% + 12ny2j +

16 m/32k respectively. For this particle at the
instant of interest, find its:

5.108A particle of massn = 6 kgis movingin
space. Its position, velocity, and acceleration
at a particular instant in time are = 1 mi —
2mj+4mk, v = 3nysi+4my/sj—7mysk,
and@ = 5nm/s?t + 11nys2j — 9my/s?k, re-
spectively. For this particle at the instant of
interest, find its:

a) linear momenturri,
b)

<)

rate of change of linear momentufn

angular momentum about the origin
H,,

rate of change of angular momentum
about the originH g,

a) the net forceX: F onthe particle,

b) the net moment on the particle about

the origin ZMO due to the applied
forces, and

d)

e) kinetic energyEx, and c) the powerP of the applied forces.
f) rate of change of kinetic enerdsi . Particle FBD

5.106 A particle has positiorr = 3mi —

2mj+4mk, velocityv = 2m/si —3m/sj+

7mysk, and acceleratior = 1my/s?i — 7

8 m/szj +3 m/szl::. For each position of a
point P defined below, find the rate of change
of angular momentum of the particle with re-

spect to the poinP, Hp

problem 5.108: FBD of the particle
(Filename:pfigurel.1.part.fbdb)

5.109 A particle of massn = 3 kg is moving

in the xz-plane. Its position, velocity, and ac-
celeration at a particular instant of interest are
F=4mi+2mk, v =3m/si —7mysk, and

a = 3ny/s2i —4my2k, respectively. For this
particle at the instant of interest, find:

a) rp=3ml—2m]+4mlzt,
b) Fp=6m —4mj +8mk,
c) rp——9mt+6m1—12rrk and

d) Fp= 0 IR
a) the netforcé)_ F on the particle,
b) the net moment on the particle about

the origin ZMO due to the applied
forces, and

5.107 A particle of masan = 5kg has po-
sition, velocity, and acceleration = 2mj,

v =3mysi, anda = —7 m/s2i, respectively,
at a particular instant of interest. At the instant
of interest find its:

a)
b)
c)

c) rate of change of worlV = P done on
R the particle by the applied forces.
linear momentund, Particle FBD
rate of change of linear momentufn

angular momentum about the origin
H,,

rate of change of angular momentum
about the originH g,

F

problem 5.109: FBD of the particle
(Filename:pfigurel.1.part.foda)

d)

e
f)

9)
h)

~

kinetic energyEx, and

rate of change of kinetic enerdsy . 5.110A particle of massn = 3kg is moving

in the xy-plane. Its position, velocity, and ac-
celeration at a partlcular instant of interest are
the net moment on the particle about 7 = 2mi +3mj, ¥ = —3mysi + 8m/sj,

the origin ZMo due to the applied anda = —5m/s%i + 12mys?j, respectively.
forces, and For this particle at the instant of interest, find
its:

the net forceZ ﬁ on the particle,

rate of change of workV = P done on

the particle by the applied forces. a) linear momenturi,
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b) rate of change of linear momentuﬁl d) Find F_l = |f1| andF; = |I72\ by the z 1.2m B

c) angular momentum about the origin following methods: f\Tz
Ho, (a) from the scalar equations using Ty

d) rate of change of angular momentum hand algebra, 1.2m

about the originH g, (b) fromthe matrix equationusinga 1 om
computer, and

(c) from the vector equation using a
cross product. X

e) kinetic energyEk, and
f) rate of change of kinetic enerdsic .

5.111At a particular instant of interest, a par- y
ticle of masamn; = 5kg ha§ [lC)Sition, velocjty, P EBD 7

and acceleratior; = 3mz, v, = —4m/sj, 12m B
anda; = 6 m/s?J, respectively, and a particle 4 459 l2m_ -1
of massmy = 5kg has position, velocity, and O F» A A ]

acceleratiorr; = —6mi, v = 5m/sj, and --~130 >

ar = —4 m/s_zj, respectively. For the system problem 5.113:
of particles, find its

X

N (Filename:h1.63a)
a) linear momentund.,

b) rate of change of linear momentuE X

) angular momentum about the origin
H,

d) rate of change of angular momentum
about the originﬁo,

e) kinetic energyEk, and

f) rate of change of kinetic enerdgi .

problem 5.116:
(Filename:efig1.2.7)

5.114 Three forces, Fl = 20N —

5Nj, Fz = Foxl + FZZIE, andﬁg = F3X7

whereA = 3i + %2, act on a body with

5.112A particle of massn = 250 gm is shot mass 2kg. The acceleration of the body is5 117 Neglecting gravity, the only force acting

straight L(ij (pa::eéllel tzo thfy-ax?) fro_m.thexr; a = -02m/s’i +22nmys?j + 1.7nys’k.  on the mass shown in the figure is from the

3;‘:23:;0;3:2: paﬁiclg]is,rogrir\]/(tanelg%gl: Ije Write the equatioy . F = ma asscalarequa- Sfing. Find the acceleration of the mass. Use
tions and solve them (most conveniently on athe dimensions and quantities given. Recall

wherev? = v3 — 2ah, v = 100nys, a = computer) forFay, Faz, andFs. that Ibf is a pound force, Ibm is a pound mass,
10 nys? andh is the height of the particle from and Ibf/lbm = g. Useg = 32ft/s2. Note
the x-axis. alsothat 8 + 42 4 122 = 13,
a) Find the linear momentum of the parti- z
cle at the outset of motiorh(= 0). a=?

b) Find the angular momentum of the par- ~

ticle about the origin at the outset of k
motion = 0). I

¢) Find the linear momentum of the parti- 5115 The rate of change of linear momen- J
cle when the particle is 20 m above the tym of a particle is known in two directions:
X-axis. Lx = 20kgnys?, Ly = —18kgnys? and M=25Ibm
d) Find the angu|ar momentum of the par- unknown in thez direction. The forces act-

ticle about the origin when the particle ing on the particle ard’y = 25Ni +32Nj + X
is 20 m above the-axis. 75Nk, Fy = Fyi+FpyjandF3 = —Fzk. problem 5.117:
5.113Foraparticle) " F = ma. Twoforces Using) - F = L, separate the vector equation

] into scalar equations in the y, andz direc-
F1 and F' act on a mass P as shown in the ;ions. Solve these equations (maybe with the
figure. P has mass 2lbm. The acceleratio

of the mass is somehow measured todbe= nnelp of acomputer) to finéz, Fay, andFs.
—2ft/%1 + 5ft/s%.
a) Write the equation

(Filename:pfigure.blue.4.1)

5.118 Three strings are tied to the mass shown

Z F—ma with the directions indicated in the figure. They
have unknown tensionE, T, andT3. There
in vector form _(evaluating each side as is no gravity. The acceleration of the mass is
much as possible). given asd = (~0.51 +2.5j + k) m/s2,

b) Write the equation in scalar form (use 5 116 A block of mass 100 kg is pulled with
any method you like to get two scalar tyg strings AC and BC. Given that the tensions
equations in the two unknowrf§ and T, = 1200N andT, = 1500 N, neglecting
F2). gravity, find the magnitude and direction of the

c) Write the equation in matrix form. acceleration of the block. ]Z F =ma | b) Find the tensiofds. *

a) Given the free body diagram in the fig-
ure, write the equations of linear mo-
mentum balance for the mass.
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A3 = (=30 +12j + 4k)
. . Ts="?
Tsks
J_’f
i el
S —y————
m = 6kg~/ il T, Y
X Tl

@=(-5+25]+3k)3
problem 5.118:

(Filename:pfigure.blue.1.2)

5.119For part(c) of problem 4.23, assume now
that the mass at A has non-zero acceleration o
Am/s?)i + (2m/s?) j + (3m/s?)k. Find the

tension in the three ropes at the instant shown

5.120 A small object (mass= 2Kkg) is being

a) You can program the circular shape any
way that you think is fun (or any other
way if you don’t feel like having a good
time). Your circle should be round.
Measure its length and width with a
ruler, they should be within 10% of each
other (mark the dimensions by hand on
your drawing).

b) A good solution will clearly document

and explain the computer methodology.

5.123What curve is defined by = cogt)?
and y = sin(t) xcoqt) for 0 <t <nmx ?
Try to figure it out without a computer. Make
a computer plot.

f

5.124 Particle moves on a strange path.
Given that a particle moves in they plane for
1.77 s obeying

r = (5m) coS(t?/ $2)i+(5 m) sin(t?/ $) cos(t?/

pulled by three strings as shown. The accelyherex andy are the horizontal distance in

eration of the object at the position shown is
a= (—o.ai —02j + 2.012) m/s2.
a) Draw a free body diagram of the mass.

b) Write the equation of linear momentum
balance for the mass. Ugés as unit
vectors along the strings.

meters and is measured in seconds.

a) Accurately plotthe trajectory of the par-
ticle.

b) Mark on your plot where the particle is
going fast and where it is going slow.
Explain how you know these points are
the fast and slow places.
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problem 5.126:
(Filename:pfigure.blue.29.1)

5.127 A ball going to the left with speedqg
bounces against a frictionless rigid ramp which
is sloped at an angtefrom the horizontal. The
collision is completely elastic (the coefficient
of restitutione = 1). Neglect gravity.

a) Find the velocity of the ball after the
2yj collision. You may express your an-
)J . >
swer in terms of any combination of,

6,vo,1, j, i1, andA.

n=

sindi + cosh j
A = —cosfi +sing j
singi + — cosoA

COSOR +  sindA

¢) Findthethreetensiorly, T, andTz at b) For what value ob would the vertical
the instant shown. You may find these component of the speed be maximized?
tensions by using hand algebra with the 5.125 COMPUTER QUESTION: What's i
scalar equations, using a computer withihe plot? What's the mechanics question? \/ﬁ
the matrix equation, or by using & Cross ghown are shown some pseudo computer com- ball
product on the vector equation. mands that are not commented adequately, un- Vo ~
z fortunately, and no computer is available at the ~—0Q
moment.
Tz am | T a) Draw as accurately as you can, assign- 0 y
<= \3 ing numbers etc, the plot that results X
T, from running these commands. .
/ 2m _ _ _ problem 5.127:
1m b) See if r)]/ou_ c?jn gut_abssdabmer(]:hanlcal situ- (Filename:ballramp)
ation that is described by this program.
m% = 2m y Sketch the system and define the vari-

Cc ables to make the script file agree with

the problem stated.

ODEs ={zldot = z2

z2dot = 0}
~ ICs ={z1 =1, z2=1}
5.121Use a computer to draw a square with )
corners atl, 0), (0, —1), (=1, 0), (0, 1). This  Solve ODEs with ICs from t=0 to t=5
must be done with scientific software and not
with a purely graphics program.

‘X/1.5m
problem 5.120:
(Filename:pfigure.s94h2p9)

plot z2 and z1 vs t on the same plot
problem 5.125:

(Filename:pfigure.s94f1p3)
5.122 Draw a Circle on the Computer. We
will be interested in keeping track of the mo- cerning the motion of particles over non-
tions of systems. A simple example is that of infinitesimal time.
a particle going in circles at a constant rate.
One can draw a circle quite well with a com-
pass or with simple drawing program®ut,  5.126 A particle is blown out through the uni-
more complicated motions will be more diffi- form spiral tube shown, which lies flat on a hor-
cult. Draw a circle on the computer and label izontal frictionless table. Draw the particle’s
the drawing (using computer generated letterpath after it is expelled from the tube. Defend
ing) with your name and the date. your answer.

Here begins a series of problems con-

5.128 Bungy Jumping.In a new safer bungy
jumping system, people jump up from the
ground while suspended from a rope that runs
over a pulley at O and is connected to a
stretched spring anchored at B. The pulley has
negligible size, mass, and friction. For the sit-
uation shown the spring AB has rest length
o = 2m and a stiffness ok = 200 N/ m.
The inextensible massless rope from A to P
has length’y = 8 m, the person has a mass of
100 kg. Take O to be the origin of aty co-
ordinate system aligned with the unit vecters
andj

a) Assume you are given the position of
the persom = xi+y j and the velocity
of the persow = xi+yj. Find her ac-
celeration in terms of some or all of her
position, her velocity, and the other pa-
rameters given. Use the numbers given,
where supplied, in your final answer.
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b) Given that bungy jumper’s initial posi- 5.132 The equations of motion from prob- 5.9 Central force motion
tion and velocity are¢g = 1mi —5mj  lem 5.131 are nonlinear and cannot be solved . .
andvo — Owrite MATLAB commands  in closed form for the position of the baseball. aNd celestial mechanics

to find her position at = 7/+/2s. Instead, solve the equations numerically. MakeEXperts note that none of these problems use
. . . a computer simulation of the flight of the base- . .
¢) Find the answer to part (b) with pencil | ag follows g polar or other fancy coordinates. Such descrip-

and. paper (a final numerical answer is ) o tions come later in the text. At this point we
desired). a) Convert the equation of motion into a \yantto lay out the basic equations and the qual-
system of first order differential equa- jtative features that can be found by numerical

\
1om \ tions. integration of the equations.
k B b) Pick values for the gravitational con-
L&M)\./V\_/—d stantg, the coefficient of resistande
and initial speedy, solve forthexand 5 134Under what circumstances is the angular
g=10 m/s? y coordinates of the ball and make a momentum of a system, calculated relative to
l plots its trajectory for variousinitial an- - 3 pointC which is fixed in a Newtonian frame,
glestp. conserved?

c) Use Euler’s, Runge-Kutta, or other suit-

able method to numerically integrate

the system of equations. 5.135 A satellite is put into an elliptical orbit
Use your simulation to find the initial around the earth (that is, you can assume the
angle that maximizes the distance of Orbit is closed) and has a velocityp at posi-
travel for ball, with and without air re-  tion P. Find an expression for the velocitys

ground, no contact
M~ after jump off

|
problem 5.128: d)
(Filename:s97p1.3)

5.129A softball pitcher releases a ball of mass sistance. ﬁ\t/glos'rt'ogrf‘dr-rhe[:'?ri',' tl;)oﬁniggre?]r:r’ rezrr)]zc'
m upwards from her hand with speeg and e) If the air resistance is very high, what ,, zllarAmomePr{tum are conserved ] gy
angledp from the horizontal. The only exter- is a qualitative description for the curve g = '
nal force acting on the ball after its release is described by the path of the ball? “ >
gravity. Up
a) What is the equation of motion for the 5.1331In th_e arcade game shown, the object of A \\
ball after its release? the game is to propel the small ball from the / \
N ] ejector device aD in such a way that is passes Ad +—sP
b) What are the position, velocity, and ac- through the small aperture Atand strikes the =
celeration of the ball? contact point atB. The player controls the \
¢) What is its maximum height? angle¢ at which the ball is ejected and the
. initial velocity vo. The trajectory is confined A N -
d) Atwhat dl;tance does the ball return to g the frictionlesscy-plane, which may or may blem 5 13\5.‘ -
the elevation of release? not be vertical. Find the value @fthat gives problem 5.255: . -
) . (Filename:pfigure.blue.64.2)
e) What kind of path does the ball follow success. The coordinates Afand B are (2,

and what is its equatiop as a function  2¢) and (2, ¢), respectively, wheré is your

of x? favorite length unit.

y 5.136 The mechanics of nuclear warA mis-

. ) . T sile, modelled as a point, is launched on a bal-
5.130Find the trajectory of a not-vertically- L LA listic trajectory from the surface of the earth.
fired cannon ball assuming the air drag is pro- - Y The force on the missile from the earth’s grav-
portional to the speed. Assume the mass is "\ ity is F = mgR/r2 and is directed towards
10kg, g = 10nys, the drag proportionality "B the center of the earth. When it is launched
constant i< = 5N/(m/s). The cannon ball AN from the equator it has speeg and in the di-
is launched at 100 is at a 45 degree angle. rection shown, 45 from horizontal. For the

e Draw a free body diagram of the mass. purposes of this calculation ignore the earth’s
B . rotation. That is, you can think of this problem
¢ :lc\]lrrlftce)rlmear momentum balance in vec- ;‘/\ gjector device X as two-dimensional in the plane shown. If you
’ problem 5.133: need numbers, use the following values:
e Solve the equations on the computer (Filename:pfigure.blue.32.1) m = 1000 kg is the mass of the missile,
and plot the trajectory. g = 10mys? is earth's gravitational con-
« Solve the equations by hand and then stant at the earth’s surface, _
use the computer to plot your solution. R = 6,400 000m is the radius of the
earth, and
5.131 See also problem 5.132. A baseball vo = 9000 rr/s -
pitching machine releases a baseball of nmass r(t) is the distance of the missile from the
from its barrel with speedy and angl&g from center of the earth.
the horizontal. The only external forces act- a) Draw a free body diagram of the mis-
ing on the ball after its release are gravity and sile. Write the linear momentum bal-
air resistance. The speed of the ball is given ance equation. Break this equation into
by v2 = x2 + y2. Taking into account air re- x and y components. Rewrite these
sistance on the ball proportional to its speed equations as a system of 4 first order
squaredfFy = —bv2é;, find the equation of ODE’s suitable for computer solution.
motion for the ball, after its release, in cartesian Write appropriate initial conditions for

coordinates* the ODE's.
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b) Using the computer (or any other
means) plot the trajectory of the rocket
after it is launched for a time of 6670

seconds. [Use a much shorter time
when debugging your program.] Onthe
same plot draw a (round) circle for the
earth.

—

problem 5.137:

particles in space

problem 5.136: 5.138Linear momentum balance for general

5.137 A particle of mass 2kg moves in the
horizontal xy-plane under the influence of a
central forceF = —kF (attraction force pro-
portional to distance from the origin), where
k = 200 N/m and7 is the position of the par-

(Filename:pfigure.s94912p1) - Systems with multiple interacting parts moving
more or less independently reduceslto =
ma if you interpret the terms correctlywhat
does this mean? WhatI§? Whatism? What
isa?

5.139A particle of massn; = 6 kg and a par-
ticle of massny = 10 kg are moving in they-
plane. At a particular instant of interest, par-
ticle 1 has position, velocity, and acceleration
Fi=3mi+2mj, vy = —16mysi+6m/s],
anda; = 10 nys’i — 24 nys?J, respectively,
and particle 2 has position, velocity, and accel-
erationfF, = —6mil —4mj, v, = 8m/sl +
4nmysj, anda, = 5m/s?t — 16nys2 ], re-
spectively.

ticle relative to the force center. Neglect all a) Find the linear momenturk and its

other forces.

rate of changdj of each particle at the
instant of interest.

a) Show that circular trajectories are pos-

b

~

sible, and determine the relation be-  b) Find the linear momentunk and its

tween speed and circular radius,o rate of changel. of the system of the
which must hold on a circular trajec- two particles at the instant of interest.
tory. [hint: Write F' = ma, break into ¢) Find the center of mass of the system at

x andy components, solve the separate
scalar equations, pick fortuitous values ) ) )
for the free constants in your solutions.] ~ d) Findthe velocity and acceleration of the

the instant of interest.
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a) linear momentund.,

b) rate of change of linear momentuE

c) angular momentum about the origin
Hg,

rate of change of angular momentum
about the originﬁo,

d

=

e) kinetic energyEk, and
f) rate of change of kinetic energy.

(Filename:pfigure.blue.72.1) - 5 141 Two particles each of mass are con-
nected by a massless elastic spring of spring
constank and unextended lengtiR2 The sys-

5.10 COUp|ed motions of temslideswithoutfrictiononahorizontaltable,
so that no net external forces act.

a) Is the total linear momentum con-
served? Justify your answer.

b) Can the center of mass accelerate? Jus-
tify your answer.

C

~

Draw free body diagrams for each
mass.

d

=

Derive the equations of motion for each
mass in terms of cartesian coordinates.

e

~

What are the total kinetic and potential
energies of the system?

f) For constant values and initial condi-
tions of your choosing plot the trajecto-
ries of the two particles and of the center
of mass (on the same plot).

<

problem 5.141:
(Filename:pfigure.blue.65.2)

center of mass. 5.142 Two ice skaters whirl around one an-

It turns out that trajectories are in gen-
eral elliptical, as depicted in the dia-
gram.

5.140A particle of massn; = 5kg and a par-
ticle of masam, = 10 kg are moving in space.
At a particular instant of interest, particle 1 has
Fora particular elliptical trajectory with  position, velocity, and acceleration

a = 1m andb = 0.8 m, the velocity

of the particle at point 1 is observed to il

be perpendicular to the radial direction, vy = 2m/sj

with magnitudevs, as shown. When _ A
a, = 3m/s’k

the particle reaches point 2, its veloc-

ity is again perpendicular to the radial yegpectively, and particle 2 has position, veloc-
direction. ity, and acceleration

Determine the speed incrememv F, = 2mi

which would have to be added (in- R A
stantaneously) to the particle’s speed v, = 1my/sk
at point 2 to transfer it to the circular a, = 1m/&j

trajectory through point 2 (the dotted
curve). Express your answer in terms respectively. For the system of particles at the
of vq. instant of interest, find its

other. They are connected by a linear elastic
cord whose center is stationary in space. We
wish to consider the motion of one of the skaters
by modeling her as a massheld by a cord that
exertsk Newtons for each meter it is extended
= 1mi+1mj from the central position.

a) Draw a free body diagram showing the
forces that act on the mass is at an arbi-
trary position.

b) Write the differential equations that de-
scribe the motion.

c) Describe in physical and mathematical
terms the nature of the motion for the
three cases

a) w < Jk/m;

b) = k/m;

c) o > J/k/m.
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(You are not asked to solve the equationSet up these equations in matrix form.
of motion.)
ice skater 1 5.149Solve for the unknowns), , vky, and
" véx in problem 5.148 taking = 50°, ma =
1 0 1.5mg andmpg = 0.8kg. Use any computer
X program.
ice skater 2':-':" 5.150Using the matrix form of equations in

0 (fixed) Problem 5.145, solve far' ax andv’ ay if 6 =

problem 5.142: 20° andvg = 5ft/s.

(Filename:pfigure.blue.154.1)

5.143 Theory question. If you are given the 5-151 Two frictionless massesa = 2kg and
total mass, the position, the velocity, and themMassms = 5kg travel on straight collinear

CONTENTS

Vo
Im]  [Ome]
A B

problem 5.154:
(Filename:pfigure.blue.23.1)

5.155A massless spring with constédis held
compressed a distang&érom its relaxed length
by a thread connecting blocks A and B which
are still on a frictionless table. The blocks have

acceleration of the center of mass of a systenPaths with speed¥s = Sm/s andVs =  massm, andmg, respectively. The thread is
of particles can you find the angular momentum1 /S, respectively. The masses collide sinceg,qgenly but gently cut, the blocks fly apart and
H o of the system, wher® is not at the center YA > VB Find the amount of energy lostin e spring falls to the ground. Find the speed

2t ol s ol 552 1 S
a reason and/or a counter examgile. P 9 :

restitution ise = 0.5.

5.144The equation Ty — V) R =ey— A B
V1) - 1 relates relative velocities of two point
masses before and after frictionless impact
in the normal directionj of the impact. If
vy = vid + vy j, v, = —vl, e =
05, v, = 0, vy = 2ft/s — 5ft/sj, and
n= %(i + ), find the scalar equation relat-

—
Va
problem 5.151:

VB

problem 5.155:

(Filename:Danef94s3q7)
(Filename:pfigure.blue.32.2)

ing the velocities in the normal direction. 5.152Two frictionless pucks sliding on a plane
~collide as shown in the figure. Puck A is ini-

5.145 See also problem 5.150. Assuming tjglly at rest. Given thatVg); = 1.0my/s,

6, vo, ande to be known quantities, write the (v,); = 0, and(Va); = 0.5mys, find the

following equations in matrix form set up to approach angle and rebound anglg. The

solve forv’ ax andv’ ay: coefficient of restitution i = 0.9.

(VA

QA (Va)i=0

<L

sin6v’ ax + cosdv’ oy = evp cosy
cosgv’ ax — sindv’ oy = vp sine.
(VB)s

5.146 Set up the following equations in ma-

trix form and solve forva andvg, if vg = y
26m/s, e = 0.8, mpy = 2kg, andmg = oo ¢
500g: B

(V)i

Mavg = MavA + MBUB
—€vp = vA — UB. problem 5.152:

(Filename:Danef94s2g8)

5.147 The following three equations are ob- 5 153 Reconsider problem 5.152. Given in-
t_alned k_)y applying the principle of conserva- gaaq thay = 30°, (Va)i = 0, and(Va) =
tion of linear momentum on some system. o 5 yys; find the initial velocity of pucks.

moug = 24.0m/smg — 0.67mgvg — 0.58mcvc
5.154 A bullet of massm with initial speed

0=36.0 0.33m 0.3
mysma + BvB + D.3Mcue vo is fired in the horizontal direction through
0=233m/sma —0.6"mgvg — 0.58Mcuc. pigck A of massn and becomes embedded in
Assumevg, vg, anduc are the only unknowns. bloclg B c_)f massng. Each block is suspended
Write the equations in matrix form set up to byth_ln wires. The bullet causes Aand B_to start
solve for the unknowns. moving with speed of o andvg respectively.

) Determine
5.148See also problem 5.149. The following v 4,6 initial speedy of the bulletin terms
three equations are obtained to solve zfQ&, of va anduvs. *
vy andug : A _ B _
y b) the velocity of the bullet as it travels
from block A to block B,and

c) the energy loss due to friction as the
bullet (1) moves through block A and
(2) penetrates block B.

(Vgy — Vay) COSO = v;\ysine —10mys
Vi, SiNG = U/Ay cosh — 36 mys

MBYgy + MAV,, = (—60MYS) Ma.
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Problems for Chapter 6

Constrained straight line motion

6.1 1-D constrained motion
and pulleys

6.1 Write the following equations in matrix
form for ag, ac, andT:
dag +ac =0
2T = —(25kg ap
64kgnys’ = T + (10kg ac.

6.2 The two blocksm; = mo = m, are con-
nected by an inextensible stridgB. The string
can only withstand a tensidr, . Find the max-
imum value of the applied forcE so that the
string does not break. The sliding coefficient
of friction between the blocks and the ground

is .
‘|

B P
my mp q

problem 6.2:

(Filename:Danef94s3qg5)

6.3 A train engine of masm pulls and accel-
erates on level groun cars each of mass.
The power of the engine iB; and its speed is
vt. Find the tensio,, between can and car
n+1. Assume there is no resistance to rolling
for all of the cars. Assume the cars are con-
nected with rigid links*

n=2 n=N-2 n=N-1 n=N

‘Qi‘!gice}f@u-

(Filename:pfigure.newtrain)

n=1

problem 6.3:

6.4 Two blocks, each of mass, are connected

together across their tops by a massless string

of length S; the blocks’ dimensions are small
compared toS. They slide down a slope of
angled. Do not neglect gravity but do neglect
friction.

a) Draw separate free body diagrams of
each block, the string, and the system
of the two blocks and string.

b) Write separate equations for linear mo-
mentum balance for each block, the
string, and the system of blocks and

string.

What is the acceleration of the center of
mass of the two blocks?

c)

d) Whatis the force in the string? 6.6 A cartof massdM, initially at rest, can move
e) Whatis the speed of the center of masghorizontally along a frictionless track. When
for the two blocks after they have trav- t = 0, aforceF is applied as shown to the cart.

eled a distance down the slope, having During the acceleration d¥l by the forceF, a
started from rest. [Hint: You need to Small box of massn slides along the cart from

dot your momentum balance equationsthe front to the rear. The coefficient of friction

with a unit vector along the ramp in or- between the cartand boxis and itis assumed

der to reduce this problem to a problem that the _a(;celeratlon of the cart is sufficient to

in one dimensional mechanics.] cause sliding.

a) Draw free body diagrams of the cart,
the box, and the cart and box together.

b) Write the equation of linear momentum
balance for the cart, the box, and the
system of cart and box.

¢) Show that the equations of motion for
the cart and box can be combined to
give the equation of motion of the mass
center of the system of two bodies.

d) Find the displacement of the cart at the
time when the box has moved a distance
£ along the cart.

problem 6.4:

(Filename:pfigure.blue.27.1)

6.5 Two blocks, each of mass, are connected

together across their tops by a massless string ‘ ¢ ‘

of length S; the blocks’ dimensions are small M m

compared toS. They slide down a slope of Vi > F
angled. The materials are such that the coeffi- fricti
cient of dynamic friction on the top block js ) —nofriction
and on the bottom block ig/2. problem 6.6:

a) Draw separate free body diagrams of
each block, the string, and the system
of the two blocks and string.

Write separate equations for linear mo-
mentum balance for each block, the
string, and the system of blocks and
string.

What s the acceleration of the center of
mass of the two blocks?

What is the force in the string?

What is the speed of the center of mass
for the two blocks after they have trav-
eled adistanceé down the slope, having
started from rest.

How would your solutions to parts (a)
and (c) differ in the following two vari- 6.8 For the mass and pulley system shown in
ations: i.) If the two blocks were in- the figure, the point of applicatios of the
terchanged with the slippery one ontop force moves twice as fast as the mass. At some
or ii.) if the string were replaced by a instant in timet, the speed of the masssisto

massless rod? Qualitative responses tqhe left. Find the input power to the system at
this part are sufficient. timet.

(Filename:pfigure.blue.28.1)

6.7 A motor atB allows the block of mass
m = 3kg shown in the figure to accelerate
downwards at 2 s, There is gravity. What
is the tension in the string AB?

B

~

problem 6.7:
(Filename:pfigure.blue.12.2)

f)

L F

problem 6.8:
(Filename:pfig2.3.rp8)

6.9 Pulley and massesTwo masses connected
by an inextensible string hang from an ideal
pulley.

problem 6.5:

(Filename:pfigure.blue.27.1a)
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a) Find the downward acceleration of (Z F‘ = ma). Define any variables, coordi- 6.17For the situation pictured in problem 6.16
nates or sign conventions that you need to ddind the accelerations of the two masses using
ofma, mg, g, and the presentvelocities your calculations and to define your solution. energy balancéP = Ek). Define any vari-

massB. Answer in terms of any or all

of the blocks. As a check, your answer
should giveag = g whenma = 0 and
ag = O whenmpa = mpg. *.

b) Find the tension in the string. As a
check, your answer should give =
mpg = mag whenmp = mg and
T = 0whenmp =0. *

|
mMa
Mg
problem 6.9:

(Filename:pfigure3.f95p1p2)

6.10 The blocks shown are released from rest.
Make reasonable assumptions about strings,

pulleys, string lengths, and gravity.

a) What is the acceleration of block A at
t = Ot (just after release)?

b) Whatis the speed of block B after it has
fallen 2 meters?

problem 6.10:
(Filename:pfigure.blue.29.2)

6.11 What is the acceleration of block A? Use
g = 10mys?. Assume the string is massless
and that the pulleys are massless, round, an
have frictionless bearings.

32kg

problem 6.11:

(Filename:pfigure.f93g4)

6.12For the system shown in problem 6.9, find
the acceleration of mas8 using energy bal-
ance(P = Ek).

6.13 For the various situations pictured, find

the acceleration of the mass A and the point

B shown using balance of linear momentum

*

@

A B

b

m

———

(b)

(©

(d)

problem 6.13:

(Filename:pulley1)

6.14For each of the various situations pictured
in problem 6.13 find the acceleration of the
mass using energy balan¢@ = Ex). Define

any variables, coordinates, or sign conventions

that you need to do your calculations and to
define your solution.

6.15 What is the ratio of the acceleration of
point A to that of point B in each configuration?
In both cases, the strings are inextensible, th

pulleys massless, and the mass and force the

same.* F
A
m )
Q
m B F
—)
problem 6.15:

(Filename:sum95.p1.p3)

ables, coordinates, or sign conventions that you
need to do your calculations and to define your
solution.

6.18 See also problem 6.19. For the various
situations pictured, find the acceleration of the
mass A and the point B shown using balance of
linear momentun(Z F = ma). Define any
variables, coordinates or sign conventions that
you need to do your calculations and to define
your solution.

a) *
b) *
@

¥

L m]

(©
A B F
[m]fe = {|=>
_l
s
problem 6.18:

(Filename:pulley4)

6.19For the various situations pictured in prob-
lem 6.18 find the acceleration of the mass us-
ing energy balancéP = Eg). Define any
variables, coordinates, or sign conventions that
you need to do your calculations and to define
your solution.

6.20 A person of mass, modeled as a rigid
body is sitting on a cart of madd > m and
pulling the massless inextensible string towards

6.16 See also problem 6.17. Find the acceler-herself. The coefficient of friction between her

ation of points A and B in terms df andm.

seat and the cart jg. All wheels and pulleys

Assume that the carts stay on the ground, havére massless and frictionless. Point B is at-
good (frictiomess) bearingsl and have Whee|stached to the cart and p0|ntA is attached to the

of negligible mass.

F
m5—>

problem 6.16:

(Filename:pfigure.s94q5p1)

rope.

a) Ifyou are given that she is pulling rope
in with acceleratiorag relative to her-
self (thatisaa/g = ap—ag = —api)
and that she is not slipping relative to
the cart, findaa. (Answer in terms of
some or all ofim, M, g, 1, I andag.)
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b) Find the largest possible value af
without the person slipping off the cart?
(Answer in terms of some or all of
m, M, g andu. You may assume her
legs get out of the way if she slips back-
wards.)

C

~

If instead,m < M, what is the largest
possible value ofip without the person
slipping off the cart? (Answer in terms
of some or all ofm, M, g andp. You
may assume her legs get out of the way
if she slips backwards.)

~

JI_,A

1

‘|

ideal pulley

problem 6.20: Pulley.

(Filename:s97p2.2)

6.21 Two blocks and a pulley. Two equal
masses are stacked and tied together by the pu
ley as shown. All bearings are frictionless. All
rotating parts have negligible mass. Find

a) the acceleration of point A, and

T

i

b) the tension in the line.

problem 6.21:
(Filename:p.s96.p1.1)

6.22 The pulleys are massless and frictionless.

Neglect air friction. Include gravityx mea-
sures the vertical position of the lower mass
from equilibrium. y measures the vertical posi-
tion of the upper mass from equilibrium. What
is the natural frequency of vibration of this sys-
tem?*

33

6.26 The spring-mass system shown (m = 10
slugs & Ib-sec/ft),k = 101b/ft)is excited

by moving the free end of the cable vertically
according toS(t) = 4sin(wt) in, as shown in

the figure. Assumingthatthe cable isinextensi-
ble and massless and that the pulley is massless,
do the following.

a) Derive the equation of motion for the
block in terms of the displacement
from the static equilibrium position, as
shown in the figure.

b) If o = 0.9rad/s, checkto seeifthe pul-
ley is always in contact with the cable
(ignore the transient solution).

y

EC)/

X
problem 6.22:
(Filename:pfigure.s95q4) Static equlllbrlum
positionat § =0
andx=0

|
6.23 See also problem 6.24. For the situation
pictured, find the acceleration of the mass A
and the points B and C shown using balance of
linear momentun(Z F = ma). Define any
variables, coordinates or sign conventions that
you need to do your calculations and to define
your solution. [Hint: the situation with point
C is tricky and the answer is subtle.]

problem 6.26:
(Filename:pfigure.blue.151.1)

6.27 The block of masmhanging on the spring
with constank and a string shown in the figure

F
A C B_> is forced (by an unseen agent) with the force
m . - F = Asin(wt). (Do not neglect gravity). The
pulley is massless.
] a) What is the differential equation gov-
problem 6.23: erning the motion of the block? You

(Filename:pulley2) may assume that the only motion is ver-

tical motion.*

|-

b) GivenA, mandk, for what values of»
would the string go slack at some point
in the cyclical motion? (You should ne-
glect the homogeneous solution to the
differential equation.)

6.24 For situation pictured in problem 6.23,
find the acceleration of point A using energy
balance(P = Ek). Define any variables, co-
ordinates, or sign conventions that you need to
do your calculations and to define your solu-
tion.

6.25 Pulley and spring. For the mass hang-
ing at the right, find the period of oscillation.
Assume a massless pulley with good bearings.
The massless string is inextensible. Only ver-
tical motion is of interest. There is gravity.
[Hint: Draw FBD, carefully keep track of string
length to figure spring stretch, set up equations
of motion and solve them.]

F = Asin(ot)

problem 6.27:
(Filename:pfigure.blue.155.1)

6.28 Block A, with massma, is pulled to the
right a distanced from the position it would
have if the spring were relaxed. It is then re-
leased from rest. Assume ideal string, pulleys
and wheels. The spring has constiant

a) Whatis the acceleration of block A just
after it is released (in terms & ma,
andd)? *

problem 6.25:
(Filename:pfigure.s94h4p4)
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b) What s the speed of the mass when the®.2 2D and 3D forces even 6.35 Find the tension in two strings. Con-
mass passes through the position where . . . sider the mass at B (2kg) supported by two
the spring is relaxed? . thOUgh the motionis straig ht strings in the back of a truck which has accel-

eration of 3mis2. Use your favorite value for
) the gravitational constant. What is the tension
6.32 Mass pulled by two strings.F; and F Tag in the string AB in Newtons?

What must the acceleration of the cart be in
6.33 A point massm is attached to a piston order for the rodDE to be in tension?

are applied so that the system shown acceler- 1m
ates to the rightat 512 (i.e., @ = 5m/s?i + ‘«—»‘ y
0j) and has no rotation. The mass of D and C
forcesF; and Fo are unknown. What is the K
tension in string AB? X
problem 6.28:
(Filename:pfigure.f93g5) —— Fl
B
D problem 6.35:
6.29 What is the static displacement of the M (Filename:pfigure.s94h2p8)
mass from the position where the spring is just
? N —
relaxed: J Fa 6.36 Guyed plate on a cartA uniform rect-
- L angular plateABC D of massm is supported
- b by a rodDE and a hinge joint at poir8. The
- gl problem 6.32: dimensions are as shown. The cart has accel-
- (Filename:pg9.1) erationayi due to a force=. There is gravity.
@

by two inextensible cables. The piston has up- — 30— 4¢ .
wards accelerationy j. There is gravity. In = ___|A D J
m [X] terms of some or all ain, g, d, anday find the f |
tension in cableAB. * 20 @ -
problem 6.29: i |B C E t
(Filename:pulley3.a) A od 5d ~IC [ ) m—)p
| H cart M F
6d problem 6.36: Uniform plate supported

6.30 For the two situations pictured, find the by a hinge and a cable on an accelerating cart.
(Filename:tfigure3.2D.a.guyed)

acceleration of point A shown using balance JB
of linear momentun(} | F = ma). Assum-
ing both masses are deflected an equal distanc 6.37 A uniform rectangular plate of massis
from the position where the spring is just re- = supported by two inextensible cablés and
laxed, how much smaller or bigger is the ac- | J 9 CD and by a hinge at poirE on the cart as
celeration of block (b) than of block(a). Define L l shown. The cart has acceleratiagt due to a
any variables, coordinate system origins, coor- 7 force not shown. There is gravity.
dinates or sign conventions that youneedtodo  problem 6.33: .
your calculations and to define your solution. (Filename:ch3.13) a) Draw a free body diagram of the plate.
€] b) Write the equation of linear momentum
\ L 6.34 A point mass of mass moves on a fric- balance for the plate and evaluate the
= | tional surface with coefficient of friction and left hand side as explicitly as possible.
A is connected to a spring with constdnaind Write th ion for anaular momen-
= K.Lg ynstretchgd length. There is _gravity. _At the © tumtf);l:n?;guaegoout pooiréﬁg:daevalczlati
instant of interest, the mass is at a distarce the left hand side as explicitly as possi-
to the right from its position where the spring ble
(b) | d is unstretched and is moving with> 0 to the ) a
| right. - — 3a 3a }
K,Lg ) __A v
a) Draw a free body diagram of the mass f
m_ = ) at the instant of interest. 2a
b) Attheinstantofinterest, write the equa- B C f
problem 6.30: tion of linear momentum balance for R OG 2a
(Filename:pulley3) the block evaluating the left hand side J E |
as explicitly as possible. Let the accel- L )
eration of the block b& = Xi. ; I
X
6.31For each of the various situations pictured } ¢ } |

|
in problem 6.30, find the acceleration of the 0 0 0 0 0 0 0 ¢

mass using energy balanté = Eg). Define 'u m

any variables, coordinates, or sign conventions

that you need to do your calculations and to problem 6.34: problem 6.37:

define your solution. (Filename:ch2.10a) (Filename:ch2.12)
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6.38 See also problem 6.67. A uniform rect- 6.41 Reconsider the block in problem 6.40.
angular plate of mags is supported by anin- This time, find the acceleration of the block A
extensible cabl€ D and a hinge joint at point and the reactions & andB if the force P is

E on the cart as shown. The hinge joint is at-applied instead at poirD. Are the acceler-

tached to a rigid column welded to the floor of ation and the reactions on the block different 0
the cart. The cart is at rest. There is gravity.from those found ifP is applied at poinE? B E
Find the tension in cabl€ D. ¢ ¢ ) e—
— 3¢ 3¢ D S o
1A — .
22 6.42 A block of massnis sitting on a frictional problem 6.44: - - oahz03
\ surface and acted upon at poltby the hori- (Filename:pfigure.s94h3p3)
B C f zontal forceP. The block is resting on a sharp
j eG E 20 edge at poinB and is supported by an ideal
L ' mzeglgiwggltiﬁinyﬁirti Icso%;rai\é:gﬁtﬁﬁﬁgilgrg] 6.45 At the instant shown, the mass is moving
A - . : to the right at speed = 3m/s. Find the rate
1 w at pointB, find the acceleration of the block
: : of work done on the mass.
and the reactions on the block at poidtsand Y F=50N
B. =
Y] ¥ 20 —
[—b— P X
problem 6.38: C D—bf
(Filename:ch3.11.b) ‘

d m\z\lo kg J]
@GiE4 2d v L

6.39 A uniform rectangular plate of mass

is supported by an inextensible ca#é and e frictionless

a hinge joint at poinE on the cart as shown. A B .

The hinge joint is attached to a rigid column b problem 6.45:

welded to the floor of the cart. The cart has  problem 6.42: (Filename:pfig2.3.rp9)
acceleratioraxZ. There is gravity. Find the (Filename:ch3.12)

tension in cableAB. (What's ‘wrong’ with
this problem? What if instead poifg was at

the bottom left hand corner of the plate?) 6.46 The box shown in the figure is dragged
ey 30 Y 6.43Af0r.ce Fc is_ app_lied to_the corng ofa N the x-dlrectloréz\lvnh a constant accelera-
A D box of weightW with dimensions and center of tion @ = 0.5m/sZ. At the instant shown,
] 1 gravity atG as shown in the figure. The coef- the velocity of (every point on) the box is
20 ficient of sliding friction between the floor and v = 0.8ny/st.
B c : the points of contacA andB is y.. Assuming a) Find the linear momentum of the box.
R eG 20 that the b_ox slides whefc is applied, fl_nd the ) )
J E ) acceleration of the box and the reactionshat ~ b) Find the rate of change of linear mo-
L I andB in terms ofW, F¢, 6, b, andd. mentum of the box.
] Fc ‘ 2b ‘ ¢) Find the angular momentum of the box
d=ad m F—b— about the contact poir®.
“ d) Find the rate of change of angular mo-
mentum of the box about the contact
problem 6.39: point O.
(Filename:ch3.11a) y
m=2Kkg
6.40 See also 6.41. A block of massis sit- problem 6.43: ——
ting on a frictionless surface and acted upon at (Filename:Mikes92p3) om
point E by the horizontal forcé® through the
center of mass. Draw a free body diagram of
the block. There is gravity. Find the accelera- )
tion of the block and reactions on the block at 6.44 Forces of rod on a cart. A uniform rod
pointsA andB. with massm, rests on a cart (massc) which
2b is being pulled to the right. The rod is hinged 1m o
- b at one end (with a frictionless hinge) and has \ 30
C | no friction at the contact with the cart. The cart 0O X
Df is rolling on wheels that are modeled as having  problem 6.46:
d P no mass and no bearing friction (ideal massless (Filename:pfigure3.mom.rp1)
@ El | wheels). Find:
G 2d a) The force on the rod from the cart at
A B 2(22;?:..Answer in terms og, mr, Me, 6.47 (See also problem 4.15.) The groove and
disk accelerate upwarda, = aj. Neglecting
problem 6.40: b) The force on the rod from the cart at gravity, what are the forces on the disk due to

(Filename:ch3.9) point A. the groove?
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y
01 02

X
problem 6.47:

(Filename:ch2.5.ba)

problem 6.48:

(Filename:pfigure.blue.22.1)

6.49 A collection of uniform boxes with var-

ious heightsh and widthsw and massem sit

CONTENTS

6.51 Car braking: front brakes versus rear
brakes versus all four brakes.There are a few
puzzlesin dynamics concerning the differences
between front and rear braking of a car. Here
is one you can deal with now. What is the peak
deceleration of a car when you apply: the front
brakes till they skid, the rear brakes till they
skid, and all four brakes till they skid? Assume
that the coefficient of friction between rubber
and road isx = 1 (about right, the coefficient
of friction between rubber and road varies be-
tween about7 and 13) and thaig = 10 m/s?
(2% error). Pick the dimensions and mass of
the car, but assume the center of mass hdight
is above the ground. The height should be

on a horizontal conveyer belt. The accelerationless than half the wheel bagethe distance be-

a(t) of the conveyer belt gets extremely large tween the front and rear wheel. Further assume
6.48 The following problems concern a box sometimes due to an erratic over-powered mothat theC M is halfway between the front and
thatis inthe back of a pickup truck. The pickup tor. Assume the boxes touch the belt at theirback wheelsi(e., If = Iy = w/2). Assume
truck is accelerating forward at an accelerationjeft and right edges only and that the coefficientalso that the car has a stiff suspension so the car
of a;. The truck’s speed is;. The box has of friction there isu. It is observed that some does not move up or down or tip during brak-

sharp feet at the front and back ends so the onlyyoxes never tip over. What is true aboutg,

ing; i. e., the cardoes not rotate in thg-plane.

place it contacts the truck is at the feet. They, h, andm for the boxes that always maintain Neglect the mass of the rotating wheels in the
center of mass of the box is at the geometriccontact at both the right and left bottom edgesdinear and angular momentum balance equa-

center of the box. The box has heightength
¢ and depthw (into the paper.) Its mass is of these variables.)
m. There is gravity. The friction coefficient

between the truck and the box edgeg is

In the problems below you should express T .
your solutions in terms of the variables givenin . ’—‘
the figure, h, u, m, g, a, andvt. If any vari-
ables do not enter the expressions comment o
why they do not. In all cases you may assume\ *
that the box does not rotate (though it might be
on the verge of doing so).

motor
£)

problem 6.49:

(Filename:pfigure.f93q3)

a) Assuming the box does not slide, what

(Write an inequality that involves some or all tions. Treat this problem as two-dimensional

problem; i. e., the car is symmetric left to right,
does not turn left or right, and that the left and
right wheels carry the same loads. To organize
your work, here are some steps to follow.

a) Draw a FBD of the car assuming rear
wheel is skidding. The FBD should
show the dimensions, the gravity force,
what you knowa priori about the forces
on the wheels from the ground (i.e.,
that the friction forcely = uN;, and
that there is no friction at the front
wheels), and the coordinate directions.

is the tote}I force that the truck EXerts oN g 5 After failure of her normal brakes, a driver
the box (i.e. the sum of the reactions at , ,is the emergency brake of her old car. This
Aand B)? action locks the rear wheels (friction coefficient
= 1) but leaves the well lubricated and light
front wheels spinning freely. The car, braking
inadequately as is the case for rear wheel brak-
ing, hits a stiff and slippery phone pole which
compresses the car bumper. The car bumper is

c) Assuming the box does slide, what is modeled here as a linear spring (constark,

the total force that the truck exerts on '€St length= lo, present length= Is). The
the box? car is still traveling forward at the moment of

interest. The bumper is at a heigiy above
d) Assuming the box does slide, what arethe ground. Assume that the car, excepting the
the reactions at A and B? bumper, is a non-rotating rigid body and that
the wheels remain on the ground (that is, the
e) Assuming the box does not slide, what bumperis compliant butthe suspension s stiff).

is the maximum acceleration of the o \hat is the acceleration of the car in
truck for which the box will not tip over terms ofg, m, i, I, Ir, K, hp, hem,

(hint: just at that critical acceleration lo, andls (and any other parameters if
what is the vertical reaction at B?)? needed)?

b

~

Assuming the box does not slide what
are the reactions at A and B? [Note:
You cannot find both of them without
additional assumptions.]

f) What is the maximum acceleration of
the truck for which the block will not
slide?

g) The truck hits a brick wall and stops
instantly. Does the block tip over?

Assuming the block does not tip over,

how far does it slide on the truck before

stopping (assume the bed of the truck
is sufficiently long)?

problem 6.50:

(Filename:pfigure.s94q4p1)

C

~

d)

e)

Label points of interest that you will use

in your momentum balance equations.
(Hint: also draw a free body diagram

of the rear wheel.)

Write down the equation of linear mo-
mentum balance.

Write down the equation of angular mo-
mentum balance relative to a point of
your choosing. Some particularly use-
ful points to use are: the point above the
front wheel and at the height of the cen-
ter of mass; the point at the height of the
center of mass, behind the rear wheel
that makes a 45 degree angle line down
to the rear wheel ground contact point;
and the point on the ground straight un-
der the front wheel that is as deep as the
wheel base is long.

Solve the momentum balance equations
for the wheel contact forces and the de-
celeration of the car. If you have used
any or all of the recommendations from
part (c) you will have the pleasure of
only solving one equation in one un-
known at a time*

Repeat steps (a) to (d) for front-wheel
skidding. Note that the advantageous
points to use for angular momentum
balance are now different. Does a car
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stop faster or slower or the same by
skidding the front instead of the rear
wheels? Would your solution to (e) be

different if the center of mass of the car
was at ground leveli=0)? *

Repeat steps (a) to (d) for all-wheel
skidding. There are some shortcuts
here. You determine the car deceler-
ation without ever knowing the wheel
reactions (or using angular momentum
balance) if you look at the linear mo-
mentum balance equations carefully.

Does the deceleration in (f) equal the
sum of the deceleration in (d) and (e)?
Why or why not?*

g)

h) What peculiarity occurs in the solution
for front-wheel skidding if the wheel
base is twice the height ofthe CM above

ground angu = 1?*

i) What impossibility does the solution
predict if the wheel base is shorter than
twice the CM height? What wrong as-
sumption gives rise to this impossibil-
ity? What would really happen if one
tried to skid a car this way?

y
I I—x

1, —— I —
problem 6.51:
(Filename:pfigure.s94h3p6)

6.52 Attimet = 0, the block of mass is
released at rest on the slope of angle The
coefficient of friction between the block and
slope isu.

a) Whatis the acceleration of the block for
u>0?*

b) Whatis the acceleration of the block for
uw=07?*

¢) Find the position and velocity of the
block as a function of time for > O.
*

d) Find the position and velocity of the
block as a function of time for = O.

L

il

(Filename:Danef94s1q5)

problem 6.52:

6.53 A small block of massn; is released from
rest at altitudéa on a frictionless slope of angle

37

the same altitude. The second block does not
interact with the ramp. What is the velocity of
the first block relative to the second block after
t seconds have passed?

°|

problem 6.56: A car skidding downhill
on a slope of anglé

problem 6.53:

(Filename:ch8.7) (Filename:pfigure3.car)

6.57Two blocks A and B are pushed up a fric-
tionless inclined plane by an external foree
as shown in the figure. The coefficient of fric-
tion between the two blocks jg = 0.2. The
masses of the two blocks aney, = 5kg and

6.54 Block sliding on a ramp with friction.
A square box is sliding down a ramp of angle
with instantaneous velocityi. It is assumed mg = 2kg. Find the magnitude of the maxi-
to nottip over. mum allowable force such that no relative slip
a) Whatis the force on the block from the occurs between the two blocks.
ramp at pointA? Answer in terms of 1=0.2 n=0
anyorallofg, ¢, m, g, u,v, i, andj’.
As a check, your answer should reduce
to 59" whend = 1 =0.*

F/V
| 30°
problem 6.57:

b) In addition to solving the problem by
hand, see if you can write a set of com-
puter commands that, &, u, £, m, v

and g were specified, would give the

correct answer. (Filename:summer95f.1)
6.58 Abead slides on africtionless rod.The

Assumingd = 80° andu = 0.9, can  gpring has constarkt and rest lengtig. The
the box slide this way or would it tip  pead has mass.

<)

? P
over? Why? a) Givenx andx find the acceleration of
j /\ the bead (in terms of some or all of
| 4 D, ¢o, X, X, m, k and any base vectors

that you define).

b) If the bead is allowed to move, as con-
strained by the slippery rod and the
spring, find a differential equation that
must be satisfied by the variabie (Do

not try to solve this somewhat ugly non-

linear equation.)

¢) In the special case thé@y = 0* find
how long it takes for the block to return
to its starting position after release with

no initial velocity atx = Xg.

problem 6.54:

(Filename:pfigure3.f95p1pl)

6.55A coin is given a sliding shove up a ramp
with angleg with the horizontal. It takes twice
as long to slide down as it does to slide up.

What is the coefficient of frictiont. between D
the coin and the ramp. Answer in terms of l
some or all ofm, g, ¢ and the initial sliding
velocity v.
problem 6.58:

6.56 A skidding car. What is the braking accel- (Fllename:p.s96.p1.2)

eration of the front-wheel braked car as it slides6.59 A bead oscillates on a straight frictionless
down hill. Express your answer as a function ofwire. The spring obeys the equatiéh = k
any or all of the following variables: the slope (¢ — £o), wheref = length of the spring anéy

6 of the hill, the mass of the camn, the wheel is the rest’ length. Assume

«. Atthe instant of release, another small blockbase?, and the gravitational constagt Use

of massmy, is dropped vertically from rest at

w=1%* X(t =0) =Xxg, X(t =0)=0.
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a) Write a differential equation satisfied
by x(t).

b) What isx whenx = 0? [hint: Don't
try to solve the equation in (a)!]

c) Note the simplification in (a) it, =
0 (spring is then a so-called “zero—
length” spring).

d) For this special cas¢d = 0) solve
the equation in (a) and show the result
agrees with (b) in this special case.

problem 6.59:
(Filename:pfigure.blue.60.1)

6.60 Acartonaspringy leash A cartB (mass
m) rolls on a frictionless level floor. One end

CONTENTS

0] M
-
_ ce gl
A
0
h=2R
( ) G )
problem 6.61: R
(Filename:Danef94s3q6)
A -—| B
| =
problem 6.63:
6.62 Consider a person, modeled as a rigid (Filename:f.3)

body, riding an accelerating motorcycle (2-D).

The motorcycle is accelerating. The person is

arigid body. The person is sitting on the seat

and cannot slide fore or aft, but is free to rock

in the plane of the motorcycle(as if there is a

hinge connecting the motorcycle to the rider at6.64 A 320 Ilbm mass is attached at the cor@er
the seat). The person’s feet are off the peg®falightrigid piece of pipe bentas shown. The
and the legs are sticking down and not touch-Pipe is supported by ball-and-socket jointsat
ing anything. The person’s arms are like ca-andD and by cableE F. The pointsA, D, and
bles (they are massless and only carry tension)E are fastened to the floor and vertical sidewall
Assume all dimensions and masses are know®fapick-up truck whichis accelerating in the
(you have to define them carefully with a sketch direction. The acceleration of the truckds=
and words). Assume the forward acceleration5 ft/s2k. There is gravity. Find the tension in

of an inextensible string is attached to the theof the motorcycle is known. You may use num- cableEF. *

cart. The string wraps around a pulley at point

A and the other end is attached to a spring withof interest.

constank. When the cart is at poir®, it is in
static equilibrium. The spring and room height

are such that the spring would be relaxed if the

end of the carB was in the air at the ceiling
pulley, pointA. The ceiling height ih. The
gravitational constant ig. The cart is pulled
a horizontal distancd from the center of the
room (atO) and released.

a) Assuming that the cart never leaves the

floor, what is the speed of the cart when
it passes through the center of the room,
in terms ofm, h, g andd. *

b) Does the cart undergo simple harmonic
motion for small or large oscillations
(specify which if either)? (Simple har-
monic motion is when position is sine-
wave and/or cosine-wave function of

time.) *

problem 6.60:

(Filename:cartosc)

6.61 The cart moves to the right with con-
stant acceleratiom. The ball has masm.
The spring has unstretched lenggrand spring
constank. Assuming the ballis stationary with
respect to the cart find the distance fr@rto
Ainterms ofk, £g, anda . [Hint: find 6 first.]

y

bers and/or variables to describe the quantities

a) Draw a clear sketch of the problem
showing needed dimension information
and the coordinate system you will use.

b) Draw a Free Body Diagram of the rider.

c) Write the equations of linear and angu-
lar momentum balance for the rider.

d) Find allforces onthe rider from the mo-
torcycle (i.e., at the hands and the seat).

e) What are the forces on the motorcycle
from the rider?

problem 6.64:

(Filename:mikef91p1)

6.63 Acceleration of a bicycle on level
ground. 2-D . A very compact bicycler (mod-
eled as a point madsl at the bicycle seaC
with heighth, and distancé behind the front
wheel contact), rides a very light old-fashioned
bicycle (all components have negligible mass)
that is well maintained (all bearings have no
frictional torque) and streamlined (neglect air
resistance). The rider applies a fof€gto the
pedal perpendicular to the pedal crank (with
length L¢). No force is applied to the other
pedal. The radius of the front wheelky .

6.65 A 5 ft by 8 ft rectangular plate of uniform
density has mags = 10 Ibm and is supported
by a ball-and-socket joint at poirA and the
lightrodsC E,B D, andG H. The entire system
is attached to a truck which is moving with
acceleratiom 1. The plate is moving without
rotation or angular acceleration relative to the
truck. Thus, the center of mass acceleration of
the plate is the same as the truck’s. Dimensions
are as shown. Point, C, andD are fixed to
a) Assuming no slip, what is the forward the truck but the truck is not touching the plate
acceleration of the bicycle? [ Hint: atany other points. Find the tension in 8.
draw a FBD of the front wheel and
crank, and another FBD of the whole
bicycle-rider system.}

a) If the truck’s acceleration igcm =
(5ft/sHk, what is the tension or com-
pression in roBBD? *

(Harder) Assuming the rider can push

arbitrarily hard but thatr = 1, what is

the maximum possible forward accel-
eration of the bicycle*

b N
) b) If the truck's acceleration i®tcm =

51t/ j + (6ft/s2k, what s the ten-
sion or compression in ro@ H? *



Problems for Chapter 6

y . 1 G o
> L Df w / /
4
L [} /
. Im i
/
e Im —b° ;
B A
~ l
‘2\}}\2( problem 6.66:
(Filename:pfigure.s94h2p10)
G 5
l 6.67 See also problem 6.38. A uniform rect-
~

angular plate of mags is supported by an in-
problem 6.65: extensible cabl€ D and a hinge joint at point
(Filename:Mikesp92p1)
tached to a rigid column welded to the floor of
the cart. The cart has acceleratiayt. There

is gravity. Find the tension in cab@D.

— 3¢ —|]— 3¢ R D

6.66 Hanging a shelf A shelf with negligible —A =T
mass supports a®kg mass at its center. The 20
shelf is supported at one corner with a ball and |
socket joint and the other three corners with B G IC 1
strings. At the moment of interest the shelf is j S 20
in a rocket in outer space and accelerating at| L E i
10nys? in the k direction. The shelf is in the . I
Xy plane. l

a) Draw a FBD of the shelf. a = ayl

(”

(Filename:ch3.11)

b) Challenge: without doing any calcula-
tions on paper can you find one of the
reaction force components or the ten-
sion in any of the cables? Give your-
self a few minutes of staring to try this .68 The uniform 2 kg plate DBFH is held by

problem 6.67:

approach. If you can't, then come back six massless rods (AF, CB, CF, GH, ED, and .

to this question after you have done all EH) which are hinged at their ends. The sup-
the calculations® port points A, C, G, and E are all accelerating in
thex-direction with acceleration = 3 m/<%.

E on the cart as shown. The hinge joint is at-
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The pick-up truck skids across a road with ac-
celerationt = axi+azk. Whatis the reaction
at pointD on the plate?

d=c+(U2)b d— y

<

a

problem 6.69:

(Filename:ch3.1a)

6.70 Towing a bicycle.A bicycle on the level
xy plane is steered straight ahead and is being
towed by a rope. The bicycle and rider are
modeled as a uniform plate with mass(for

the convenience of the artist). The tow force
F applied at C has necomponent and makes
an anglex with the x axis. The rolling wheel
contacts are at A and B. The bike is tipped an
angle¢ from the vertical. The towing forcé

is just the magnitude needed to keep the bike
accelerating in a straight line without tipping
any more or less than the angle What is the
acceleration of the bicycle? Answer in terms
of some or all ofo, h, «, ¢, m, g andj (Note:

F shouldnotappear in your final answer.)

X

problem 6.70:

(Filename:s9713)

6.71 An airplane in flight. An airplane is in
straight level flight but is accelerating in the
forward direction. In terms of some or all of
the following parameters,

c) Write down_ the linear momentum bal- There is no gravity.
ance equation (a vector equatiof). N
. a) Whatis{>_ F} -1 for the forces acting
d) Write down_the an_gular momentum bal- on the plate?
ance equation using the center of mass ) o
as a reference point. b) Whatis the tension in bar CB?
z
e) By taking components, turn (b) and
(c) into six scalar equations in six un- H G
knowns.*
f) Solve these equations by hand or on the E = 1m
computer.®
g) Instead of using a system of equations R C
try to find a single equation which can y
be solved forTg . Solve it and com- 1
pare to your result from beforé. m
h) Challenge: For how many of the reac- A 1Im B
tions can you find one equation which  “y
will tell you that particular reaction problem 6.68:

without knowing any of the other re-
actions? [Hint, try angular momentum
balance about various axes as well as6.69 A massless triangular plate rests against
linear momentum balance in an appro- a frictionless wall of a pick-up truck at poiifit
priate direction. It is possible to find and is rigidly attached to a massless rod sup-
five of the six unknown reaction com- ported by two ideal bearings fixed to the floor
ponents this way.] Must these solutions of the pick-up truck. A ball of massis fixed
agree with (d)? Do they? to the centroid of the plate. There is gravity.

(Filename:pfigure.s94q3p1)

e Mot = the total mass of the plane (in-
cluding the wings),

e D=the drag force on the fuselage,
e Fp=the drag force on each wing,
e Q= gravitational constant, and,

e T =the thrust of one engine.
a) What is the lift on each wing ? *

b) What is the acceleration of the plane
ap?*
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c) A free body diagram of one wing is
shown. The mass of one wing fis,.
What, in terms ofmtot, my, FL, Fp,

g, a,b, ¢, and¢ are the reactions at the
base of the wing (where it is attached

to the pIane)F = Fxl + FyJ +Fk
andM = Myi + My j + M, k2 *

FBD of airplane X

L
problem 6.71: An airplane in flight, a free
body diagram of the plane, and a free body
diagram of one wing
(Filename:pfigure3.airplane)

6.72 A rear-wheel drive car on level ground.
The two left wheels are on perfectly slippery
ice. The right wheels are on dry pavement.
The negligible-mass front right wheel Btis

steered straight ahead and rolls without slip.

The right rear wheel & also rolls without slip
and drives the car forward with velocily =

vj and acceleratio® = aj. Dimensions are
as shown and the car has mass What is the

CONTENTS

above the rear axle. Assume that the left rear
wheeland the frontwheel have negligible mass,
good bearings, and have sufficient friction that
they roll in the j direction without slip, thus
constraining the overall motion of the tricy-
cle. Dimensions are shown in the lower sketch.
Find the acceleration of the tricycl@gn terms of
someorallof, h, b, m, [I1°™], u, g, I, J,

andk).
[Hint: check your answer against special cases
for which you might guess the answer, such as
whenyu = 0 or whenh =0.]

problem 6.72:
(Filename:pfigure3.f95p1p3)

6.73 A : rolling

somewhat crippled car slams on the rolllng s~ contact
brakes. The suspension springs at A, B, and C contact
are frozen and keep the car level and at constant
height. The normal force at D is kept equal C br_anCh caught
to Np by the only working suspension spring in $po[(es,
which is on the left rear wheel at D. The only g G skidding

brake which is working is that of the right rear
wheel at C which slides on the ground with
friction coefficienti. Wheels A, B, and D roll

freely without slip. Dimensions are as shown.

a) Findthe acceleration of the carin terms
of some orall oin, w, ¢, b, h, g, 11, J,
andNp.

problem 6.74:
(Filename:p.f96.f.1)

b) From the information given could you

also find all of the reaction forces at all

of the wheels? If so, why? If not, what

can'’t you find and why? (No credit for

correctanswer. Creditdepends on clear

explanation.)

Front wheels
roll without slip

Suspension at left rear

wheel keeps normal

force equal to Np
\

Right rear wheel ‘J
locks with friction u

problem 6.73:

(Filename:s97p2.3)

6.74 Speeding tricycle gets a branch caught
in the right rear wheel. A scared-stiff tricy-
clist riding on level ground gets a branch stuck

sideways force from the ground on the right in the right rear wheel so the wheel skids with
front wheel atB? Answer in terms of any or friction coefficientu. Assume that the center
allofm, g,a,b, ¢, w,andi. * of mass of the tricycle-person system is directly
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Problems for Chapter 7

7.6 A particle executes circular motion in
the xy-plane at a constant angular speee:
2rad/s. Theradius of the circular path i5m.

7.1 Kinematics of a particle
in circular motion

skills

whend = 0, i.e., att = 0, 0 = 0. Find the
velocity and acceleration of the particle at
a) t=05sand
b) t =15s.
7.1If a particle moves along a circle at constant

rate (constarf) following the equation particle at each instant.

F(t) = Rcog6t)i + Rsin(t) j
motion in thexy-plane. At some instartg, its
velocity isv(tg) = —3 m/si+4 m/sj and after
5s the velocity in(tg+59 = 5/v/2m/s(i +

which of these things are true and why? If not
true, explain why.

(@ v=0

(b) v = constant revolution between the two instants, find
(c) |v| = constant a) the angular speed of the particle,
(da=0
(e) @ = constant 5s,and
(f) |a| = constant

(9 vlia

two instants.

7.8 See also problem 7.9. Abead on a circulary,o equator.

7.2 The motion of a particle is described by Path of radiusR in the xy-plane has rate of
the following equations: change of angular speed= bt2. The bead
starts from rest &2 = 0.

The particle’s motion is tracked from the instant

7.7 A particle undergoes constant rate circular

J). If the particle has not yet completed one

b) the distance traveled by the particle in

isin alane of radiusy. What is the velocity of
the outside runner relative to the inside runner
in polar coordinates?

7.16A particle oscillates on the arc of a circle
with radius R according to the equatiof =

0p cogAt). What are the conditions oR, 6p,
andx so that the maximum acceleration in this
motion occurs ab = 0. “Acceleration” here

Draw the path and show the position of the means the magnitude of the acceleration vector.

7.2 Dynamics of a particle in
circular motion

skills

7.17 Force on a person standing on the equa-

tor. The total force acting on an object of mass
m, moving with a constant angular speed

C) the acceleration of the partiCle at the on a circular path with radius, is given by

F = mw?r. Find the magnitude of the total
force acting on a 150 Ibm person standing on
Neglect the motion of the earth
around the sun and of the sun around the solar
system, etc. The radius of the earth is 3963 mi.
Give your solution in both pounds (Ibf) and

7.18The sum of forces acting on a mass=

x®© o= 1m- c.os((s rags) - 1), a) What is the bead’s angular positién  Newtons (N).*
yt) = 1m-sin(5rads)-t). (measured from the positiveaxis) and
\ e
a) Show that the speed of the particle is angular speed as a function of time _ N
constant. b) What is the angular speed as function10lbmis F = 100 Ibfi — 120Ibfj. The par-

_ =
b) There are two points marked on the of angular position?

path of the particle: P with coordi- 7 g

(1m, 0). How much time does the par-

ticle take to go from P to Q? than time,a = c#%2. The bead starts from
c) What is the acceleration of the particle rest ay = 0. What is the angular position and
at point Q?

7.3Find a planar motion of a particle where the can find with a quick guess.)]
velocity and acceleration are always orthogo-

*
nal. moment of interest is at positioB with 6 =

7.4 A bead goes around a circular track of 60°.
radius 1 ftat a constant speed. It makes arount.11Solved = «, givenw(0) = wg andw is a
the track in exactly 1s. constant.

a) Find the speed of the bead. 7.12Solved = «, given6(0) = 6o, 6(0) =
b) Find the magnitude of acceleration of wp, anda a constant.

the bead. . a6 .
7.13Givena = g = a (a constant), find an

7.5 A 200 mm diameter gear rotates at a con-&xpression fow as a function ob if w(6 =
stant speed of 100 rpm. ) = wo.
a) What is the speed of a peripheral point7.14Given thati — 126 = 0,6(0) = 7/2, and
on the gear? 6(0) = 0, find the value ob att = 1s.

b) If no point on the gear is to exceed 7.15Two runners run on a circular track side-
the centripetal acceleration of 2583,  by-side at the same constant angular rate

find the maximum allowable angular aboutthe center of the track. The inside runner

speed (in rpm) of the gear. is in a lane of radius; and the outside runner

speed of the bead as a function of time? [Hint:
this problem has 2 answers! (one of which you

ticle is going in circles at constant rate with
r =18in andé; = cos 307 +sin30(j. Us-

. . Reconsider the bead from problem 7.8.j, F = ma, find v.
nates(0, 1m) and Q with coordinates 1js time, it has rate of change of angular 92

speed proportional to angular position rather7 19 The acceleration of a particle in planar

circular motionis given byt = ar g —w?r é,,
wherew is the angular acceleratiom is the
angular speed ands the radius of the circular
path. Usingd_ F = ma, find the expressions
for Y Fx and)_ Fy in terms ofe, w, r, and

7.10Repeat problem 7.51 but assume that the) given thaté, = cosfi + sing j andé, =

—sinfi +cosh j.

7.20Consider a particle with massin circular
motion. Letd = &, 0 = w, andr = —ri.

Let)y F =) Fé +) Fyéy, whereé; =

—i andéy = k. Using)_ F = ma, express
> Fr and)_ Fy interms ofe, w,r, andm.

7.21 A bead of massn on a circular path of
radiusR in the xy-plane has rate of change of
angular speed = ct3. The bead starts from
restat) = 0.

a) What is the angular momentum of the
bead about the origin at=t1?

b) What is the kinetic energy of the bead
att =tj.
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7.22 A 200 gm particle goes in circles about a 7.26 A particle of mass 3 kg moves in they-
plane so that its position is given by

fixed center at a constant speed= 1.5m/s.
It takes 75 s to go around the circle once.

a) Find the angular speed of the particle.

b) Find the magnitude of acceleration of
the particle.

c) Take center of the circle to be the origin
of a xy-coordinate system. Find the
net force on the particle when it is at
6 = 3(° from thex-axis.

7.23 Arace car cruises on a circular track at a

constant speed of 120 mph. It goes around the
track once in three minutes. Find the magni-

tude of the centripetal force on the car. What

applies this force on the car? Does the driver
have any control over this force?

7.24A particle moves on a counter-clockwise,
origin-centered circular path in they-plane at

a constant rate. The radius of the circle js
the mass of the particle i, and the particle
completes one revolution in time

a) Neatly draw the following things:

1. The path of the particle.

2. A dot on the path when the
particle is at¢ = 0°, 9,
and 210, where 6 is mea-
sured from thex-axis (positive
counter-clockwise).

3. Arrows representingg, €q, v,
anda at each of these points.

b) Calculate all of the quantities in part (3)
above at the points defined in part (2),
(represent vector quantities in terms of
the cartesian base vectdrand j). *

c) If this motion was imposed by the ten-
sion in a string, what would that tension
be?*

d) Isradialtension enough to maintain this

2nt . .2t .
ri) = 4m[cos?)t + sm(?)J]. ‘

a)

b)

e)

7.27 Going in circles— a comparison of con-
stant and nonconstant rate motion. A 100

CONTENTS

"

What is the path of the particle? Show .
how you know what the path is. \ ,

What is the angular velocity of the par- . s
ticle? lIs it constant? Show how you N .
know if it is constant or not. e

What is the velocity of the particle in (I
polar coordinates?

What is the speed of the particletat
3s? /

What net force does it exert on its sur-
roundings at = 0s? Assume the . )
andy axis are attached to a Newtonian '\ ,
frame. .

N 7
What is the angular momentum of the o f=2rad/S
particle at = 3 s about poin© located problem 7.27:
at the origin of the coordinate system
that the particle is referenced to?

(Filename:pfigure.s94h8p2)

7.28 A small massnis connected to one end of
a spring. The other end of the spring is fixed to
the center of a circular track. The radius of the
track isR, the unstretched length of the spring
islp(< R), and the spring constantks

a) With what speed should the mass be
launched in the track so that it keeps
going at a constant speed?

b) If the spring is replaced by another
spring of same relaxed length but twice
the stiffness, what will be the new re-
quired launch speed of the particle?

motion or is another force needed to 9MMassisgoingincircles of radis= 20 cm
keep the motion going (assuming no at a constant rateé = 3 rad/s. Another identi-

friction) ? *

the tension in a string, what By, the
x component of the force in the string,
whenf = 210°? Ignore gravity.

7.25 The velocity and acceleration of a 1 kg
particle, undergoing constant rate circular mo-
tion, are known at some instant

v =-10nysd + j). @ =2m/s’(d — j).
a) Write the position of the particle attime
t usingé g andéy base vectors.

b) Findthe netforce on the particle attime
t.

c) At some later timé¢*, the net force on
the particle is in the- j direction. Find
the elapsed time— t*.

d) After how much time does the force on
the particle reverse its direction.

cal mass is going in circles of the same radiusz 29 A bead of massn is attached to a spring

o . . but at a non-constant rate. The second mass igjith constank. The bead slides without fric-
€) Again, if this motion was imposed by accelerating & = 2 rad/s? and at position A,

tion in the tube shown. The tube is driven at a

it happens to have the same angular speed agnstant angular rateg about axisAA by a
the first mass.

motor (not pictured). There is no gravity. The
unstretched spring lengthiig. Find the radial

a) Find and draw the accelerations of thepositionr of the bead if it is stationary with

b) Find ﬁo for both masses at position
*

c) FindFIo for both masses at positions A

two masses (call them | and II) at posi- respect to the rotating tubé.
tion A. Al

| m
@o

and B. Do the changes il  between
the two positions reflect (qualitatively)
the results obtained in (b)?

d) Ifthe masses are pinned to the center O

by massless rigid rods, is tension in the A
rods enough to keep the two motions problem 7.29:

going? Explain. (Filename:Danef94s2q6)
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7.30 A particle of masan is restrained by a
string to move with a constant angular speed
w around a circle of radiu® on a horizontal
frictionless table. If the radius of the circle
is reduced ta, by pulling the string with a
force F through a hole in the table, what will
the particle’s angular velocity be? Is kinetic
energy is conserved? Why or why not?

problem 7.30:
(Filename:pfigure.blue.44.1)

7.31 An ‘L’ shaped rigid, massless, and fric-
tionless bar is made up of two uniform seg-
ments of lengtlY = 0.4 m each. A collar of
massm = 0.5kg, attached to a spring at one
end, slides frictionlessly on one of the arms of
the ‘L. The spring is fixed to the elbow of the
‘L’ and has a spring constakt= 6 N/m. The

structure rotates clockwise at a constant rate

o = 2rad/s. If the collar is steady at a dis-
tance3 ¢ = 0.3 m away from the elbow of the
‘L, find the relaxed length of the springg. *

y

| ¢
[ 340 ——

— N N\

m

L.

k

J

~>

w
motor %\
:%" : X
problem 7.31: Forces in constant rate
circular motion.
(Filename:pfigure.Lbar)

7.32 A massless rigid rod with length at-
tached to a ball of maglél spins at a constant
angular rate» which is maintained by a motor

(not shown) at the hinge point. The rod can 7-35 A particle of massn, tied to one end of

only withstand a tension of, before break-

ing. Find the maximum angular speed of the Motor, moves in a circular path in the vertical
ball so that the rod does not break assuming Plane ata constant rate. Gravity acts inhg

a) there is no gravity, and

b) there is gravity (neglect bending
stresses).
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b) Find the ratio%( where AT
Tmax — Tmin- A criterion for ignor-
ing gravity might be if the variation in
tension is less than 2% of the maximum
tension; i.e., wherAL < 0.02. Fora

3 max .
given lengthr of the rod, find the rota-

y tion ratew for which this condition is
w L met. * .
¢) Forw = 300rpm, what would be the
X length of the rod for the condition in
\ part (b) to be satisfied?.
problem 7.32:

(Filename:Danef94s2q5)

7.33A 1 m long massless string has a particle ;
of 10 grams mass at one end and is tied to a sta- '
tionary pointO at the other end. The particle |
rotates counter-clockwise in circles on a fric-
tionless horizontal plane. The rotation rate is
27 rev/sec. Assume ary-coordinate system
in the plane with its origin a®©.

a) Make a clear sketch of the system.

b) What is the tension in the string (in 7 36 A massless rigid bar of lengthis hinged
Newtons)?* atthe bottom. A forcé is applied at point A at

c) What is the angular momentum of the the end of the bar. A massis glued to the bar
mass abou©? * at point B, a distancd from the hinge. There

. . is no gravity. What is the acceleration of point
d) Whe””?? string make_s aaangle with A at the instant shown? Assume the angular
the positivex andy axis on the plane,

the string is quickly and cleanly cut. velocity is |n|t|all’)&zero.
What is the position of the mass 1 sec
later? Make a sketcH:

problem 7.35.

(Filename:pfigure4.rph)

F

7.34 A ball of massM fixed to an inextensi-
ble rod of length¢ and negligible mass rotates
about a frictionless hinge as shown in the fig-
ure. A motor (not shown) at the hinge point
accelerates the mass-rod system from rest by
applying a constant torqudo. The rod is ini-
tially lined up with the positivex-axis. The
rod can only withstand a tension of; before
breaking. At what time will the rod break and
after how many revolutions? Include gravity if

12

(b N:]

-

problem 7.36:

L

X

T
d
L

(Filename:pfigure.blue.10.1)

you like.

7.37 The masam is attached rigidly to the

M rotating disk by the light rod AB of length.
Neglect gravity. FindV 5 (the moment on the

S rod AB from its support point ad) in terms of

6 and6. What is the sign oM, if 6 = 0 and

y 6 > 0? What is the sign i# = 0 andd > 0?
® L
X
problem 7.34:

(Filename:pfigure5.mike.sum95)

a rod whose other end is fixed at poibtto a

problem 7.37:
. ) (Filename:pfigure.blue.84.2)
direction.
a) Find the difference between the maxi- 7.38 Pendula using energy methods=ind the
mum and minimum tension in the rod. equations of motion for the pendula in prob-
* lem 7.94 using energy methods.
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7.39 Tension in a simple pendulum string A
simple pendulum of length 2 m with mass 3 kg
is released from rest at an initial angle 060
from the vertically down position.

a) What is the tension in the string just
after the pendulum is released?

b) What is the tension in the string when
the pendulum has reached®¥om the
vertical?

7.40 Simply the simple pendulum.Find the
nonlinear governing differential equation for a
simple pendulum

6= —Igsine

as many different ways as you can.

P

problem 7.40: A simple pendulum.
(Filename:spend)

7.41 Tension in a rope-swing rope Model a

swinging person as a point mass. The swing

starts from rest at an angle= 90°. When the

rope passes through vertical the tension in the/.43 Simple pendulum, extended versionA

problem 7.41:
(Filename:pfigure.s94h8p5)

7.42 Pendulum. A pendulum with a
negligible-mass rod and point mass is
realeased from rest at the horizontal position
0 =m/2.

a) Find the acceleration (a vector) of the
mass just after it is releasedéat= /2
interms of¢, m, g and any base vectors
you define clearly.

b) Find the acceleration (a vector) of
the mass when the pendulum passes
through the vertical & = 0in terms of
£, m, g and any base vectors you define
clearly

¢) Find the string tension when the pendu-
lum passes through the verticabat 0
(in terms of¢, m andg).

problem 7.42:

(Filename:s97p2.1)

d)

e)

9)

h)

CONTENTS

Reduction to first order equations.
The equation that you found in (a) is
a nonlinear second order ordinary dif-
ferential equation. It can be changed to
a pair of first order equations by defin-
ing a new variabler = 6. Write the
equation from (a) as a pair of first order
equations. Solving these equations is
equivalent to solving the original sec-
ond order equatiort:

Numerical solution. Given the ini-
tial conditionsf(t = 0) = n/2 and
at = 0) = 6(t = 0) = 0, one
should be able to find what the posi-
tion and speed of the pendulum is as
a function of time. Using the results
from (b) and (c) one can also find the
reaction components. Using any com-
puter and any method you like, find:
6(t), 6(t) & T(t). Make a single plot,
orthree vertically aligned plots, of these
variables for one full oscillation of the
pendulum.

Maximum tension. Using your nu-
merical solutions, find the maximum
value of the tension in the rod as the
mass swings*

Period of oscillation. How long does
it take to make one oscillation?

Other observations. Make any obser-
vations that you think are interesting
about this problem. Some questions:
Does the solution to (f) depend on the
length of the string? Is the solution
to (f) exactly 30 or just a number near
30? How does the period found in (@)
compare to the period found by solving
the linear equatio + (g/1)¢ = 0,
based on the (inappropriate-to-use in
this case) small angle approximation
sing = 0?

7.44 Bead on a hoop with friction. A bead

slides on arigid, stationary, circular wire. The
coefficient of friction between the bead and the
wire isu. The bead is loose on the wire (not a

tight fit but not so loose that you have to worry

rope is higher (it is hard to hang on). A personpoint massM = 1kg hangs on a string of

wants to know ahead of time if she is strong

lengthL = 1m. Gravity pulls down on the

enough to hold on. How hard does she havenass with forceMg, whereg = 10 nys2.
to hang on compared, say, to her own weight?The pendulum lies in a vertical plane. At any

You are to find the solution two ways. Use the
same m, g, and L for both solutions.

a) Findd as a function ofy, L, 6, andm.
This equation is the governing differ-
ential equation. Write it as a system
of first order equations. Solve them nu-
merically. Once you know at the time
the rope is vertical you can use other
mechanics relations to find the tension.
If you like, you can plot the tension as
a function of time as the mass falls.

b) Use conservation of energy to firsd

atd = 0. Then use other mechanics

relations to find the tensiort.

timet, the angle between the pendulum and the
straight-down position i§(t). There is no air
friction.

a) Equation of motion. Assuming that
you know bothy andé, find . There
are several ways to do this problem.
Use any ways that please ygt.

b) Tension. Assuming that you know

andd, find the tensiofT in the string.

¢) Reaction components Assuming you
knowé andd, find thex andy compo-
nents of the force that the hinge support
causes on the pendulum . Define your

coordinate directions sensibly.

about rattling). Assume gravity is negligible.

a) Givenv, m, R, & u; whatisy? *
b) If v(6 = 0) = vg, how doesv depend
ono, i, vg andm? *
y
\\
_
m
'e) 0
X
R
problem 7.44:

(Filename:pfigure.s94h10p1)
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7.45 Particle in a chute. One of a million
non-interacting rice grains is sliding in a circu-
lar chute with radiusR. Its mass ign and it
slides with coefficient of frictionu (Actually

it slides, rolls and tumbles — is just the ef-
fective coefficient of friction from all of these
interactions.) Gravity acts downwards.

a) Find a differential equation that is sat-
isfied by6 that governs the speed of the
rice as it slides down the hoop. Param-
eters in this equation can bm, g, R
andu [Hint: Draw FBD, write eqs of
mechanics, express as ODE.

b) Find the particle speed at the bottom of
the chute ifR = .5m, m = .1grams,

g = 10nys%, andp = .2 as well as
the initial values of)g = 0 and its ini-
tial downward speed isg = 10my/s.
[Hint: you are probably best off seek-
ing a numerical solution.]

problem 7.45:

(Filename:p.f96.p3.1)

7.46 Due to a push which happened in the past,

the collar with massis sliding up at speedy

on the circular ring when it passes through the

point A. The ring is frictionless. A spring
of constank and unstretched lengtR is also
pulling on the collar.

a) What is the acceleration of the collar at
A. Solve in terms oR, vg, m, k, g and
any base vectors you define.

b) What is the force on the collar from the
ring when it passes point A? Solve in
terms of R, vg, m, k, g and any base
vectors you define.

problem 7.46:
(Filename:s93g4Ruina)
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7.47 Atoy used to shoot pellets is made out of a
thin tube which has a spring of spring constant
k on one end. The spring is placed in a straight
section of length; it is unstretched when its
length is¢. The straight part is attached to a
(quarter) circular tube of radiu®, which points

up in the air.

a) A pellet of massnis placed in the de-
vice and the spring is pulled to the left
by an amounta?. Ignoring friction
along the travel path, what is the pel-
let's velocity ¥ as it leaves the tube?

problem 7.49:
(Filename:pfigure.blue.65.1)

7.3 Kinematics of a rigid
What force acts on the pellet just prior

to its departure from the tube? What body in p|anar circular mo-
about just after?

b)

N tion
k .
X R skills
/ 7.50 Find ¥ = & x 7, if ® = L5rad/sk and
problem 7.47: r=2m —-3mj.

(Filename:pfigure.blue.toygun) . i
7.51 A particle goes around a circle shown

in the figure, at the moment of interest, with
angular velocity® 5rad/sk and angular

acceleratiort = 2rad/s?k. Find, draw, and
label the tangential and normal acceleration

a) of the particle at the location A.

7.48 Ablock with massnis moving to the right
at speed when it reaches a circular friction-

less portion of the ramp. b) of the particle at the location B.

a) What is the speed of the block when it y

reaches point B? Solve in terms Bf
vg, Mandg.

b) What is the force on the block from the
ramp just after it gets onto the ramp at
point A? Solve in terms oR, vg, mand
g. Remember, force is a vector.

problem 7.51:

(Filename:efig1.2.18)

7.52 A motor turns a uniform disc of radius
R counter-clockwise about its mass center at
a constant ratev. The disc lies in thexy-
plane and its angular displacements mea-
sured (positive counter-clockwise) from the
axis. What is the angular displaceméit) of

the disc if it starts af (0) = 6y andd (0) = w?
What are the velocity and acceleration of a
point P at positionr = xi +yj?

problem 7.48:

(Filename:s93g4Sachse)

7.53A disc is rotating at 15 rpm. How many
seconds does it take to rotate by 180 degrees?
7.49 A car moves with speed along the sur- Whatis the angular speed of the disc in fs@
face of the hill shown which can be approxi-
mated as a circle of radius R. The car starts a7.54 Two discs#4 and 8B rotate at constant
a point on the hill at pointD. Compute the speeds about their centers. Didcrotates at
magnitude of the speadsuch that the car just 100 rpm and disé3 rotates at 10 rats. Which

leaves the ground at the top of the hill. is rotating faster?
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7.55Find the angular velocities of the second,
minute, and hour hands of a clock.

7.56 A motor turns a uniform disc of radius

R counter-clockwise about its mass center at

a constant rateo. The disc lies in thexy-

plane and its angular displacemeénts mea- .

sured (positive counter-clockwise) from tke JI problem 7.61:

axis. What are the velocity and acceleration of

. . ~ ~ ) (Filename:pfigure.blue.43.2)
a pointP at positionr p = ct + dJ relative A

to the velogity and acceleration of a poi@t probl|em 7.58: 7.62 Show that, for non-constant rate circular
at positionr g = 0.5(—di + cj) on the disk? (Filename:pfigure4.3.rp8)  Motion, the acceleration of all points in a given
(2 +d? < R2) radial line are parallel.
7.59 A disc C spins at a constant rate of -
two revolutions per second counter-clockwise —
about its geometric center, G, which is fixed. A a <«
7.57 A 0.4m long rod AB has many holes point P is marked on the disk at a radius of one '
along its length such that it can be pegged atmeter. At the moment of interest, point P is on -
any of the various locations. It rotates counter-thex-axis of anx y-coordinate system centered <
clockwise at a constant angular speed about at point G. t/O

peg whose location is not known. At some a) Draw a neat diagram showing the disk,

instant t, the vejlocity of end_B is vp = the particle, and the coordinate axes. problem 7.62:

—3m/sj. After 35S the velocity of end is ) ) i (Filename:pfigure.DH.5.1a)
¥g = —3mysl. Ifthe rod has not completed b) \LVh;a)msthe angular velocity of the disk, ' _ _
one revolution during this period, (ORY 7.63 A motor turns a uniform disc of radius

] ) ) . R about its mass center at a variable angu-
a) find the angular velocity of the rod, and ¢) What is the angular acceleration of the |gr rate  with rate of changes, counter-

b) find the location of the peg along the disk, @c? clockwise. The disc lies in they-plane and
length of the rod. d) What is the velocityw p of point P? its angu_lar dlspl_acemer@t is measu_red from
) o ] the x-axis, positive counter-clockwise. What
e) Whatisthe acceleratianp of pointP?  are the velocity and acceleration of a point
P at positionrp = ci + dj relative to the
7.60 A uniform disc of radius = 200mm s  velocity and acceleration of a poil@ at po-
mounted eccentrically on a motor shaft at pointsition r g = 0.5(-dt + yj) on the disk?
O. The motor rotates the disc at a constant an{c? + d? < R2.)
gular speed. At the instant shown, the velocity
of the center of mass f8g = —1.5m/sj. 7.64 Bit-stream kinematics of a CDA Com-
a) Find the angular velocity of the disc. Pact Disk (CD) has bits of data etched on con-
centric circular tracks. The data from a track is
b) Find the point with the highest linear read by a beam of light from a head that is po-
speed on the disc. What is its velocity? sitioned under the track. The angular speed
of the disk remains constant as long as the
head is positioned over a particular track. As
the head moves to the next track, the angular
speed of the disk changes, so that linear
speedat any track is always the same. The data
stream comes out at a constant rag4< 10°
bits/second. When the head is positioned on
the outermost track, for which= 56 mm, the
X disk rotates at 200 rpm.

a) What is the number of bits of data on
the outermost track.

y

problem 7.57:

(Filename:pfigure4.3.rp9)

7.58 A circular disc of radiug = 250 mm
rotates in thexy-plane about a point which is
atadistancd = 2r away fromthe center of the
disk. Atthe instant of interest, the linear speed
of the centeC is 0.60 m/s and the magnitude
of its centripetal acceleration isT® my/s-.

b) find the angular speed of the disk when
the head is on the innermost track=£

a) Find the rotational speed of the disk. problem 7.60: 22mm), and
. . . i ofi ¢) find the numbers of bits on the inner-
b) Is the given information enough to lo- (Filename:pfigure4.3.rp4) ) most track.

. ek
cate the center of rotation of the disk? 7 61 The circular disc of radiu® — 100 mm

c) If the acceleration of the center has norotates about its cent€. At a given instant, 7.65 A horizontal disk of diameterd =
componentinthg direction atthe mo- pointAonthe disk has avelocityy = 0.8 m/s  500mm is driven at a constant speed of
ment of interest, can you locate the cen-in the direction shown. Atthe same instant, the100rpm. A small diskC can be positioned
ter of rotation? If yes, is the point you tangent of the anglé made by the total accel- anywhere betweem = 10mm andr =
locate unique? If not, what other in- eration vector of any point B with its radial line 240 mm on diskD by sliding it along the over-
formation is required to make the point to O is 0.6. Compute the angular accelerationhead shaft and then fixing it at the desired po-
unique? « of the disc. sition with a set screw (see the figure). Disk



Problems for Chapter 7

C rolls without slip on diskd. The over-
head shaft rotates with digR and, therefore,

massless rods such that the whole structure be-
haves like a rigid body. The structure rotates

its rotational speed can be varied by varying thecounterclockwise at a constant rate of 60 rpm.
position of diskC. This gear system is called At the instant shown, find the force in each rod.

brush gearing Find the maximum and mini-
mum rotational speeds of the overhead shaft.

Side View
|

set screw

b&ﬂng—?

C—_

Top Vi

100 rpm

problem 7.65:

(Filename:pfigure4.rpc)

7.66 Two points A and B are on the same ma-
chine part that is hinged at an as yet unkown
location C. Assume you are given that points
at positions?A and ?B are supposed to move

in given directions, indicated by unit vectors as

XA andiB. For each of the parts below, illus-

m=0.5k m
® g

45°
IS

G

problem 7.67:

(Filename:pfig4.1.rp10)

7.68 The hinged disk of mass (uniforml
distributed) is acted upon by a foréeshow

n the figure. Determine thiaitial angular ag-

celeration and the reaction forces at the @in

\D
/0
‘ 30

problem 7.68:
(Filename:pfigure.blue.41.3)

trate your results with two numerical examples 7.69A thin uniform circular disc of masil and

(in consistent units): iy, = 1I, rg = 1],

Aa=1j andig = -1 (thus7. = 0), and
if) a more complex example of your choosing.

radiusR rotates in thexy plane about its center

of mass pointO. Driven by a motor, it has
rate of change of angular speed proportional to
angular positiong = d6%/2. The disc starts

a) Describe in detail what equations mustfrom rest ap = 0.

be satisfied by the poir..

b) Write a computer program that takes as
input the 4 pairs of number.ﬂ], [rs],

[XA] and [XB] and gives as output the
pair of numbersXc].

¢) Find a formula of the fornrg = ...
that explicitly gives the position vector
for point C in terms of the 4 given vec-
tors.

7.4 Dynamics of arigid body
in planar circular motion

skills

7.67 The structure shown in the figure consists
of two point masses connected by three rigid,

a) What is the rate of change of angu-
lar momentum about the origin at=
% rad?

What is the torque of the motor @t=
Z rad?

What is the total kinetic energy of the
disk até = % rad?

b)

<)

7.70 A uniform circular disc rotates at constant
angular speed about the origin, which is also
the center of the disc. It's radiusi& It's total
mass isM.

a) What is the total force and moment re-
quired to hold it in place (use the origin
as the reference point of angular mo-
mentum and torque).

b) What is the total kinetic energy of the
disk?

47

problem 7.70:

(Filename:pfigure.blue.87a.1)

7.71 Neglecting gravity, calculate = o = 6

atthe instant shown for the system in the figure.
2kg lcm

pt. mass—_

F=10N

rigid
massl%s\

tubing

problem 7.71:
(Filename:pfigure.blue.20.1)

7.72 Adisk of masdM and radiusRis attached

to an electric motor as shown. A coin of mass
mrests on the disk, with the center of the coin a
distance from the center of the disk. Assume
thatm « M, and that the coefficient of friction
between the coin and the diskiis The motor
delivers a constant powd? to the disk. The
disk starts from rest when the motor is turned
onatt =0.

—a)~ What is the angular velocity of the disk

as a function of time?
b) What is its angular acceleration?

c) Atwhattime does the coin begin to slip
off the disk? (It will suffice here to give
the equation fot that must be solved.)

z

coin,

disk, mass=M
mass=m Y

problem 7.72:
(Filename:pfigure.blue.45.1)

7.73 2-D constant rate gear train. The an-
gular velocity of the input shaft (driven by a
motor not shown) is a constantinpyt = wA.
What is the angular velocityoytput= wc of

the output shaft and the speed of a point on the
outer edge of dis€, in terms ofRa, Rp, Rc,
andwa?
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uniform disk
9 p

F=oon M= 2K

massless
inner disk

massless rack—_/

X

problem 7.75: Accelerating rack and pin-
7.74 2-D constant speed gear trainGear A jon
is connected to a motor(not shown) and gear
B, which is welded to gear C, is connected to .
a taffy-pulling mechanism. Assume you know 7-76 A 2-D constant speed gear trainShaft
the torqueMinput = Ma and angular velocity B is rigidly connected to gear§4 and Gs.
= wa of the input shaft. Assume the G3 meshes with geaBg. GearsGg andGs

are both rigidly attached to shaft CD. Geag

meshes withG, which is welded to shaft A.
Shaft A and shaft B spin independently. The
input torqueMijpput = 500 Nm and the spin
ratewinput = 150 reymin.. Assume the bear-
ings and contacts are frictionless.

a) What is the input power?
b) What is the output power?

c) What is the angular velocityoutpuof
the output shaft?

d) What is the output torquloutput? *
X

problem 7.73: A set of gears turning at y
constant rate.
(Filename:ch4.3)

(Filename:pg45.2)

@input o
bearings and contacts are frictionless.

a) What is the input power?
b) What is the output power?

c) What is the output torquéloutput =
Mc, the torque that gear C applies to
its surroundings in the clockwise direc-
tion?

no dip

DN

problem 7.74:
(Filename:pfigure.s94h6p5)

7.75 Accelerating rack and pinion. The two
gears shown are welded together and spin on a
frictionless bearing. The inner gear has radius
0.5m and negligible mass. The outer disk has
1m radius and a uniformly distributed mass Ras = 3Ra,
of 0.2kg. They are loaded as shown with the  3Rg, = 5Rg,
force F = 20N on the massless rack which is
held in place by massless frictionless rollers.
At the time of interest the angular velocity is
o = 2rad/s (thoughw is not constant). The
point P is on the disk a distance 1 m from the
center. Atthe time of interest, point P is on the
positivey axis.

a) What is the speed of point P?

problem 7.76:
(Filename:pfigure.s94h6p6)

7.77 Two gears rotating at constant rate See
also problems 4.16 anel?. At the input to a
gear box a 100 Ibf force is applied to gear A. At

force of Fg to the output gear. Gedrotates at

b) What is the velocity of point P? -
) yorp constant angular rate = 2 rad/s, clockwise.

¢) What is the angular accelerationof

the gear? a) g\}/gt;?; is the angular speed of the right
d) What is the acceleration of point P? b) What is the velocity of poinP?
e) What is the magnitude of the accelera-  ¢) What isFg?

tion of point P? d) If the gear bearings had friction, would

Fg have to be larger or smaller in order

f) Whatis the rate of increase of the speed
to achieve the same constant velocity?

of point P?

CONTENTS

e) Ifinstead of applyinga 100 Ibftothe left
gear itis driven by a motor (not shown)
at constant angular speegdwhat is the
angular speed of the right gear?

no slip

FA =1001b
problem 7.77: Two gears.
(Filename:pg131.3)

7.78 Two racks connected by a gear. A
100 Ibf force is applied to one rack. At the out-
put the machinery (not shown) applies a force
Fg to the other rack.

a) Assume the gear is spinning at constant
rate and is frictionless. What Bg?

b) If the gear bearing had friction, would
that increase or decreaBg to achieve
the same constant rate?

ko el

| uniform disk
m=10lbm

ks o il
100 Ibf | massless TFB:?
racks

problem 7.78: Two racks connected by a

gear.
(Filename:ch4.4)

7.79 Constant rate rack and pinion. The two
gears shown are welded together and spin on a
frictionless bearing. The inner gear has radius
0.5m and negligible mass. The outer gear has
1 m radius and a uniformly distributed mass of
0.2 kg. A motor (not shown) rotates the disks at
constant rate» = 2rad/s. The gears drive the
massless rack which is held in place by mass-
less frictionless rollers as shown. The gears
and the rack have teeth that are not shown in

the output, the machinery (not shown) applies ahe figure. The point P is on the outer gear a

distance 10 m from the center. At the time of
interest, point P is on the positiyeaxis.

a) What is the speed of point P?

b) What is the velocity of point P?

c) What is the acceleration of point P?
d) What is the velocity of the rachk, ? *

e) What s the force on the rack due to its
contact with the inner gear?
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a) (See problem 7.102.) Draw a neat di-
agram of the pulleys and the belt-drive 10 kg
system and find thangle of lap the //
contact anglé@, of the belt on the driver
2

pulley.
b) Find the rotational speed of the driven
pulley. 60 cm

c) (See the figure in problem 7.102.) The
power transmitted by the belt is given
by power = net tensionx belt speed C 5kg
X ie., P = (T — To)v, wherev is =
problem 7.79: Constant rate rack and pin- the linear speed of the belt. Find the B
ion maximum tension in the belt. [Hint: | \ m—
(Filename:ch4.2) % — it (see problem 7.102).] 20 kg 40 cm I F=310N
problem 7.84:

d) Thebeltinusehasal5m’B mmrect-
7.80 Belt drivesare used to transmit power angular cross-section. Find the maxi-
between parallel shafts. Two parallel shafts, mum tensile stress in the belt.
3m apart, are connected by a belt passing over
the pulleysA andB fixed to the two shafts. The
driver pulley A rotates at a constant 200 rpm. 7.85 A spindle and pulley arrangement is used
The speed ratio between the pullefsand B~ 7.83 A bevel-type gear system, shown in the t0 hoist a 50kg mass as shown in the figure.
is 1:2.5. The input torque is 350M. Assume figure, is used to transmit power between twoAssume that the pulley is to be of negligible

(Filename:pfigure.s94h8p4)

no loss of power between the two shafts.  shafts that are perpendicular to each other. Thénass. When the motor is running at a constant
a) Find the input power* driving gear has a mean radius of 50 mm and100rpm,
i ) _rotates at a constant speed= 150 rpm. The a) Find the velocity of the mass Bt
b) Find the rotational speed of the driven mean radius of the driven gear is 80 mm and
pulley B * . the driven shaft is expected to deliver atorque  b) Find the tension in string&B andC D.

of Moyt = 25N-m. Assuming no power loss, motor
find the input torque supplied by the driving
shaft

c) Find the output torque &. *
A (driver)

—~_r =150 mm

(driven) B

J
‘ r=100mm |

3m
\ \
problem 7.80: H

(Filename:pfigure4.rpd)

7.81 In the belt drive system shown, assume
that the driver pulley rotates at a constant an-
gular speedv. If the motor applies a constant é
torqueMg on the driver pulley, show that the o

tensions in the two partAB andC D, of the drlvmg gear
belt must be different. Which part has a greater
tension? Does your conclusion about unequal
tension depend on whether the pulley is mass-
less or not? Assume any dimensions you need.

A 50 kg

problem 7.85:

(Filename:pfigure4.rpg)
problem 7.83:

(Filename:pfigure4.rpa)

A
B 7.86 Two racks connected by three constant
e 7.84 Disk pulleys. Two uniform disks A and rate gears. See also problem 4.19. A 100 Ibf
B of non-negligiblemasses 10 kg and 5 kg re- force is applied to one rack. At the output, the
D spectively, are used as pulleys to hoist a blocknachinery (not shown) applies a force Bg
< C driven pulley ~ of mass 20kg as showninthe figure. The blockto the other rack.
driver pulley is pulled up by applying a forcé = 310N at a) Assume the gear-train is spinning at
problem 7.81: one end of the string. Assume the string to be constant rate and is frictionless. What
) - massless but ‘frictionful’ enough to not slide is Fr? *
(Filename:pfigure4.rpe) B

on the pulleys. Usg = 10 nys?.
b

=~

If the gear bearings had friction would
that increase or decreabg to achieve
the same constant rate?

a) Find the angular acceleration of pulley

7.82A belt drive is required to transmit 15 kW B.*

power from a 750 mm diameter pulley rotating b) Find the acceleration of block €

at a constant 300rpm to a 500 mm diameter c) If instead of applying a 100 Ibf to the
pulley. The centers of the pulleys are located c¢) Find the tension in the part of the string left rack it is driven by a motor (not
2.5mapart. The coefficient of friction between between the block and the overhead shown) at constant speedwhat is the

the belt and pulleys ig = 0.2. pulley. * speed of the right rack®



massless

rack
problem 7.86: Two racks connected by

three gears.

(Filename:ch4.5)

7.87 Two racks connected by three acceler-
ating gears. A 100 Ibf force is applied to one
rack. Atthe output, the machinery (not shown)
applies a force ofp to the other rack.

Front view

3Rs, =5Rg, ,
problem 7.88: A 3-D set of gears turning
at constant rate.

(Filename:3dgeartrain)

7.89 A uniform disk of massM and radiuskR
rotates abouta hing@ inthexy-plane. Apoint
massm is fixed to the disk at a distand®/2
from the hinge. A motor at the hinge drives the

disk/point mass assembly with constant angu-

lar acceleratiorw. What torque at the hinge
does the motor supply to the system?

a) Assume the gear-train is spinning at 7-90 The asymmetric dumbbell shown in the

constant rate and is frictionless, what
is Fg?

b) If the gear bearings had friction would
that increase or decreaBg to achieve
the same constant rate?

c) If the angular velocity of the gear is in-
creasing at rate does this increase or
decreaséd-g at the giverw.

y LX

massless Fg=7?

rack -

massless
rack
problem 7.87: Two racks connected by
three gears.
(Filename:pg131.2)

7.88 3-D accelerating gear train.This is re-
ally a 2-D problem; each gear turns in a differ-
ent parallel plane. Shaft B is rigidly connected
to gearsG,4 andGs. Gs meshes with gedbg.
GearsGg andGs are both rigidly attached to
shaft AD. GeaitGs meshes withGo which is
welded to shaft A. Shaft A and shaft B spin

independently. Assume you know the torque J

Minput- angular velocityvjnpt and the angu-
lar acceleratiorjnpt of the input shaft. As-

sume the bearings and contacts are frictionless.

a) What is the input power?
b) What is the output power?

) Whatis the angular velocityoutputof
the output shaft?

d) Whatis the output torquiloytput?

figure is pivoted in the center and also attached

to a spring at one quarter of its length from the

bigger mass. When the bar is horizontal, the

compression in the spring is. At the instant
of interest, the bar is at an anglefrom the
horizontal;¢ is small enough so that~ 56.
If, at this position, the velocity of mass’ is
vj and that of massr is —v j, evaluate the
power term §_ F - D) in the energy balance
equation.

problem 7.90:

(Filename:pfig2.3.rp4)

7.91 The dumbbell shown in the figure has
a torsional spring with spring constakf{tor-
sional stiffness units aré’r\g—drm). The dumbbell
oscillates about the horizontal position with
small amplituded. At an instant when the an-

gular velocity of the bar iél:t, the velocity of
the left massis-L6 j and that of the right mass

is L6 j. Find the expression for the power

of the spring on the dumbbell at the instant of

interest.

] torsional spring
. constant k
’ s
2m | Qm ) @
| L | L |
problem 7.91:

(Filename:pfig2.3.rp10)

CONTENTS

7.92 A physical pendulum. A swinging
stick is sometimes called a ‘physical’ pendu-
lum. Take the ‘body’, the system of interest, to
be the whole stick.

a) Draw a free body diagram of the sys-
tem.

b) Write the equation of angular momen-
tum balance for this system about point
O.

C

~

Evaluate the left-hand-side as explicitly
as possible in terms of the forces show-
ing on your Free Body Diagram.

d

=

Evaluate the right hand side as com-
pletely as possible. You may use the
following facts:

16 cost j + —16 sinoi
—162 [costi + sing j |

<

]

+16 [cos j — sinoi ]

where/ is the distance along the pen-
dulum from the top,6 is the angle
by which the pendulum is displaced
counter-clockwise from the vertically
down position{ is vertically down, and
J is to the right. You will have to set
up and evaluate an integral.

pd

problem 7.92:

(Filename:ppend)

7.93 Which of (a), (b), and (c) are two force
members?
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(a) Swinging rod
with mass

(b) Stationary rod
with mass
lsl

uniform rigid
bar, massm g

919 ="

—

uniformrigid i
bar, massm
(c) Massless
swinging rod P 9 l
0
m
rigid,
massl ess bar
problem 7.93:

(Filename:pfigure2.two.force)

7.94 For the pendula in the figure :

a) Without doing any calculations, try to
figure out the relative durations of the
periods of oscillation for the five pen-

dula (i.e. the order, slowest to fastest) For small 6, assume that sif)

Assume small angles of oscillation.

b) Calculate the period of small oscilla-
tions. [Hint: use balance of angular

momentum about the point 0f.

Rank the relative duration of oscilla-
tions and compare to your intuitive so-
lution in part (a), and explain in words
why things work the way they do.

(b)

c)

@
o)

N

ANY

uniform bar
M = 1kg

/\

N

problem 7.94:

(Filename:pg144.1n)

51

a) Using a small angle approximation and that¢ and¢ are known at the moment of inter-

the solution to the resulting linear dif-
ferential equation, find the angle of tip
att = 1s andt = 7s. Use a calculator,
not a numerical integrator.

Using numerical integration of the non-
linear differential equation for an in-
verted pendulum fing att = 1s and
t=7s.

b)

<)

your numerical solution. Include onthe

same plotthe angle versus time from the

approximate linear solution from part
(a).

Comment on the similarities and differ-
ences in your plots.

d)

7.96 A spring-mass-damper system is depicted
in the figure. The horizontal damping force

applied at B is given byrp = —cyp

The dimensions and parameters are as follows:

rsjo = 2ft
rajo = ¢=3ft
k = 2lIbf/ft
c = 03lbf-s/ft

2

6 and
cog) ~ 1.

a) Determine the natural circular fre-
guency of small oscillations about equi-
librium for the pendulum shown. The
static equilibrium position i® = 0
(pendulum hanging vertically), so the
spring is at its rest point in this posi-

Make a plot of the angle versus time for

est.
a) Whatisp? Solve interms ofi, ¢, g, ¢
andg.

b) What is the force of the hinge on the
rod? Solve interms af, ¢, g, ¢, ¢, ¢
and any unit vectors you may need to
define.

¢) Would you get the same answers if you
put a mass @& at 25¢? Why or why

not?
LA
\

2t

\

e

¢

m l
rigid massless bar )/\ /\
m

problem 7.97:

(Filename:pfigure.twomasspend)

7.98 See also problem 4.3. A zero length
spring (relaxed lengtlip = 0) with stiffness
k = 5N/m supports the pendulum shown.

a) Findd assuming = 2rad/s,0 = /2.
*

b) Findd as a function of andé (andk,
¢, m, andg.) *

[Hint: use vectors (otherwise it's hard)]

[Hint: For the special cas&D = mg, the

tion. Idealize the pendulum as a point selution simplifies greatly.]

mass attached to a rigid massless rod

of length 1, sol © = m¢2. Also use
the “small angle approximation” where
appropriate.

Sketch a graph of as a function of
t(t > 0) if the pendulum is released
from rest at positio® = 0.2 rad when

t = 0. Your graph should show the
correct qualitative behavior, but calcu-
lations are not necessary.

e
A

problem 7.96:
(Filename:pfigure.blue.157.2)

b)

e

D

m=2Kkg

O ¢=3m
problem 7.98:
(Filename:pfigure.blue.80.2)

7.99 Robotics problem: Simplest balancing

of an inverted pendulum. You are holding a
stick upside down, one end is in your hand, the
other end sticking up. To simplify things, think
of the stick as massless but with a point mass
at the upper end. Also, imagine that it is only

7.95 A massless 10 meter long bar is sup-7.97 Arigid massless rod has two equal masses two-dimensional problem (either you can ig-
ported by a frictionless hinge at one end andmg andmc (mg = mc = m) attached to it
has a 3759kg point mass at the other end. at distances2 and ¥, respectively, measured imagine wire guides that keep the stick from
along the rod from a frictionless hinge located moving in and out of the plane of the paper on
¢ = .02radians measured from vertically up- at a pointA. The rod swings freely from the which you draw the problem).

It is released at = 0 from a tip angle of

right position (hinge at the bottom). Ugse=
10ms2.

hinge. There is gravity. Let denote the angle

nore one direction of falling for simplicity or

You note thatif you model your holding the

of the rod measured from the vertical. Assumestick as just having a stationary hinge then you
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getp = %sinq&. Assuming small angles, this 7.100 Balancing a system of rotating par- c) Show that the solution to the equation
hinge leads to exponentially growing solutions. ticles. A wire frame structure is made of in part (b) satisfie;i — e? whereT;
Upside-down sticks fall over. How can you four concentric loops of massless and rigid ?

andT> are the tensions in the lower and
the upper segments of the belt, respec-
tively.

prevent this falling? wires, connected to each other by four rigid
One way to do keep the stick from falling wires presently coincident with the andy

over is to firmly grab it with your hand, and if axes. Three masseasy = 200 gramsmy =

the stick tips, apply a torque in order to right 150 grams andng = 100 grams, are glued to

it. This corrective torque is (roughly) how your the structure as shown in the figure. The struc-

ankles keep you balanced when you stand upture rotates counter-clockwise ata constant rate

right. Your task in this assignment is to design 6 = 5rad/s. There is no gravity.

a robot that keeps an inverted pendulum bal- a) Find the net force exerted by the struc-

anced by app'yif‘g appropriate torque. ture on the support at the instant shown.
Your model is: Inverted pendulum, length *

¢, point massn, and a hinge at the bottom with ) (@
a motor that can apply a torqig,. The stick b) You are to put a mass at an appropri-
might be tipped an anglgfrom the vertical. A ate location on the third loop so that the j
horizontaldisturbing forceF (t) is applied to net force on the support is zero. Find
the mass (representing wind, annoying friends, the appropriate mass and the location ; b/
etc). on the loop. T
N\
a) Draw a picture and a FBD y rs=40cm =
b) Write the equation for angular momen- / r;=30 cm
tum balance about the hinge point.

r2:20 cm
r1:10 cm

V

¢) Imagine that your robot can sense the
angle of tipg and its rate of change
¢ and can apply a torque in response
to that sensing. That is you can make
Tm any function of¢ and¢ that you . A 30°
want. Can you find a function that will 0 . .
make the pendulum stay upright? Make 45 ‘ Mg~ _(b)
a guess (you will test it below). problem 7.102:

. L, (Filename:pfigure4.rpf)

d) Testyourguessthe followingway: plug problem 7.100:

it into the equation of motion from part (Filename:pfigure.s94h6p2)

(b), linearize the equation, assume the

dISItLi.rblngf];ﬁrcg.flfS zertc_), Iand Sf’fe |fhthe 7.101Arope of lengtlY and total massiis held

solution ct)' I € difierential equa |9[nb|as fixed at one end and whirled around in circular

exponenually growing ('-?-_ unstable) motion at a constant rate in the horizontal

solutions. Go back to (c) if it does and plane. Ignore gravity

find a control strategy that works. e o )

pick numbers and model r system a) Findthetensionintherope asafunction
e) Pick numbers a odel your syste of r, the radial distance from the center

on a computer using the full non-linear
equations. Use initial conditions both
close to and far from the upright posi-
tion and plotp versus time. b) Where does the maximum tension oc-
cur in the rope? .

of rotation to any desired location on
the rope.*

f) If you are ambitious, pick a non-zero

forcing functionF (t) (say a sine wave c) Atwhat distance from the center of ro-
of some frequency and amplitude) and tation does the tension drop to half its
see how that affects the stability of the maximum value? .

solution in your simulations.

€9 ér 7.102 Assume that the pulley shown in fig-

\/ ure(a) rotates at a constant speed Let the
angle of contact between the belt and pulley

\_/ C surface b&. Assume that the belt is massless

\ and that the condition of impending slip exists

between the pulley and the belt. The free body
diagram of an infinitesimal sectioab of the
belt is shown in figure(b).

V4 a) Write the equations of linear momen-
- tum balance for sectioab of the belt
A in the andj directions.

/ X b) Eliminate the normal forc&l from the
\ two equations in part (a) and get a dif-
ferential equation for the tensioh in
problem 7.99: terms of the coefficient of frictiop and
(Filename:pfigure.s94h9p1) The contact anglé.
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7.5 Polar moment of inertia:
cm (0]
|77 and |2,

Skills

7.103A point massm = 0.5kg is located at

X = 0.3m andy = 0.4m in thexy-plane.
Find the moment of inertia of the mass about
the z-axis. *

7.104A small ball of mass @ kg is attached
to a 1 m long inextensible string. The ball is
to execute circular motion in they-plane with
the string fully extended.

a) What is value ofl;; of the ball about
the center of rotation?

b) How much must you shorten the string
to reduce the moment of inertia of the
ball by half?*

7.105Two identical point masses are attached
to the two ends of a rigid massless bar of length
¢ (one mass at each end). Locate a point along
the length of the bar about which the polar mo-
ment of inertia of the system is 20% more than

that calculated about the mid point of the bar.
*

7.106A dumbbell consists of a rigid massless
bar of length¢ and two identical point masses
m andm, one at each end of the bar.

a) About which point on the dumbbell is
its polar moment of inertidzz a mini-

mum and what is this minimum value?
3

b) About which point on the dumbbell is
its polar moment of inertid,; a maxi-
mum and what is this maximum value?
*

7.107 Think first, calculate later. A light
rigid rod AB of length ¥ has a point magss at
endAand a point massf@at endB. PointC is

the center of mass of the system. First, answeP
the following questions without any calcula- Ways:

tions and then do calculations to verify your
guesses.

a) Aboutwhich poin#, B, orC, isthe po-
lar moment of inertid ;; of the system
a minimum?*

b) About which point islz; a maximum?
3

c) What is the ratio of A and 1 5? *

d) Is the radius of gyration of the system
greater, smaller, or equal to the length
of the rod?*

7.109 Show that the polar moment of inertia
1.9 of the uniform bar of lengtli and massn,

hown in the figure, |%m£2, in two different
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‘ 3

. 7.110 Locate the center of mass of the tapered
rod shown in the figure and compute the polar
moment of inertid 7. [Hint: use the variable
thickness of the rod to define a variable mass
density per unit length.]

m=1Kkg 5mm

c 20
y mm, i
‘~7 100 mm

(B

X
problem 7.110:

X 2m
problem 7.107:

(Filename:pfigure4.4.rpl) (Filename:pfigure4.4.rp6)

7.108 Do you understand the perpendicu-
lar axis theorem? Three identical particles of 7.111Ashortrod of massand lengtth hangs
massm are connected to three identical mass-from an inextensible string of length

less rods of lengtlt and welded together at
point O as shown in the figure.

a) Find the moment of inertia9 of the
rod.

a) Guess (no calculations) which of the
three moment of inertia terms, 13,

19 is the smallest and which is the
biggest.*

b) Calculate the three moments of inertia
to check your guess:.

c) If the orientation of the system is
changed, so that one mass is along the values oh/¢isthe percentage error less
x-axis, will your answer to part (a) than 5%?

change? "
d) Findtheradius of gyration ofthe system (@)
for the polar moment of inertig:
y , y
m
4 20°
3\ \
X
120°

problem 7.111:

b) Find the moment of inertia of the rod
OZ by considering it as a point mass

located at its center of mass.

~

Find the percent error ih3 in treating
the bar as a point mass by comparing
the expressions in parts (a) and (b). Plot
the percent error versug/'¢. For what

O
~

(Filename:pfigure4.4.rp11)

m 7.112 A small particle of massn is attached
to the end of a thin rod of mass M (uniformly
distributed), which is pinned at hinge O, as de-
picted in the figure.

a) Obtain the equation of motion govern-
ing the rotatiort of the rod.

problem 7.108:
(Filename:pfigure4.4.rp3)

b) Whatisthe natural frequency of the sys-
tem for small oscillationg?

a) by using the basic definition of polar

momentofinertiazozz/rzdm, and

b) by computingl &I first and then using
the parallel axis theorem.

problem 7.109: problem 7.112:

(Filename:pfigure4.4.rp5) (Filename:pfigure.blue.151.3)
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7.113 A thin rod of masan and length¢ is
hinged with a torsional spring of stiffnegsat
A, and is connected to a thin disk of malsk
and radiusk at B. The spring is uncoiled when
6 = 0. Determine the natural frequeney; of
the system for small oscillatiors assuming
that the disk is:

a) welded to the rod, and

b) pinned frictionlessly to the rod-.

problem 7.113:
(Filename:pfigure.blue.151.4)

7.114 Do you understand the parallel axis
theorem? A massless square plateBC Dhas
four identical point masses located at its cor-
ners.

a) Find the polar moment of inertigfy".
*

b) Find a pointP on the plate about which
the system’s moment of inertig,; is
maximum?*

y m m
B C

7.116 A uniform square plate (2m on edge)
has a corner cut out.
remaining plate is 3kg. Itspins aboutthe origin
at a constant rate of one revolution evarys.

CONTENTS

(%) L m

A —
h
| b B X
problem 7.117:

(Filename:pfigure4.4.rp9)

7.118 A uniform thin plate of mass is cast

in the shape of a semi-circular disk of radids

as shown in the figure.

a) Find the location of the center of mass
of the plate

b) Find the polar moment of inertia of the
plate, IS, [Hint: It may be easier to
set up and evaluate the integral ig?,
and then use the parallel axis theorem
to calculatel $".

y

X
problem 7.115:
(Filename:pfigure4.4.rp4)

The total mass of the

a) What is the moment of inertia of the
plate about point O?

b) Where is the center of mass of the plate
at the instant shown?

¢) What are the velocity and acceleration m
of the center of mass at the instant R
shown?

d) What is the angular momentum of the fe) X
plate about the point O at the instant problem 7.118:

shown? (Filename:pfigure4.4.rp10)

e

~

What are the total force and moment; 119 A uniform square plate of sidé =
required to maintain this motion when 250 mm has a circular cut-out of radins=
the plate is in the configuration shown? .

50 mm. The mass of the platers= > kg.

f) What is the total kinetic energy of the . N
a) Find the polar moment of inertia of the

¢) Find the radius of gyration of the sys- plate? plate
tem. * y '
A D b) PlotI{M versus /¢.
m mY ] 2m -L ¢) Find the limiting values of {7 forr =
1 Oandr = ¢.
Im
o] 14 — 1
w
Im
Ll l
y m ml | / om X
B C problem 7.116:
y (Filename:pfigure.blue.87b.1) m
problem 7.114:

(Filename:pfigure4.4.rp2)

7.115 Perpendicular axis theorem and sym-
metry. For the massless square plate with four
point masses on the corners, the polar moment
of inertial SN = 0.6 kg- m?. Find IS of the
system.*

7.117 A uniform thin triangular plate of mass
m, heighth , and bas® lies in thexy-plane.

| ¢ |
problem 7.119:

a) Setup the integral to find the polar mo- (Filename:pfigure4.4.rp7)

o Artial O *
ment of inertial ;; of the plate. 7.120 A uniform thin circular disk of radius

r = 100 mm and mass = 2 kg has a rectan-
gular slot of widthw = 10 mm cut into it as
shown in the figure.

a) Find the polar moment of inertlg) of
the disk.

b) Showthallg _0 (h?+3b%) by eval-
uating the integral in part (a).

c) Locate the center of mass of the plate
and calculate £
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b) Locate the center of mass of the disk
and calculatd £,

y

g

‘ ‘

problem 7.120:
(Filename:pfigure4.4.rp8)

7.6 Usingl{Mand | 2, in me-
chanics equations

7.121 Motor turns a dumbbell. Two uniform
bars of lengti? and massn are welded at right

angles. Atthe ends of the horizontal barare two ~ e

more masses. The bottom end of the vertical

rod is attached to a hinge at O where a motor

keeps the structure rotating at constant rate
(counter-clockwise). What is the net force and

e) Assume that you don't know, 6 or §
but you do know thaf is applied to
the rod, perpendicular to the rodrag.
What is6? (Neglect gravity.)

f) If F1 were applied ton; instead oimg,
wouldé be bigger or smaller?

5

=41+ 02
1
(@) \\K \ X
2
my ~
5 /

problem 7.122:
(Filename:pfigure.blue.82.1)

7.123 A uniform rigid rod rotates at constant
speed in thexy-plane about a peg at poi@.

The center of mass of the rod may not exceed a

specified acceleratiofinax = 0.5 m/sz. Find
the maximum angular velocity of the rod.

y
-\

£=05m"q

X
problem 7.123:

(Filename:pfigure4.3.rp3)

7.124 A uniform one meter bar is hung from
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7.126The rod shown is uniform with total mass
mand length. The rod is pinned at point 0. A
linear spring with stiffnesk is attached at the
point A at height above 0 and along the rod as
shown. Whem = 0, the spring is unstretched.
Assume that) is small for both parts of this
problem.

a) Find the natural frequency of vibration
(in radians per second) in terms iof
g, h, £ andk.

If you have done the calculation above
correctly there is a value ¢ffor which
the natural frequency is zero. Call this
value ofh, h¢rit. What is the behavior
of the system wheh < hgit? (De-
sired is a phrase pointing out any quali-
tative change in the type of motion with
some justification.)

|

b

=

\

uniform rod,
mass m

problem 7.126:
(Filename:pfigure.blue.153.2)

moment that the motor and hinge cause on thea hinge that is at the end. Itis allowed to swing 7.127 A uniform stick of lengti? and massis

structure at the instant shown?

| E |
m y m m‘
J
ml L.
7
w
oZIN
motor‘%"} X

problem 7.121:
(Filename:pfigure.s94h5p5)

7.122 An object consists of a massless bar with
two attached masses; andm,. The object is
hinged atO.

a) What is the moment of inertia of the
object about poin® (13)?

b) Giveno, 6, andd, what is H, the
angular momentum about poift?

¢) Givend, 6, andd, whatisH o, the rate
of change of angular momentum about
point O?

d) Givene, 4, andd, what isT, the total
kinetic energy?

freely. g = 10 mys2.
a) Whatis the period of small oscillations
for this pendulum?

b) Suppose the rod is hungdm from one
end. What is the period of small os-
cillations for this pendulum? Can you
explain why it is longer or shorter than
when it is is hung by its end?

7.125 A motor turns a bar. A uniform bar
of length¢ and massn is turned by a motor

whose shatft is attached to the end of the bar
at O. The angle that the bar makes (measured

counter-clockwise) from the positiveaxis is
6 = 27 t2/%. Neglect gravity.
a) Draw a free body diagram of the bar.

b) Find the force acting on the bar from
the motor and hinge at=1s.

¢) Find the torque applied to the bar from

the motor at = 1s.

d) Whatis the power produced by the mo-

tor att = 1s?

~

motor

problem 7.125:
(Filename:pfigure.f93f1)

a hair away from vertically up position when it
is released with no angular velocity (a ‘hair’ isa
technical word that means ‘very small amount,
zero for some purposes’). It falls to the right.
What is the force on the stick at poi@ when
the stick is horizontal. Solve in terms 6fm,
9,1, andj. Carefully define any coordinates,
base vectors, or angles that you use.

L

i

0]

problem 7.127:
(Filename:pfigure.s94q8p1)

7.128 Acceleration of atrap door.A uniform
bar AB of massn and a ball of the same mass
are released from rest from the same horizontal
position. The bar is hinged at end A. There is
gravity.
a) Which point on the rod has the same ac-
celeration as the ball, immediately after
release*

b) What is the reaction force on the bar at
end A just after release®?
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| L }

I
b e e A
Cc

problem 7.128:

(Filename:pfigure.s94h8p3)

w
OI\ m

X
motor
N 12
blem 7.132: A bent bar is rotated b
7.129 A pegged compound pendulumSee motgrr.o em entbaris rolatec by a
also problem 7.130. A uniform bar of mass problem 7.129: (Filename:pg85.3)
m and length¢ hangs from a peg at point C ' -,
. . . . (Filename:pfigure.s94h8p6)
and swings in the vertical plane about an axis
passing through the peg. The distaciEom 7.133 2-D problem, no gravity. A uniform
the center of mass of the rod to the peg can be stick with length¢ and masdM, is welded to
changed by putting the peg at some other point a pulley hinged at the centé. The pulley
along the length of the rod. 7.130Givend, 6, andd, what is the total kinetic has negligible mass and radi&®. A string
i eneray of the pegaed compound pendulum iniS Wrapped many times around the pulley. At
a) Find the angular momentum of the rod prob?eym 7.129% 99 P P timet = 0, the pulley, stick, and string are at
as about point C. rest and a forcé= is suddenly applied to the

string. How long does it take for the pulley to

b) Find the rate of change of angular mo- make one full revolution?

mentum of the rod about C. stick, mass = Mo
¢) How does the period of the pendulum /-131 A slender uniform bar AB of mash! F \i

vary with d? Show the variation by IS hinged at poinD, so it can rotate aroun@

plotting the period agains% [Hint without friction. Initially the baris atrestin the \

you must first find the equations of mo- verélﬁal posmc:n als s'hown. Ak bu”ﬁt of rgassf /

tion, linearize for smallg, and then 2" orizontal ve ocn_y/o strikes the en .A.O £

Sol\;e 1% ’ the bar and sticks to it (an inelastic collision).

' Calculate the angular velocity of the system — i

the bar with its embedded bullet, immediately

d) Find the total energy of the rod (usin
) Fi 9y (using after the impact.

the height of point C as a datum for T~ massless pulley

otential energy). B .
P o) } problem 7.133: String wraps around a
€) Findd wheno = /6. 1/3L pulley with a stick glued to it.
(Filename:p2.3)
f) Find the reaction force on the rod at C, I:. Jﬁ
as & function ofn, d, £, 6, and. o 7.134 A thin hoop of radiusk and mas is
g) For the given rod, what should be the hung from a point on its edge and swings in its
value ofd (in terms of¢) in order to plane. Assuming it swings near to the position
have the fastest pendulurii? M 2A3L where its center of mas3 is below the hinge:
: a) What is the period of its swinging os-
h) Testof Schuler’s pendulum.The pen- cillations?
dulum with the value ofl obtained in . Lo
(g) is called the Schuler’s pendulum. It V, b) _If, instead, the hoop was set to swinging
is hot only the fastest pendulum but also EEE— A in and out of the plane would the period
the “most accurate pendulum”. The m> He—rT~ of oscillations be greater or less?
claim is that even ifi changes slightly problem 7.131:

over time due to wear at the support (Filename:pfigure.blue.78.1) v

point, the period of the pendulum does o

not change much. Verify this claim frictionless ™~ 7O

by calculating the percent error in the pivot \ R
time period of a pendulum of length

¢ = 1 m under the following three con- o G
ditions: (i) initial d = 0.15m and af-
ter some wead = 0.16 m, (ii) initial

d = 0.29m and after some wedr =
0.30m, and (jii) initiald = 0.45m and
after some wead = 0.46 m. Which
pendulum shows the least error in its
time period? Do you see any connec-
tion between this result and the plotob-  a) neglecting gravity
tained in (c)?

7.132 Motor turns a bent bar. Two uniform
bars of lengttt and uniform mass are welded

at right angles. One end is attached to a hinge
at O where a motor keeps the structure rotating
at a constant rate (counterclockwise). What

is the net force and moment that the motor
and hinge cause on the structure at the instant
shown.

problem 7.134:
(Filename:pfigure.blue.145.1)

7.135 The uniform square shown is released
from rest att = 0. Whatise = o = 6
b) including gravity.* immediately after release?
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marked on the string. Given thaj(0) =0 and

up thatxa(0) = 0, what isxa(t)?
‘ > [
B 0)=0
Inextensible EA EOg : 0
stringwound “A x 5
around spool XD =7
Spool has mass moment of inertia, 1o
problem 7.135: problem 7.138:

(Filename:pfigure.blue.42.2) (Filename:pfigure.blue.42.1) problem 7.141:

7.139 Oscillating disk. A uniform disk with (Filename:summer95p2.1)
4 massm and radiusR pivots around a friction-

less hinge at its center. It is attached to a

massless spring which is horizontal and relaxed
gl when the attachment point is directly above

7.136 A square plate with sidé and massn
is hinged at one corner in a gravitational fiel
g. Find the period of small oscillation.

the center of the disk. Assume small rota-
tions and the consequent geometrical simpli-
fications. Assume the spring can carry com-

pression. What is the period of oscillation of )
the disk if it is disturbed from its equilibrium 7-142 Consider a system of two blocks A and

configuration? [You may use the fact that, for B and the reel C mounted at the fixed point

. o1 s . 0, as shown in the figure. Initially the system
the disk shownH ¢ = 2m Réfk, whereo is is at rest. Calculate the velocity for the block

A : .
\ the angle of rotation of the disk . B after it has dropped a vertical distanbe
Given: h, mass of block AMa, coefficient
of friction p, slope anglé, mass of the reel,
Mc, moment of inertid about point O radius
of gyration of the reeK¢, outer radius of the
reel Rc, inner radius of the ree% Rc, mass
of the block BMp. The radius of gyratioK
is defined byl = mK2. (Apply the work-
problem 7.139: energy principle.)
(Filename:pg147.2) RC |

problem 7.136:
(Filename:p.f96.p3.2)

7.137 A wheel of radiusR and moment of
inertia | about the axis of rotation has a rope
wound around it. The rope supports a weight M
W. Write the equation of conservation of en- 7,140 This problem concerns a narrow rigid oS
ergy for this system, and differentiate to find hoop. For reference, here are dimensions  —
the equation of motion in terms of accelera- and values you should use in this problem: 1/2 RoN
tion. Check the solution obtained by drawing mass of hoomhoop = 1Kkg radius of hoop !
separate free-body diagrams for the wheel and o ) M .
for the weight, writing the equations of mo- Rhoop = 3m, and gravitational acceleration B
tion for each body, and solving the equationsg — 10y

simultaneously. Assume that the mass of the PoivV=2
rope is negligible, and that there is no energy  a) The hoop is hung from a point on its At t=0m\./ -0
loss during the motion. edge and swings in its plane. Assuming ' VB

its swings near to the position where its problem 7.142:

center of mass is below the hinge. (Filename:pfigure.blue.135.1)

b) What is the period of its swinging os-
cillations?

c) If, instead, the hoop was set to swinging
in and out of the plane would the period
of oscillations be greater or less?

7.141The compound pulley system shown in ) ) )
the figure consists of two pulleys rigidly con- 7-143Gear A with radiusRa = 400 mm is
nected to each other. The radii of the two pul-igidly connected to a drum B with radius
leys are:R, = 0.2 m andR, = 0.4 m. The R =200mm. The combined moment of in-
combined moment of intertia of the two pulleys €rtia of the gear and the drum about the axis of
problem 7.137: aboutthe axis of rotation is 2.7 kg2. Thetwo  rotationislz; = 0.5 kg- m". Gear Aisdriven
(Filename:pfigure.blue.136.1) massesm; = 40 kg andm, = 100 kg, are re- by gear C which has radilRc = 300mm. As
leased from rest in the configuration shown.the drum rotates, a 5 kg massis pulled up by

7.138 dA disk &N_ith r1r.a(|:’|]igs R”hzs _ahstrfing Just after release, a stringf;_wrappeqrﬁround tlhe drurr(]j. Aathe inl-
. “The disk is ffee 10 roate about the axs &) find the angular acceleration f the pu-celeration of e crang gear are 601pm and
throughO normal to the page. The moment of €ys, an 12rpnys, respectively. Find the acceleration

inertia of the disk abou® is 5. A point A is b) find the tension in each string. of the massn. *
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the dumbell makes an anglewith the positive ~ 7.148 2-D accelerating gear train.See also

x axis and is spinning at the rafe Point Cis  problem 7.74. Assume you know the torque
a distancér down from O. In terms of some or - Mjnpyt = Ma and angular velocityjnpyt =
allofm, M, a, R, ¢,h,g.6,6,andj, findthe 4, of the input shaft. Assume the bearings
acceleration of the mass. and contacts are frictionless. Assume you also
know the input angular acceleratianand the
moments of inertid 5, |g and I¢ of each of
the disks about their centers .

a) What is the input power?
b) What is the output power?

c) Whatis the angular velocityoytput =
wc of the output shaft?

m y'—r

problem 7.143:

d) What is the output torquMoutput =
Mc?

no slip

(Filename:summer95f.2)
7.144 Two gears acceleratingSee also prob- !
lems 7.77 and 4.16. Atthe inputto a gear box a wa
100 Ibf force is applied to gear A. At the output problem 7.146: /
the machinery (not shown) applies a force of (Filename:s97p3.1)

Fg to the output gear.

a) Assume the gear is spinning at constant’-147 Two racks connected by a gear.A

rate and is frictionless, what Bg? 100 Ibf force is applied to one rack. At the out-
. - put the machinery (not shown) applies a force \ Mc
b) If the gear bearing had friction would Fg to the other rack. A

that increase or decreabg? . L
a) Assume the gear is spinning atconstant  problem 7.148: A set of gears turning at

c) Ifthe angular velocity of the gear is in- rate and is frictionless. What Bg? variable rate.
creasing at rate does this increase or ) o Fil 0a129.1
decreas&g at the given. b) If the gear bearing had friction, would (Filename:pg129.1)
that increase or decreabg to achieve

7.149 A stick welded to massless gear that
rolls against a massless rack which slides on
c) Ifthe angular velocity of the gear is in- frictionless bearings and is constrained by a
creasing at rate, does this increase or linear spring. Neglect gravity. The spring
decreasdg at the givenw. is relaxed when the angle= 0. Assume the
system is released from restat 6g. What is
d the acceleration of the poiit at the end of the
stick whend = 0? Answer in terms of any or
allofm, R, ¢, 60, k, 7, andj. [Hint: There are
several steps of reasoning required. You might
want to draw FBD(s), use angular momentum
balance, set up a differential equation, solve it,
plug values into this solution, and use the result
to find the quantities of interest.
put power positive? = - K
(b) Forwhat values ofg is the out- I? LMJLLI
put work maximum if the ma- -
chine starts from rest and runs

noslip the same constant rate?

d) If the output loadg is given then the
motion of the machine can be foun
from the input load. Assume that the
machine starts from rest with a given
output load. So long as rack B moves
in the opposite direction of the output

7.145 Frequently parents will build a tower of force Fg the output power is positive.

blocks for their children. Just as frequently, ;

kids knock them down. In falling (eveﬂ Whel)’l/ (8) Forwhatvalues df is the out-

they start to topple aligned), these towers in-

variably break in two (or more) pieces at some
point along their length. Why does this break-
ing occur? What condition is satisfied at the

problem 7.144: Two gears.
(Filename:pg131.3.aa)

point of the break? Will the stack bend towards for a fixed amount of time? J
or away from the floor after the break? n
9 cd P
uniform d|Sk problem 7.149:
y y m= 10 Ibm (Filename:p.f96.p2.2)
\S 7.150 A tipped hanging sign is represented by

a point massn. The sign sits at the end of a

massless, rigid rod which is hinged at its point
of attachment to the ground. A taut massless
elastic cord helps keep the rod vertical. The

This? or This?
problem 7.145:
(Filename:pfigure.blue.129.1)

7.146 Massless pulley, dumbell and a hang- I:@ (X @:I tensionT in the very stretchy cord is idealized
ing mass. A massM falls vertically but is as constant during ;mall dlsplac_ements. (Note
withheld by a string which is wrapped around also thatp = 6 during such motions). Con-
an ideal massless pulley with radias The 100 Ibf massless Fg=? sider all hlnggs to be frictionless and motions
pulley is welded to a dumbell made of a mass- racks to take place in the plane of the paper.

less rod welded to uniform solid spheres at A problem 7.147: Two racks connected by a) Write the angular momentum of the
and B of radiusR, each of whose center is a a gear. mass about 0 when the rod has an an-

distancet from O. At the instant in question, (Filename:pg131.1) gular velocityé.
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b) Find the differential equation that gov-
erns the mass’s motion for small
c) Describe the motion fof > %9, T =

52, andT < B2, Interpret the differ-
ences of these cases in physical terms.

rigid rod

@)
problem 7.150:
(Filename:pfigure.blue.153.1)
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Problems for Chapter 8

c)® = 2rads + 2radsj + ¢) The acceleratioft 5 of point A.
2.83ragsk, F =35mi+35mj—

Advanced topics in circular motion

4.95mk. :

) .. . ) A B —
8.13-D dESCI’IptIOﬂ of circu 8.5 The following questions are about the ve- JRUPREX __—
lar motion locity and acceleration formulae for the non- X 300 mm

constant rate circular motion about a fixed axis: —
R R R _ N problem 8.7:

8.11f A andB are perpendicular, whatjig x v.o= @xr (Filename:pfigure blue.37.1)
(Ax B)|interms of A| and| B|? (Hint: make a = OXr+ox(@xr) o _ _
aneat 3-D sketch.) a) For planar circular motion about the S'Sd?,‘] rigid bodyl rotatesl about a;'qu axis

axis, take and has an angular acceleratir= 37(Z +
8.2 A circular disk of radius = 100 mm ro- R P R N 157+15 k) rad/ 52 At a certain instant,
tates at constant speedabout a fixed but un- ®=ak, ®=ok, and r = Reégthe velocity of a point A of the body has-
known axis. At the instant when the disk is in . component and/-component equal to 3 and
thexy-plane, the angular velocity of each point and show that the velocity and acceler- _4 s respectively. Find the magnitudg

ation formulae reduce to the formulae of the velocity of point A.

on the diameteAB (which is parallel to the- s A
~ from elementary physicsv = wRey

axis) isv = —2m/sk. At the same instant, andd@ = —w2Ré Raé ) _
the magnitude of the acceleration of the center @ R + ) o 8.9 Particle attached to a shaft, no gravity.
of massC is 50 nys2. b) Draw a schematic picture of a particle See also problem 8.10. A shaft of negligible

(ora point on arigid body) going in cir- mass spins at a constant rate. The motor at A
cles about a fixed axis in 3-D. Take two imposes this rate if needed. The bearing at A
b) Find the location of the axis of rotation. distinct points on the axis and draw vec- prevents translation of its end of the shaftin any
¢) Find the acceleration of point and tors ¥ 1 and r » from these two points direction but causes no torques other than that

B. to the particle of interest. Show, using 4f the motor (which causes a torque in the
the formulae fow anda above, thatthe girection). The frictionless bearing at C holds
acceleration and velocity of the particle iha+ end of the shaft from moving in tiieand

are the same irrespective of whighis n o £
used and thus conclude that the vectorJ directions but allows slip in thk direction.

= ; A bar of negligible mass is welded at right an-

r can be taken from any point on the

axis of rotation yp gles to the shaft. A small sphere of mass 1kg
' is attached to the free end of the bar. There is

I\ 8.6 A rectangular plate with widthy = 1m no gravity. The shaftis spinning couAntercIock-

and lengtht = 2 mis rigidly attached to a shaft wise (when viewed from the positive direc-
along one of its edges. The shaft rotates aboution) at 3ragls. In the configuration of interest
thex-axis. The center of mass of the plate goesthe rod BD is parallel to the direction.

a) Find the angular velocity of the disk.

J around at a constant linear spaee- 2.5my/s. a) What is the position vector of the mass
= = a) Find the angular velocity of the plate. in the given coordinate system at the
~ 1 . ! . instant of interest?
k b) At the instant shown, find the velocity
problem 8.2: of point P. b) What is angular velocity vector of the
(Filename:pfigure4.3.rp10) shaft?

c) What are the velocity and acceleration

8.3 In the expression for normal acceleration of the particle at the instant of interest?

an = ® x (@ x 1), the parenthesis around
® x T is important because vector product is
nonassociative. Showingx (@ x F) # (® x

®) x T is almost trivial. (why?) Takév; =
w1k, @ = wl + w1k andF = ai —bj and
show thatw1 x (@2 x T) #* (@1 X @2) X T.

problem 8.6:

. . L Filename:pfigured.3.rp1
8.4In circular motion the velocity i9 = @ x (Filename:pfigure4.3.p1)

I, where® is the angular velocity and isthe g 7 The solid cylinder shown has an angular
position vector of the point of interest relative yg|ocity @ of magnitude 40 rats. The vector
toapointonthe axis of rotation. Computén g jies in theyzplane. The originO of the
the three cases below, draw the circular orbit,coordinate frame is at the center of the cylinder

and show the vectow, 1, andv. and is at rest. Find the following quantities: problem 8.9: @ s
—~ - — ~ ~ - llename:ch4.
a) @=2rad/sk, ¥ =3mi +4mj. a) The vectomw.
b) @ = 4.33radsi + 2.5radsj, F = b) The veIocityiA/B of point Arelative  8.10 Reconsider the particle on a shaftin prob-

0.5mi — 0.87mj. to point B. lem 8.9.
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a) What is the velocity of a point halfway of a point halfway down the ro@® D relative
downtherodB Drelative tothe velocity the velocity and acceleration of the particle?
of the mass aD? motor

b) What is the acceleration of a point
halfway down the rodB D relative to
the acceleration of the mass@®

S
0.1 m\‘?

problem 8.12:
(Filename:ch5.3.copy)

8.13 Crooked rod A one meter long uniform
rod is welded at its center at an angl® a shaft

61

x direction) at angular speed with angular
accelerationo. At the instant of interest, the
crooked rod lies in they-plane.

a) In the coordinate system shown, what
is the position vector of the poi® on
the rod?

In the coordinate system shown, what
are angular velocity and angular accel-
eration vectors of the rod and shaft?

b)

¢) In the coordinate system shown, what
is the velocity and acceleration of point

P?

What is the velocity and acceleration of
point P relative to pointQ?

1.0m

d)

problem 8.10: Particle attached to a
shaft, no gravity
(Filename:pfigure4.particleshaftl.a)

as shown. The shaft is supported by bearings
atits ends and spins at a constant taté\t the
instant of interest, the crooked rod lies in the

xy-plane.
8.11 Particle attached to a shaft, no gravity.
See also problem 8.12. A shaft of negligible
mass spins at variable rate. The motor at A
imposes this rate if needed. The bearing at A
prevents translation of its end of the shaftin any
direction but causes no torques other than that

of the motor (which causes a torque in the

is the position vector of the poirR on
the rod at the instant of interest?

b) In the coordinate system shown, what
is the velocity and acceleration of point
P at the instant of interest?

direction). The frictionless bearing at C holds 10m

that end of the shaft from moving in tlieand /\ p

J directions but allows slip in thf direction. 05m >

The shaft is welded orthogonally to a bar, also 0.25m \

of negligible mass, which is attached to a small /\"Q y

ball of (non-negligible) mass of 1kg. There is / \¢

no gravity. Atthe instant of interest, the shaftis ﬂ_ 05 O\ i X
spinning counterclockwise (when viewed from m weld

the positivel% direction) atw = 3rad/s and

@ = 5rad/s?. In the configuration of interest

the rod BD is parallel with thé direction. problem 8.13: A crooked rod spins on a
a) In the coordinate system shown, whatShaft.

is the position vector of the particle at
the instant of interest?

(Filename:ch4.7)

8.14 Crooked rod, again. Reconsider the
b) In the coordinate system shown, what crooked rod on a shaft in problem 8.13. What
are angular velocity and angular accel- are the velocity and acceleration of poitel-

eration vectors of the shaft? ative to pointQ?
/ \/P

¢) In the coordinate system shown, what 10m
05m

is the velocity and acceleration of the
particle at the instant of interest?

motor N
m=1kg \>(/ QY
Tog e :
0.5m O\\ X
0.1lm / weld
| ||~ massless XH
; % problém 8.14: A crooked rod spins on a
\‘B - shaft.
j IE \0 im ‘a (Filename:pfigure4.crooked.a)
\‘ c 8.15 Crooked rod A one meter long uniform
problem 8.11: rod is welded atits center at an anglto a shaft

(Filename:ch5.3)

8.12 Reconsider the particle on a shaft in prob-instant of interest the shaft is spinning coun-
lem 8.11. Whatis the velocity and accelerationterclockwise (when viewed from the positive

a) In the coordinate system shown, what

as shown. The shaft is supported by bearings
at its ends and spins at a variable rate. At the

problém 8.15: A crooked rod spins on a
shaft.
(Filename:ch5.4)

8.16 Arigid rod O P of lengthL = 500 mm

is welded to a shafAB at an angle) = 30°.
The shaft rotates about its longitudinal axis at
a constant rate = 120rpm. At the instant
shown, the rod P is in the thexz-plane.

a) Neatly draw the path of poift. Atthe
instant shown, draw the basis vectors
é; andéy and express them in terms of

the basis vectors, j, k.

b) Find the radius of the circular path of
point P and calculate the velocity and
acceleration of the point using planar
circular motion formula@ = 6éy and

¢) Find the position vector = Fp/o

of point P. Use this position vector to
compute the velocity and acceleration
of point P using the general formulae
V=wxFandd = ®x®xF. Show
that the answers obtained here are the

same as those in (b).

EA X

P
O] \ 30°
y
B
(S,
problem 8.16:

(Filename:pfigure4.2.rp1)
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8.17 A uniform rectangular platéABC D of
width ¢ and length 2 rotates about its diagonal a constant angular speed= 120 rpm. As-
ACataconstantangular speed= 5rad/s. At
the instant shown, the plate is in tRe-plane.

a) Find the velocity and acceleration of

point B at the instant shown. ! c
. . . the cone anglg. In particular, find the angular
b) Find the velocity and acceleration of ye|ocity of the cone for

oint B when the plate is in thg/z
po! W P s vz a) =30, and

plane.
b) B = 9C° (or 90° minus a hair if that
makes you more comfortable).

A
B

Bl

w

problem 8.19:

problem 8.17:

(Filename:pfigure4.2.rp2) (Filename:pfigure4.rpb)

8.18 Arectangular plate of widtly = 100 mm
and length¢ = 200 mm rotates about one of
its diagonals at a constant angular rate=
3rad/s. There is a fixed coordinate system
xyz with the origin at the center of the plate
and thex-axis aligned with the axis of rota-
tion. Another set of axeg'y’Z, aligned with

8.2 Dynamics of fixed axis
rotation

8.20 Let P(x, y, ) be a point mass on an ab-

the principal axes of the plate, has the samesyract massless body that rotates at a constant

origin but is attached to the plate and thereforeata ., about thez-axis. LetC(0, 0, 2) be the
rotates with the plate. Atthe instant of interest, canter of the circular path th&tdescribes dur-

that turns in the bearing. The disk rotates at

sume that the cone rolls without slip on the

disk. Thus, the disk drives the cone-and-shaft
assembly causing itto turnin the bearing. Find
the angular velocity of the cone as a function of

the plate is in thexy-plane and the two axes
andZ coincide. Find the velocity of the corner
point P as follows:

a) Write the angular velocity of the plate
in terms of its components in the two
coordinate systems.

b) Find the velocity of poinP in both co-

ordinate systems using the expressions

for @ found in part (a).

c) Find the perpendicular distanck of
point P from the axis of rotation, and
show that the linear speed of poiRt
calculated from velocities found in part
(b) iswd in each case.

y

problem 8.18:
(Filename:pfigure4.3.rp11)

8.19 A cone of angles sits on its side on a hor-
izontal disk of radius = 100 mm as shown in
the figure. The cone is attached to shafB

ing its motion.

a) Show that the rate of change of angular

momentum of mas® about the origin
O is given by

ﬁo = —mszZég
whereR = /x2 + y2 is the radius of
the circular path of poinP.

b) Isthere any pointon the axis of rotation

(z-axis) about whichH is zero. Is this
point unique?

® =0k

problem 8.20:

(Filename:pfigure4.2.rp5)

8.21 System of Particles going in a circle

Assume for the problems below that you have
two mass points going in circles about a com-

mon axis at a fixed common angular rate.

CONTENTS

a) 2-D (particles in the plane, axis of ro-
tation normal to the plane). Show, by
calculating the sum i ¢ that the re-
sultis the same when using the two par-
ticles or when using a single particle
at the center of mass (with mass equal
to the sum of the two particles). You
may do the general problem or you may
pick particular appropriate locations for
the masses, particular masses for the
masses, a specific point C, a specific
axis and a particular rotation rate.

b

~

3-D (particlesnot in a common plane
normal to the axis of rotation). Us-
ing particular mass locations that you
choose, show that 2 particles givelié
ferentvalue forHc than a single par-
ticle at the center of mass. [Moral: In

generalH ¢ # Fcmy/c X Miot@cm.]

8.22 The rotating two-mass system shown in
the figure has a constant angular velogity=
12ragsi. Assume that at the instant shown,
the masses are in thxg/-plane. Taken = 1kg
andL =1m.

a) Find the linear momenturk. and its
rate of changd. for this system.

b) Findthe angular momentuﬁo about

point O and its rate of changflo for
this system.

L |L

m X

problem 8.22:
(Filename:pfigure4.2.rp4)

8.23 Particle attached to a shaft, no grav-
ity. A shaft of negligible mass spins at con-
stant rate. The motor at A imposes this rate
if needed. The bearing at A prevents transla-
tion of its end of the shaft in any direction but
causes no torques other than that of the motor

(which causes atorque in tV;edirection). The
frictionless bearing at C holds that end of the
shaft from moving in the and j directions

but allows slip in thek direction. The shaft is
welded orthogonally to a bar, also of negligible
mass, which is attached to a small ball of(non-
negligible) mass of 1kg. There is no gravity.
The shaft is spinning counterclockwise (when

viewed fromthe positivl; direction) at 3 rags.
In the configuration of interest the rod BD is
parallel with thel direction.

a) What is the tension in the rod BD?

b) Whatare all the reaction forces at A and
Cc?*
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¢) What is the torque that the motor at A @\ 21 w 8.28 A small rock swings in circles at constant
causes on the shaft? o > angular rate. Itis hung by a string with length
¢ the other end of which is at the origin of a
d) There are two ways to do problems (b) SIDE |B' ood coordinate s \gtelm IThe rock hellglmass
and (c): one is by treating the shatft, VIEW mm 9 ystem.

and the gravitational constantgs The string
makes an angle af with the negativez axis.
The mass rotates so that if you follow it with
the fingers of your right hand, your right thumb
points up thez-axis. At the moment of interest

bar and mass as one system and writ-
ing the momentum balance equations.
The other is to use the result of (a) with
action-reaction to do statics on the shaft
BC. Repeat problems (b) and (c) doing

itthe way you did notdo it the firsttime. ¢ the mass is passing through theplane.
motor ¢ a) Draw a free body diagram of the rock.
™S~ 91 b) Howlong does ittake to make one revo-
¢ lution? How does this compare with the
period of oscillation of a simple pendu-
lum. *
| ||~ massless
) c) Find the following quantities in any
; problem 8.25: _ _ order that pleases you. All solutions
)\ \‘\ N (Filename:pfigure.s95q6) should be in terms ah, g, ¢, ¢, w and
Ni k 0.1 m\‘g 8.26 Mr. X swings his daughter Y about the the unit vectord, j, andk.
vertical axis at a constant rate = 1rads. e The tension in the stringT().
problem 8.23: Y is merely one year old and weighs 12kg.

(Filename:pfigure.s94h7p1) Assuming Y to be a point mass located at the
center of mass, estimate the force on each of
8.24 Particle attached to a shaft, with grav-  her shoulder joints. i
ity. Consider the same situation as in prob- ; e The acceleration of the rocky.
lem 8.23 with the following changes: There is
gravity (pointing in the—i direction). At the
time of interest the rod BD is parallel to thg

e The velocity of the rock @).

e The rate of change of the angu-
lar momentum about thextaxis

direction. (dHy/dt).
a) What is the force on D from the rod *
BD? (Note that the rod BD isota ‘two-
z

force’ member. Why not?)

b) What are all the reaction forces at A and
Cc?

¢) What is the torque that the motor at A
causes on the shaft?

d) Do problems (b) and (c) again a differ- problem 8.26:

(Filename:pfigure4.2.rp12)
ent way. P P

8.27 A block of massn = 2 kg supported b .
8.25 Aturntable rotates at the constant rate of5 light inextensible string atgpoir%;) sits ony problem 8.28:
w = 2rad/saboutthe axis. Atthe edge ofthe the surface of a rotating cone as shown in the
2m radius turntable swings a pendulum whichfigure. The cone rotates about its vertical axis
makes an angl¢ with the negative direction.  of symmetry at constant rate Find the value
The pendulum length i6 = 10m. The pen- of ¢ in rpm at which the block loses contact
dulum consists of a massless rod Wlt_h a pointyith the cone. 8.29 Consider the configuration in prob-
massm = 2kg at the enc_i. .Th‘? gravnatlc_)nal lem 8.28. What is the relation between the
constant igg = 10y’ pointing in the—2 di- angle (measured from the vertical) at which it
rection. A perspective view and a side view are hangs and the speed at which it moves? Do
shown. an experiment with a string, weight and stop
a) What possible angle(s) could the pen- watch to check your calculatior.
dulum make in a steady motion. In
other words, findp for steady circu-
lar motion of the system. It turns out
that this quest leads to a transcendental
equation. You are not asked to solve
this equation but you should have the
equation clearly defined:

(Filename:pfigure.blue.14.2)

8.30 A small block of massn = 5 kg sitson an
inclined plane which is supported by a bearing
at pointO as shown in the figure. Atthe instant
of interest, the block is at a distante= 0.5m

b) How many SOIUt.'OnS are there_’? [hint, from where the surface of the incline intersects
?ketlch the_ funi;tlons involved in your the axis of rotation. By experiments, the lim-
inal equation.| iting rate of rotation of the turntable before

c) Sketch very approximately any equilib- the block starts sliding up the inclined plane is

rium solution(s) not already sketched problem 8.27: found to bew = 125 rpm. Find the coefficient
onthe side view in the picture provided. (Filename:pfigure4.2.rp11)  Of friction between the block and the incline.
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b) Find the steady stateas a function of
6. Do the limiting values 06,6 — 0
andé — /2 give sensible values of

problem 8.30:

(Filename:pfigure4.2.rp9)

8.31 Particle sliding in circles in a parabolic
bowl. Asifin a James Bond adventure in a big
slippery radar bowl, a particle-like human with
massm is sliding around in circles at speed
v. The equation describing the bowl zs=

CR=C(® +y?). 8.36Flyball governors are used to control the

a) Findv in terms of any or all ofR, g, (Filename:pfigured.2.1p6)  flow of working fluid in steam engines, diesel
andC. 8.34 For the rod and mass system shown in the€Ngines, steam turbines, etc. A spring-loaded

b) Nowsayyouaregiven, Candg. Find  figure, assume that= 60°, » = 6 = 5rads, flyball governor is shown schematically in the

v andR ifyou can. Explain any oddi- and¢ = 1m. Find the acceleration of maBs figure. As the governor rotates about the verti-
ties. at the instant shown by cal axis, the two masses tend to move outwards.

The rigid and massless links that connect the
outer arms to the collar, in turn, try to lift the
central collar (massn/4) against the spring.
The central collar can move along the vertical

(Filename:pfigure4.2.rp8)

a) calculatingg = ® x @ x r whereF
is the position vector of poinB with
respect to poin©Q, i.e., ¥ = rg/0,

and by - C
N s . axis but the top of the governor remains fixed.
problem 8.31: b) calculatinga = —R¢“€g whereRis  The mass of each ball im = 5 kg, and the
(Filename:p 196.p2.1) the radius of the circular path of mass length of each link i$ = 0.25 m. There are
B. frictionless hinges at points, B,C, D, E, F

where the links are connected. Find the amount
the string is elongatedyx, when the governor
rotates at 100 rpm, given that the spring con-
stantk = 500 N/m, and that in this steady state,
0 =9C°. *

8.32 Mass on a rotating inclined platform. A
block of masan = 5kg is held on an inclined
platform by a rodBC as shown in the figure.
The platform rotates at a constant angular rate
. The coefficient of friction between the block
and the platform ig.. 6 = 30°, L = 1m, and
g = 9.81nmys%. (a) Assumings = 5rad’s
andp = O find the tension in the rod. (b) If
© = .3 what is the range ab for which the
block would stay on the ramp without slipping
even if there were no rod?
P rod B

)

e C problem 8.34:

(Filename:pfigure4.2.rp7)

\platform 8.35 A spring of relaxed lengtliy (same as problem 8.36:

R the diameter of the plate) is attached to the mid (Filename:summer95p2.2)
point of the rods supporting the two hanging
I R masses.
i J " a) Find the steady angteas a function of  8.37 Crooked rod. A 2¢ long uniform rod of
problem 8.32: the plate’s rotation rate and the spring  massm is welded at its center to a shaft at an
(Filename:pfigure s94h5p6) constank. (Your answer may include angle¢ as shown. The shaft is supported by
other given constants.) bearings at its ends and spins at a constant rate
8.33 A circular plate of radiug = 10cm b) Verify that, fork = 0, your answer for ~®.
rotates in the horizontal plane about the ver- 6 reduces to that in problem 8.33. [y 7o
tical axis passing through its centér. Two c) Assume that the entire system sits in- 2) What areHo andl:
identical point masses hang fr_om two points on side a cylinder of radius 20cm and b) CalculateH ;o using the integral defi-
the plate diametrically opposite to each other the axis of rotation is aligned with the nition of angular momentunt

as shown in the figure. At a constant angular
speedy, the two masses maintain a steady state maximum operating speed of the ro-
angled from their vertical static equilibrium. tating shaft is 200 rpm (i.e@max =

a) Findthe linear speed and the magnitude 200rpm). If the two masses are not to d) Repeatthe calculations, including grav-
of the centripetal acceleration of either touch the walls of the cylinder, find the ity g. Which reactions change and by
of the two masses. required spring stiffneds. how much?*

longitudinal axis of the cylinder. The c) What are the six reaction components

if there is no gravity?
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2d

/\//P

£

e A,

y

/ A
/E /O\\weld
Y
problem 8.37:

(Filename:h6.4)

8.38For the configuration in problem 8.37, find
two positions along the rod where concentrat-

ing one-half the mass at each of these positions

gives the sameﬁo.

8.39 Rod on a shaft.A uniform rod is welded
to a shaft which is connected to frictionless
bearings. The rod has massand length?
and is attached at an angjeat its midpoint
to the midpoint of the shaft. The length of the
shaftis 2I. A motor applies a torqu&motor
along the axis of the shaft. Atthe instantshown
in the figure, assumm, ¢, d, @ andMmotor are
known and the rod lies in thgz-plane.

shaft.

b) The momentthatthe shaftappliestothe
rod.

¢) The reaction forces at the bearings.

motor

8.41 A uniform narrow shaft of lengthl2 and
mass M is bent at an anglé half way down
its length. It is spun at constant rate

a) What is the magnitude of the force that
must be applied aD to keep the shaft
spinning?

b) (harder) What is the magnitude of the
moment that must be applied &t to
keep the shaft spinning?

<

L —

B

~ A s

problem 8.41: Spinning rod. No grav-
ity.

(Filename:f.4)

8.42For the configuration in problem 8.41, find

65
m =1kg
1:\/§m7 B
C string
A
£ \450
E

B0
\’/ y w\

D 7
problem 8.43: Uniform rod attached to a
shaft.

(Filename:pg89.1)

8.44 3D, crooked bar on shaft falls downA

massless, rigid shaftis connected to frictionless

hinges at A and B. A bar with madd, and
length¢ is welded to the shaft at 45 At time

two positions along the bent portion of the shaftt — 0 the assembly is tipped a small angte
a) Find the angular acceleration of the WNere concentrating one-half its mass at eactirom theyz-plane but has no angular velocity.

of these positions gives the sarfify and L.

8.43 Rod attached to a shaftA uniform 1 kg,

/2m rod is attached to a shaft which spins at
a constant rate of 1rgd. One end of the rod

It then falls under the action of gravity. What
is6 att = t1 (assuming; is small enough so
that64 is much less than 1)?

|

z

is connected to the shaft by a ball-and-socket
joint . The other end is held by two strings (or

problem 8.39: Rod on a shaft.
(Filename:pg79.2)

8.40 Rod spins on a shaftA uniform rod R
with lengthR and massn spins at constant rate
w aboutthez axis. Itis held by a hinge at Aand
a string at B. Neglect gravity. Find the tension
in the string in terms of, R andm. *

B
§32
A /Vstring
2 \450
o X
SN
z

problem 8.40:
(Filename:pfigure.s95f4)

pin jointed rods) that are connected to a rigid

cross bar. The cross bar is welded to the main

shaft. Ignore gravity.

a) Draw a free body diagram of the rod
AB, including a bit of the strings.

b) Find the tension in the string DB. Two
approaches:

(i) Write the six equations of linear
and angular momentum balance
(about any point of your choos-
ing) and solve them (perhaps us-
ing a computer) for the tension
TpB.

(i) Write the equation of angular
momentum balance about the
axis AE. (That is, take the equa-
tion of angular momentum bal-
ance about point A and dot both
sides with a vector in the direc-
tion of rg,a.) Use this calcula-
tion to find Tpg and compare to
method ii.

¢) Find the reactiofforce (a vector) at A.

Looking
X down
y-axis X
problem 8.44: A crooked rod welded to a
shaft falls down.

A

(Filename:p2.4)

8.3 Moment of inertia ma-
trices: [1°™] and [1°]

8.45 Find the moment of inertia matrid[°] of
the system shown in the figure, given that=
0.25kg and¢ = 0.5m. Which components
in the matrix [ ©] will change if one mass is
removed and the other one is doubled?



66 CONTENTS

y
m m
o2 2
¢
X
massless —__ z
l . .
uniform disk
mass = M,
problem 8.48: A% radius=R,
(Filename:pfigure.blue.49.2) problem 8.50:
(Filename:f92h7p1)
@) w849 Find the moment of inertia matridP]  8.51 For each of the shapes below, mark the
for the ‘L-shaped rod shown in the figure. The approximate location of the center of mass and
problem 8.45: mass of the rod isn = 1.5kg and each leg is the principal axes about the center of mass
(Filename:pfigure4.4.1p12) ¢ = 0.4 m long. You may ignore the width of
the rod.
8.46 A dumbbell (two masses connected by a y
massless rod of lengtt) lies in thexy plane. e b
Compute the moments and products of inertia
of this body about the, y, andz axes. What C
are the principal axes of this body? a
y N homogeneous homogeneous
J ) sphere rectangular
point mass, m parallelapiped
20 % '
/ z X
X M )
- - o
point mass, m o] ¢ | X
problem 8.46: problem 8.49: L
(Filename:pfigure.blue.38.2) (Filename:pfigure4.4.rp13)
8.47 Equivalent dumbbell. It is a great fact . . . b
that, for the purposes of dynamics, every rigid %aocg/r'gé‘rerg ;’L‘:ﬁ;‘g '}f;tg?s-kz?'fag;‘;g'
body can be replaced by a massless rigid struc® o] 1
tureyholding siE masseg. The structu?e looksWith massMg = Mgisc. In the two parts of Wgﬁ'ﬁwg capital *J
like a child’s jack. It has three orthogonal bars thiS problem, you are to calculate the moment a d
with three pairs of point masses along the bars©f inertia matrix for the disk. In the first part, equal masses

The center of the jack is at the center of massd it by direct integration and, in the second  problem 8.51: . .

The bars are in the directions of the eigenvec-Part by using a change of basis. (Filename:pfigure.blue.52.2)
tors of the moment of inertia matrix of the body a) Using a coordinate system that is linedg 52 Find the moment of inertia matrid M|
(the principal directions). For flat objects one up with the disk so that the axis fc;r the uniform solid cylinder of length and
only needs four point masses. Where should is normal to the disk and the ori- radiusr shown in the figure.

one put four masses on a massless disk to make gin of the coordinate system is at
it equivalent to a uniform and ‘massful’ disk the center of mass (the center) of the
in problem 8.50(a). That is, what set of four disk, calculate the moment of iner-
masses has the same total mass, the same cen- tia matrix for the disk. [Hint: use
ter of mass location, and the same moment of polar coordinates, and usém =
inertia matrix as a uniform disk? M/x Ré) dA, and dA =
RARd.]
8.48 Three identical solid spheres of mass b) Use a coordinate systexty’z aligned
and radiug are situated atb, 0, 0), (0. b, b), as follows: the origin of the coordinate
and (b, 0, 2b) relative to the originO. Find system is at the center of the disk, the
all nine components ofl[°] of the system of Z axis makes an anglg with the z
three spheres. _ axis which is normal to the plane of the
Hint: [1°™] for each sphere is (measured from theaxis towards the’
- 0 0 axis), the (/jisk_intersects _théy/ plan/e problem 8.52:
gmr 2 2 alqng they _aXI_S' They axis and thg’ (Filename:pfigure4.4.rp16)
0 gmr 0 . axis are coincident. Calculate the mo-
0 0 %er ment of inertia matrix for the disk. Al- 8.53 An ‘L’-shaped structure consists of two

ternate method: use the solution from thin uniform rectangular plates each of width
Use the parallel axis theorem. (a) above with a change of basis. w = 200mm. The vertical plate has height
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h = 400 mm and the horizontal plate has depth G 8 00
d = 300mm. The plates are welded atright @ [[°1=| 0 16 0 |kg m?, and
angles along the side measuring 200 mm. The 0 0 8
total mass of the structure “:I[% 0.7 kg. Find *
the moment of inertia matrixZ[*]. 8 0 0
z by IG]=| 0 16 —4 |kgnm?. * »z/ L \\x‘
| 0 -4 8 problem 8.61:
' d \ (Filename:pfigure.blue.99.1)
A > _ - . : o
8.58Find thez component ofd = [IG]w for 8.62 A hoop is welded to a long rigid massless
® = 2rad/sk and shaft which lies on a diameter of the hoop. The
shaft is parallel to the-axis. At the moment
1020 -—2.56 0 of interest the hoop is in they-plane of a co-
h [I®] = |: _256 1020 0 j| Ibmft2, ordinate system which has its origih at the
0 0 1400 center of the hoop. The hoop spins about the
x-axis at 1ragds. There is no gravity.
‘ a) Whatis ] of the hoop?
/O 8.59For @ = 5rad/sk, find A such that the b) WhatisH o of the hoop?
‘;( ‘/ w angle betweew andH = [I®] - @ is zero if yT
3 0 2
y [I®1=| 0 6 0 | kgnm? ‘
problem 8.53: 2 0 3 (0)

(Filename:pfigure4.4.rp14) / X

8.54 A solar panel consists of three rectangular _ .

plates each of masa — 1.2kg, length¢ = 1 8.60 Calculation of H and H . You wil z/

and widthw = 0.5 m The two side panels are consider a disc spinning about various axes blem 8.62:
¢ problem 8.62:

inclined at 30 with the plane of the middle through the center of the diga. For the most

panel. Evaluate all components of the momentpart, you are concerned with calculatidfq.

of inertia matrix [ °] of the solar panel. But, you should keep in mind that the purpose

of the calculation might be to calculate reac- 8.63 Two thin rods, each of massand length

tion forces and moments. Every point on thed, are welded perpendicularly to an axle of

disk moves in circles about the same axis atmassM and lengtt¢, which is supported by a

the same number of radians per second. Thes@all-and-socket jointat A and a journal bearing

problems can be done at least three differentit B. A forceF = —Fi + Gk acts at the point

ways: using thel[]'s from problem 8.50, direct P as shown in the figure. Determine the initial

integration of the definition off o, and using angular acceleratioa and initial reactions at
the equivalent dumbbell (with the definition of point B.

(Filename:pfigure.blue.47.2)

z
problem 8.54: H_o). You should do them all three ways, fi_rst
(Filename:pligurea 4.p15)  USING the way you are most comfortable with. Bl .’
a) Assume that the configuration is as in
problem 8.50(a) and that the disk is d N
8.4 Mechanics using [Icm] spinning about the axis at the constant \/F
o rate ofwk. What areH o and H 5? 214 ~
and [I ] b) Assume that the configuration is as in M—_ P
problem 8.50(b) and that the disk is d
8.55 Find the angle betwee@® and H - spinning about the axis at the constant 012 ‘/
G175 it 5 A rate ofwk. Whatareﬁo andH 5? (In
[I7]®, if @ = 3rad/sk and this problem there are two ways to use m AQ) o
20 0 O [1]: one is in thexyz coordinate sys- /&\
1] = 0 20 0 |kgm tem, the other is in a coordinate system o
0 0 40 aligned nicely with the disk. ) X y

problem 8.63:

(Filename:pfigure.blue.89.1)
8.56Find the projection ofl = [I%]® inthe
direction of®, if ® = (21 — 3j)rad/s and ) o

54 0 0 a) Auniform sphere rotating with angular
[I°] = { } Ibm ft2.

8.61 What is the angular momentuld for:

8.64 The thin square plate of maksand side

is mounted vertically on a vertical shaft which

rotates with angular speeth. In the fixed

b) Arodshowninthe figure rotating about X, y, zcoordinate system with origin atthe cen-
its center of mass with these angularter of mass (with which the plate is currently

8.57Computew x ([ ] - @) for the following velocities: @ = wi, ® = »j, and  aligned) what are the vector component&sf

two cases. In each cage= 2.5rad/sj. ®=wd+ ])/V2? What are the components #f c,?

0 54 0 velocity @ (radiusR, massm)?
0 0 108
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cial cases)?
M\\ z \/ z
\ y y.

™ )V 1
x y ¢ < "

V4 . ----- /2

S
P
problem 8.64: Side View 2]

(Filename:pfigure.blue.35.2)

8.65 If you take any rigid body (with weight),
skewer it with an axle, hold the axle with hinges
that cause no moment about the axle, and hold }'_
it so that it cannot slide along the axle, it will
swing like a pendulum. Thatis, it will obey the
equations:

problem 8.65:
hinge.

g 3-D pendulum on a

;

—Csing,
= +4+Csing,

or (a)

(b)

(Filename:pfigure4.3Dpend)

8.66 A hanging rod going in circles. A uni-

form rod with length¢ and massn hangs from

a well greased ball and socket joint@t It

6 is the amount of rotation about the axis mea-swings in circles at constant rate= wk while
suring zero when the center of mass isthe rod makes an angewith the vertical (so
directly below thez-axis; i. e., when it sweeps a cone).

where

the center of mass is in a plane contain-
ing thez'-axis and the gravity vector,

¢ isthe amount of rotation about the axis mea-
suring zero when the center of mass is
directly above the'-axis,

C= Motal gdsiny /1,
Miotal is the total mass of the body,
g is the gravitational constant,

d is the perpendicular distance from the axis
to the center of mass of the object,

y is the angle of tip of the axis from the ver-
tical,

|, is the moment of inertia of the object
about the skewer axis.

a) How many examples of such pendula
can you think of and what would be the
values of the constants? (e.g. a simple
pendulum?, a broom upside down on
your hand?, a door?, a box tipping on
one edge?, a bicycler stopped at a red
light and stuck in her new toe clips?, a
person who gatigor mortisand whose
ankles went totally limp at the same
time?,...)

b) A door with frictionless hinges is mis-

aligned by half an inch (the top hinge is i

half an inch away from the vertical line
above the other hinge). Estimate the
period with which it will swing back
and forth. Use reasonable magnitudes
of any quantities you need.

a) Calculateﬁo and ﬁo.

b) Usingﬁo and angular momentum bal-

ance, find the rotation ratein terms of
¢, g, £, andm. How long does it take
to make one revolution®?

c) If another stick rotates twice as fast

while making the same angtg, what
must be its length compared £@

d)

CONTENTS

c) Can you verify the formula (a simple 8.67 From discrete to continuous.n equal
c pendulum and a swinging stick are spe-beads of mass/n each are glued to a rigid

massless rod at equal distantes L/n from
each other. Fon = 4, the system is shown in
the figure, but you are to consider the general
problem withn masses. The rod swings around
the vertical axis maintaining angie

a) Find the rate of rotation of the system
as afunction of, L, n, andg for con-
stant rate circular motion. [Hint: You
may need these series sums:2 +
34--+n="00ang 2422 ¢

1(@n+1
¥4...4n2= n(n+ )6( n-+ )_] *

Setn = 1 in the expression derived in
(a) and check the value with the rate of
rotation of aconical pendulunef mass
m and length?.

b)

c) Now, putn — oo in the expression ob-

tained in part (a). Does this rate of ro-
tation make sense to you? [Hint: How
does it compare with the rate of rotation

for the uniform stick of Problem 8.667]

<
AY N\
<£/4\1\
- Lyma
o\ ¢

(Filename:pfigure.s94h6p4)

8.68 Spinning dumbbell. Two point masses
are connected by a rigid rod of negligible mass

Is there a simple way to describe what @nd length 2/2L. The rod is welded to a shaft

two uniform sticks of different length that is along they axis. The shaft is spinning

and different cone anglg both have in
common if their rate of rotatiom is the

at a constant rate driven by a motor aA (Not
shown). At the time of interest the dumbbell is

same? (Ifyouaccurately draw two such In theyz-plane. Neglect gravity.

sticks, you should see the relation.)
e)

stick?

ball &
socket
joint

-

(

~

(Filename:pfigure.s94h6p3)

Find the reaction force at the ball and
socket joint. Is this force parallel to the

a) What is the moment of inertia matrix
about pointO for the dumbbell at the
instant shown?

b) What is the angular momentum of the
dumbbell at the instant shown about
point O.*

c) What is the rate of change of angu-
lar momentum of the dumbbell at the
instant shown? Calculate the rate of
change of angular momentum two dif-
ferent ways:

(i) by adding up the contribution of
both of the masses to the rate
of change of angular momentum
(ie. H=) rix(ma;)and

(i) by calculatinglxy and lyz, cal-
culatingH , and then calculating
H fromw x H. *
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d) What is the total force and moment (at
the CM of the dumbbell) required to
keep this motion going? Do the calcu-
lation in the following ways:

~>

(i) Using angular momentum bal-
ance (about any point of your
choice) for the shaft dumbbell
system.

(ii) By drawing free body diagrams
of the masses alone and calcu-
lating the forces on the masses.
Then use action and reaction and
draw a free body diagram of the
remaining (massless) part of the
shaft-dumbbell system. Then
use moment balance for this sys-

w
- "y
problem 8.71:

(Filename:pfigure4.rpi)

OXYZ - Fixed Frame
(base vectors, 1, j, k)

8.72 A thin triangular plate of basb, height

h, and massn is attached to a massless shaft
which passes through the bearings Land R. The
plate is initially vertical and then, provoked by
ateensy disturbance, falls, pivoting around the

Gxyz - Moving "Body" Frame

tem. *
z m a)%/y
0
\45 '
weldxk
(0]
m
X
L ooking down x-axis 9
z 45°.
© e
A ! B

o)
problem 8.68: Crooked spinning dumb-
bell.
(Filename:pg84.3)

8.69 A uniform rectangular plate of mass,
heighth, and widthb spins about its diagonal
at a constant angular speedas shown in the
figure. The plate is supported by frictionless
bearings aD andC. The plate lies in th¥ Z-
plane at the instant shown.
(Note: cosp)

b/+/(h2 4 b2), sin(B) = h/4/(hZ + b2)

(base vectors, éx, éy, é7)
problem 8.69:
(Filename:pfigure.blue.36.1)

8.70 A uniform rectangular plate spins about a
fixed axis. The constant torqudy is applied
about theY axis. The plate is held by bear-
ings at the corners of the plate at A and B. At
the instant shown the plate and i’ axis at-
tached to the plate are in tiveZ plane. Neglect
gravity. Att = 0 the plate is at rest.

a) Att = 0T (i.e.,justafter the start), what
is the acceleration of point D? Give
your answer in terms of any or all of
c,d, m, My, i, j, andk (the base vec-
tors aligned with the fixec'Y Z axes),
andI{7
[You may uselJT7 in your answer.
Or you could use this result from the
change of coordinates formulae in lin-
ear algebra: ISY = (cod ﬁ)l)‘f,r;, +
(sin? /S)IZC,T, to get an answer in terms

of ¢, d, m, andMy.]

*

b) Att = 0T, whatis the reaction at B?

shaft. The bearings are frictionless. Given,

- 2.1
= b, Zh
Fcm (O, Sb’ 3 ),
m

& = SO+,
o _

lyy = mK/6.

19 = mr/2

cm _

G = mié/18,

I = -—mbhy4,

a) whatis the plate’s angular velocity as it
passes through the downward vertical
position?

b) Compute the bearing reactions when
the plate swings through the downward
vertical position.

z

problem 8.72:
(Filename:pfigure.blue.86.1)

a) Compute the angular momentum of the
plate about G (with respect to the body
axis Gxyzshown).

8.73 A welded structural tubing framework is
proposed to support a heavy emergency search-
light. To select properly the tubing dimensions
itis necessary to know the forces and moments
at the critical section AA, when the framework

is moving. The frame moves as shown.

problem 8.70:

b) Ignoring gravity determine the net
torque (moment) that the supports im-
pose on the body at the instant shown.
(Express your solution using base vec-

(Filename:pfigure.s95q8)

tors and components associated with

the inertial XY Zframe.)

c) Calculate the reactions & or C for
the configuration showrit

d) Inthe case wheh = b = 1mwhatis
the vertical reaction & (still neglect-
ing gravity).

8.71 A uniform semi-circular disk of radius

r = 0.2m and massn = 1.5kg is attached
to a shaft along its straight edge. The shaft
is tipped very slightly from a vertical upright
position. Find the dynamic reactions on the
bearings supporting the shaft when the disk is
in the vertical plang€xz) and below the shaft.

a) Determine the magnitude and direction
of the dynamic moments (bending and
twisting) and forces (axial and shear) at
section AA of the frame if, at the instant
shown, the frame has angular velocity
wo and angular acceleratian,. As-
sume that the mass per unit length of

the pipe isp.
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problem 8.77:
1D > (Filename:s97f2)

problem 8.75:
o (Filename:pfigure.s94g6p1)
8.78 Around disk spins crookedly on a shaft.
problem 8.73: Athin homogeneous disk of massand radius
(Filename:pfigure.blue.88.1) r is welded to the horizontal axle AB. The nor-

8.76 A spinning box. A solid box 8B with 5 g the plane of the disk forms an angle

dimensions, a, and 2 (wherea =.1m) and  jith the axle. The shaft rotates at the constant
mass =1Kkg. Itis supported with balland socket,5a,,.

8.74 A uniform cube with side 25 mis glued joints at opposite diagonal cornersAandB.

to a pipe along the diagonal of one of its facesitis spinning at constant rate 0/ ) rev/sec
ABCD. The pipe rotates about theaxis at  and at the instant of interest is aligned with the
a constant rate = 30rpm. Atthe instant of o4 axisi j andk Neglect gravity.

interest, the facABC Dis in thexy-plane. > ’ '

a) Whatis thex component of the angular
momentum of the disk about point G
the center of mass of the disk?

a) What is@ 2 b) What is thex component of the rate
3 H

a) Find the velocity and acceleration of ' o_fchange of angular momentum of the
point F on the cube. b) What isw g? disk about G?

b) Find the position of the center of mass < H ) At the given instant, what is the total

) g ©) WhatisH g cm? force and moment (about G) required

ofthe cube and compute its acceleration o k the disk spinni : tant
a T 0 keep the disk spinning at constan
dem. d) WhatisH gcm? vt pinning

Suppose that the entire mass of the cube

is concentrated at its center of mass.
What is the angular momentum of the

C

~

e) Whatisrg/a x Fg (whereFB is the X uniform disk of
reaction force onB at B)? A dimen- f —
- . . mass=m
sional vector is desired. \

cube about poinA? radius=r
f) If the hinges were suddenly cut off ‘ . 5
when 8 was in the configuraton A ' i
shown, what would béog immedi- ,
ately afterwards? G \ﬂ

S kﬁ - oo

(S 4

problem 8.78: A round disk spins
crookedly on a shaft.

F
problem 8.74:

(Filename:pfigure4.2.rp3) A (Filename:pg92.2)

8.79 A uniform disk of masam = 2kg and
radiusr = 0.2 m is mounted rigidly on a mass-
less axle. The normal to the disk makes an
anglep = 60° with the axle. The axle rotates

2a
8.75 A uniform square plate of mass and

side lengttb is welded to a narrow shaftatone ~ @=0.1m
corner. The shaft is perpendicular to the plate ~ Problem 8.76: _
and has lengtid. The upper end of the shatft is (Filename:pfigure.s94f1p2) ~ at & constant rate = 60rpm. At the instant
connected to a ball and socket joint@t The shown in the figure,
assembly is rotating abqut theeaxis through a) Findthe angular momentuﬁo ofthe
O at the fixed raté@ = wk which happens to 8.77 Uniform rod attached to a shaft. A uni- disk about poin©O. *
be just right to make the plate horizontal and form 1 kg,+/2 mrodis attached to a shaftwhich
the shaft vertical, as shown. The gravitationalspins at a constant rate of 1yad One end
constant ig. of the rod is connected to the shaft by a ball-
and-socket joint. The other end is held by two
strings (or pin jointed rods) that are connected ¢) As the disk rotates (with the axle),
b) Is the reaction & on the rod-plate as- to a rigid cross bar. The cross bar is welded the angular momentum vector changes.
sembly in the direction of the line from to the main shaft. Ignore gravity. Find the Does it change in magnitude or direc-
G to O? (Why?) reactionforce at A. tion, or both?*

b) Draw the angular momentum vector in-
dicating its magnitude and directiof.

a) What isw in terms ofm, ¢, b, andg?
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a) Whatisthetensioninthe wire? Answer 8.85 Three equal length (1 m) massless bars

d) Find the direction of the net torque on
in terms of some or all oR, m,¢ and  are welded to the rigid shaft AB which spins

the system at the instant shown. Note,

only thedirectionis asked for. You can w. at constant rat@® = wi. Three equal masses

answer this question based on parts (b) b) What is the reaction force at the hinge (1 kg) are attached to the ends of the bars. At

and (c).* ato? the moment of interest the masses are all in
X uniform disk of the xy plane as shown. Where should what

masses be added to make the system shown

! :Ta'lgﬁ;_n: dynamically balanced? [The solution is not
.c \ §' B unique.]
A 0‘.‘ ﬁ — A/
6) B
’y/ h A
n
B Length of barsis1 m
I E Each massis1kg
| (@) z problem 8.81.: problem 8.85:
| (Filename:s97p3.3) (Filename:pfigure.s94q7p1)
Front View (xz-plane
problem 8.79: bzp ) 8.82 A disoriented disk rotating with ashaft. ~ 8.86 Dynamic balance of a system of parti-

A uniform thin circular disk with massn =  cles. Three masses are mounted on a massless

2kg and radiusR = 0.25m is mounted on a shaft AC with the help of massless rigid rods.

) ) ) massless shaft as shownin the figure. The shattlassm; = 1kg and massn,; = 1.5kg. The

8-?0 A Ium_form ﬂ'Sk S_F?'”S aé_clc(ms]:tant an-  gpins at a constant speed= 3rad/s. Atthe shaft rotates with a constant angular velocity

s S o o o fon ST e Sk s e SO0 - ot ¢ ensant o, e e
thexy-plane. Ignore gravity. masses are in thez-plane. Assume friction-

stant ratew. Its normals is inclined from the . : ‘ A
a) Find the rate of change of angular mo- less bearings and ignore gravity.

z axis by the anglgg and is in thexz plane at i f the disk about it ter of
the moment of interest. What is the total force mentum o the disk about Its center of - 4y Find the net reaction force (the total of

(Filename:summer95p2.3)

¥
and moment (relative to O) needed to keep this mass. allthe forces) onthe shaft. Isthe system
disk spinning at this rate? Answer in terms of  b) Find the rate of change of angular mo- statically balanced?

m, r, o, B and any base vectors you need. mentum about point A% b) Find the rate of change of angu-

uniform disk of
mass=m

c) Find the total force and moment re-
quired at the supports to keep the mo-

lar momentumH 5, using H )

Zi Fijp xmjaj.

® x H ,  and verify the result obtained

t
\ radius=r tion going. *
. 0 ¢) Find the angular momentum about
A B . _ 7 30 . = L .
n= D '~ R=025m point A, H ;5. Use this intermediate
. motor result to find the rate of change of an-
3 m=2 kg It to find the r f change of
/ (e} B ) gularAmomentunH/A, usingH ) =
y ac in (b).
B \ l d) Whatisthe value of the resultant unbal-
X R w z R 9 1m anced torque on the shaft? Propose a
n J\ Y J design to balance the system by adding
j k an appropriate mass in an appropriate
p \C\‘a\ location.
- o z problem 8.82:
Front VIGN (XZ-pl ane) (Filename:pfigure.s94h8p1)
problem 8.80:

(Filename:p.f96.p3.3)

8.5 Dynamic balance

8.81 Spinning crooked disk.A rigid uniform

disk of massm and radiusR is mounted to a  8.83Is @ = (2i + 5k) rad/s an eigenvector of N 05m
shaft with a hinge. An apparatus not shown T8 0 0] 0.1m b¢\
keeps the shaft rotating around theaxis at (761 = 0 16 -4 | kgm?? ; m \P }

a constant. At the instant shown the hinge 0 -4 8 . . | N

axis is in thex direction. A massless wire, - - J k 65\m~ 0.1m

perpendicular to the shaft, from the shaft at A8.84Find the eigenvalues and eigenvectors of
to the edge of the disk at B keeps the normal M5 0 0]

to the plate (the’ direction) atananglgwith [I]=| 0 5 -3 |[kgm?.
the shaft. 0 -3 10

problem 8.86:

(Filename:pfigure.s94h7p2)
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8.87 For what orientation of the rod is the  8.90 An abstract problem. This problem con-

system shown dynamically balanced?

1.0m rod spinning about a fixed axis at a fixed rate.
That is, whether or not the system is a rigid
/\ P body, it is moving as if it were a rigid body.
0.25m 05m o~ Every point in the system is moving in circles

the system relative to the axisli. The po-
sition relative to some point C isc. In all

The total mass of all the objectshdqt. Point
problem 8.87: at a distancel from the rotation axis and is on
the x-axis at the moment of interest. Assume
there is no gravity. At the poind, the rod is
8.88 A uniform square plate with 1 msides and free to slide in thez-direction. But, at point
1kg mass is mounted (as shown) with a shaftg, the rod is constrained from moving in the
thatis in the plane of the square but not parallelz-direction. The FBD of the system is shown in
to the sides. What is the net force and momenthe figure. Referring to the free body diagram,

(Filename:ch4.7.c)

cerns a system rigidly attached to a massless

about the same axis at the same number of ra-
dians per second. The position of a particle of

cases, the body rotates about the axis shown.

O is at the center of mass of the system and is

CONTENTS

d) Are there any values df, c, andd for
which this block is dynamically bal-
anced for rotation about an axis through
a pair of corners? Why?

A

i J
problem 8.91:

(Filename:p.f96.p2.3)

required to maintain rotation at a constant rate‘there are six scalar unknown reactions in this 3

dimensional problem.

a) The general case:Imagine that you
know Hq = Hoxi + Hoyj + Hozk
andalsal = Lyl +Lyj+ [ k. How
would you find the six unknown reac-
tiOf‘IS Ax, Ay, MAz, Bx, By, BZ’) [Re-
duce the problem to one of solving six
equations in six unknowns.]

2

\

b) The General Result:Is M, necessar-
ily equal to zero? Prove your result or

find a counter-example:
If d = 0 is it true

side view

\ 30°
< = Static Balance:

thatall reaction forces are equal to zero?

Prove your result or find a counter ex-
problem 8.88: ample.*

(Filename:pfigure.blue.87d.1)

8.89 An equilateral uniform triangular plate M, y
with sides of lengtli plate spins at constantrate o

w about an axis through its center of mass. The
axis is coplanar with the triangle. The angle

is arbitrary. Whenp = 0°, the base of the
triangle is parallel to the axis of rotation. Find

the net force and moment required to maintain B
rotation of the plate at a constant rate for any B z
¢. For what anglep is the plate dynamically Im X
balanced? y \‘

~ A problem 8.90:

(Filename:pfigure.s94h7p3)

e

8.91 A uniform block spins at constant an-
gular velocity. The magnitude of the angular
velocity isw. The center of mas§ is on the

axis of rotation. The, j, andk directions are
parallel to the sides with lengthés ¢ andd,

B

¢ﬂc\

] ) respectively.
Side View Answer in terms of some or all of», m, b, ¢,
d, 1, j,andk.
A B a) Findvy.
= /\@;i b) Finda@y.
¢) What is thesum of all the moments
problem 8.89: about point G of all the reaction forces

(Filename:Mikef91p3) at AandB?

8.92 Dynamic Balance.Consider each of the
objects shown in turn (so to speak), each spin-
ning about thez axis which is horizontal. In
each case the center of mass is half way be-
tween the bearings (not shown). Gravity is
in the — j direction. State whether it is pos-
sible to spin the object at constant rate with
constant bearing reactions wfgj/2 and no
other applied torques (‘yes’) or might not be
(‘'no’). Give a brief explanation of your an-
swer (enough to distinguish an informed an
swer from a guess).

a) Axis along centerline of a uniform rect-
angular plate.

b) Axis orthogonal to uniform rectangular
plate and through its centroid.

Axis orthogonal to uniform rectangular
plate anchotthrough its centroid.

c)

d) Axis orthogonal to uniform but totally
irregular shaped plate and through its

centroid.

Axis along the diagonal of a uniform
rhombus.

e)
f) Axis through the center of a uniform
sphere.

Axis through the diagonal of a uniform
cube.

~

9

h) Axis with two equal masses attached as

shown.

=

i) Axis with three equal masses attached
as shown, all in a common plane with
the axis, with¢ not equal to 30.

j) An arbitrary rigid body which has cen-
ter of mass on the axis and two of
its moment-of-inertia eigenvectors per-
pendicular to the axis. (no picture)
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@@ —

() e

/I problem 8.93: \
c)

( (Filename:pfigure.s94h7p5)
w

(d)—

0 )

o/

(9)

oLl

1l
() m b

-0
1200\/ I

problem 8.92:
(Filename:s97p3.2)

8.93 Dynamic tire balancing. Where should
you place what weights in order to dynamically
balance the tire?

Assume that a car tire can be modeled as
a uniform disk of radius one foot and mass
20lbm. Assume the tire has been mounted
crooked by one degree (the plane of the disk
makes an 89angle with the car axle). This
crooked wheel istatically balanced since its
center of mass is on the axis of rotation. But it
is dynamically unbalanced since it wobbles and
willwobble the car. Car shops putlittle weights
on unbalanced wheels to balance them. They
figure out where to put the weights by using
a little machine that measures the wheel wob-
ble. Butyou don’t need such a machine for this
problem because you have been told where all
the mass is located.

There are many approaches to solving this
problem and there are also many correct so-
lutions. You should find any correct solution.
[one approach: guess a good location to puttwo
masses and then figure out how big they have
to be to make the tire dynamically balanced.]
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Problems for Chapter 9

General planar motion of particles and
rigid bodies

9.1 Kinematics of planar
rigid-body motion

9.1 A particle moves along the two paths (1)
and (2) as shown.

a) In each case, determine the velocity of
the particle in terms ab, 6, andd. *

b) Find thex andy coordinates of the path
as functions ob andr orb andg. *

W [y

r ¥2=p

2 y

-5
problem 9.1:

(Filename:polarplot0)

9.2For the particle path (1) in problem 9.1, find
the acceleration of the particle in termso®,
ando.

9.3 For the particle path (2) in in problem 9.1,
find the acceleration of the particle in terms of
b, 6, andg.

9.4 A body moves with constant velocity
in a straight line parallel to and at a distartte
from thex-axis.

a) Calculate) in terms ofV, d, andé.

b) Calculate th&, component of acceler-
ation.

Carefully define, using a sketch and/or words,

CONTENTS

Although you could address this question
any variables, coordinate systems, and referanalytically, you are to try to get a clear an-
ence frames you use. Express your answerswer by looking at computer generated plots.
using any convenient coordinate system (justin particular, you are to plot the pebble’s path
make sure its orientation has been clearly defor a small interval of time near when the stone
fined). next touches the ground. You should pick the
parameters that make your case for an answer

plot.

v
O T the strongest. You may make more than one
d

Yoo

problem 9.4:

X

(Filename:pfigure.blue.62.1)

9.5 The slender rod AB rests against the step
of heighth, while end “A’ is moved along the
ground at a constant velocity. Find ¢ and
¢ in terms ofx, h, andvg. Is ¢ positive or
negative? Is) positive or negative?

B

——

problem 9.5:

(Filename:pfigure.blue.98.1)

9.6A ten foot ladder is leaning between a floor
and a wall. The top of the ladder is sliding
down the wall at one foot per second. (The
foot is simultaneously sliding out on the floor).
When the ladder makes a 45 degree angle with
the vertical what is the speed of the midpoint
of the ladder?

9.7 A stone in a wheel. A round wheel rolls

to the right. At timet = 0 it picks up a stone
the road. The stone is stuck in the edge of the
wheel. You want to know the direction of the
rock’s motion just before and after it next hits

the ground. Here are some candidate answers:

e When the stone approaches the ground
its motion is tangent to the ground.

e The stone approaches the ground at an-
gle x (you name it).

e When the stone approaches the ground
its motion is perpendicular to the
ground.

Here are some steps to follow:

a)

b)

d)

e)

f)

Assuming the wheel has radiRg and
the pebble is a distancB, from the
center (not necessarily equal &®,).
The pebble is directly below the cen-
ter of the wheel at timé¢ = 0. The
wheel spins at constant clockwise rate
. The x-axis is on the ground and
X(t = 0) = 0. The wheel rolls with-
out slipping. Using a clear well labeled
drawing (use a compass and ruler or a
computer drawing program), show that

X(t) = wtRy, — Rpsin(wt)
y(t) = Ry — Rp cogwt)

Using this relation, write a program to

make a plot of the path of the pebble
as the wheel makes a little more than
one revolution. Also show the out-

line of the wheel and the pebble itself
at some intermediate time of interest.
[Use any software and computer that
pleases you.]

Change whatever you need to change to
make a good plot of the pebble’s path
for a small amount of time as the pebble
approaches and leaves the road. Also
show the wheel and the pebble at some
time in this interval.

In this configuration the pebble moves
a very small distance in a small time
so your axes need to be scaled. But
make sure youx- andy- axes have the
same scale so that the path of the pebble
and the outline of the wheel will not be
distorted.

How does your computer output but-

tress your claim that the pebble ap-

proaches and leaves the ground at the
angles you claim?

Think of something about the pebble in
the wheel that was not explicitly asked
in this problem and explain it using
the computer, and/or hand calculation
and/or a drawing.

9.8Auniform disk of radius rolls at a constant
rate without slip. A small ball of mass is

e The stone approaches the ground at varattached to the outside edge of the disk. What
ious angles depending on the following is the force required to hold the disk in place
conditions(...you list the conditions.)  when the mass is above the center of the disk?
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9.9 Rolling at constant rate. See also prob-
lem 9.39. A round disk rolls on the ground at you define if needed).

constant rate. It rolls %. revolutions over the a) Whatis the speed (magnitude of veloc-
time of interest. ity) of point c?

a) Particle paths. Accurately plot the b) What is the speed of poi?

paths of three points: the center of the ) )
diskC, a point on the outer edge that is c) What is the magnitude of the accelera-
tion of pointc?

initially on the ground, and a point that
is initially half way between the former
two points. [Hint: Write a parametric
equation for the position of the points.
First find a relation betwees anduvc.
Then note that the position of a point is
the position of the center plus the posi-
tion of the point relative to the center.]
Draw the paths on the computer, make
surex andy scales are the same (In
MATLAB, use theaxis('equal’)
command for the same scaling).

d) What is the magnitude of the accelera-
tion of point P?

e) What is the radius of curvature of the
path of the particleP at the point of
interest?

f) In the special case oA = 2b what is
the curve which particlé® traces (for
all time)? Sketch the path.

b

~

Velocity of points. Find the velocity of
the points at a few instants in the mo-

tion: after%, 1, 3, and 1 revolution.

Draw the velocity vector (by hand) on

your plot. Draw the direction accu-

rately and draw the lengths of the vec-

tors in proportion to their magnitude.

You can find the velocity by differen-

tiating the position vector or by using

relative motion formulas appropriately. problem 9.11: Alittle cylinder (with outer
Draw the disk at its position after one radiusb and center at poird) rolls without slip-
quarter revolution. Note that the veloc- ping inside a bigger fixed cylinder (with inner
ity of the points is perpendicular to the radiusA and center at poinD). Theabsolute
line connecting the points to the ground angular velocity of the little cylinde® is con-
contact. stant P is attached to the outside edge of the
Acceleration of points. Do the same little cylinder. At the instant of interes® is

as above but for acceleration. Note that©" the line betwee® and c.

the acceleration of the points is parallel (Filename:pfigure.blue.50.1)

to the line connecting the points to the 9.12 See also problems 10.31, 10.35, and

center of the disk. 11.28. ArmOC rotates with constant rate;..

P Disc D of radiusr rotates about poir® at con-
stant ratev, measured with respect to the arm
OC. What are the absolute velocity and accel-
eration of point® on the discp p anda p? (To
do this problem will require defining a moving
frame of reference. More than one choice is
possible.)*

C

~

problem 9.9:
(Filename:pfigure.s94h11p2)
problem.
9.10 The concentric wheels are welded to each
other and roll without slip on the rack and sta-
tionary support. The rack moves to the right at
vur = 1 m/s. What is the velocity of point A in
the middle of the wheels shown?
concentric wheels
WA

swers are the same.

2 cm]

2 cm}! S Wﬁﬁll_»iv ' \ f

stationary support
problem 9.10: problem 9.12:

(Filename:pfigure.blue.118.1) (Filename:Mikes93p1)

9.11 Questions (a) - (e) refer to the cylinders in 9.13 Auniformrigid rod AB oflength¢ = 1 m
the configuration shown figure. Question (f) is rotates at a constant angular speedbout an
closely related. Answer the questions in termsunknown fixed point. At the instant shown,

75

of the given quantities (and any other quantitiesthe velocities of the two ends of the rod are

Va=-1n/s andvg = 1m/sj.
a) Find the angular velocity of the rod.

b) Find the center of rotation of the rod.

JL
A 49:45°i
D)

A

£=10m

B

problem 9.13:

(Filename:pfigure4.3.rp6)

9.14 A square plateABC D rotates at a con-
stant angular speed about an unknown point

in its plane.

At the instant shown, the ve-

Igcities of the two corner EointA andD are
va = —2ft/s{@ + j) andvp = —(2ft/9)1,
respectively.

a) Find the center of rotation of the plate.

b) Find the acceleration of the center of

J

mass of the plate.

A D

LB

~

)
problem 9.14:

(Filename:pfigure4.3.rp7)

a) Pickasuitable moving frame and dothe9-15 Consider the motion of a rigid ladder

which can slide on a wall and on the floor as
shown in the figure. The point A on the ladder

b) Pickanother suitable moving frame and moves parallel to the wall. The point B moves
redo the problem. Make sure the an- paraiiel to the floor. Yet, ata given instant, both

have velocities that are consistent with the lad-
derrotating about some special point, the center
of rotation (COR). Define appropriate dimen-
sions for the problem.

a) Find the COR for the ladder when it is

b

~

at some given position (and moving, of
course). Hint, if a point is A is ‘going
in circles’ about another point C, that
other point C must be in the direction
perpendicular to the motion of A.

As the ladder moves, the COR changes
with time. What is the set of points
on the plane that are the COR's for the
ladder asitfalls from straightup tolying
on the floor?
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A
wall ladder
B
floor
problem 9.15:

(Filename:pfigure.blue.96.1)

9.16 A car driver on a very boring highway
is carefully monitoring her speed. Over a one
hour period, the car travels on a curve with
constant radius of curvature, = 25mi, and
its speed increases uniformly from 50 mph to
60 mph. What is the acceleration of the of the
car half-way through this one hour period, in
path coordinates?

9.17 Find expressions foét, at, an, €n, and
the radius of curvature, at any position (or
time) on the given particle paths for

a) problem 5.81*%

b) problem 5.83,

c) problem 10.5,

d) problem 5.85,

e) problem 5.84, and

f) problem 5.82.
9.18 A particle travels at non-constant speed
on an elliptical path given by? = b%(1 —
;—j). Carefully sketch the ellipse for particular
values ofa andb. For various positions of the

particle on the path, sketch the position vector

7 (t); the polar coordinate basis vect@sand
€y; and the path coordinate basis vectérs
ande;. Atwhat points on the path ag and
én parallel(oréy andé; parallel)?

9.2 Unconstrained Dynam-
ics of 2-D rigid-body planar
motion

9.19 A uniform disc of massn and radiug
rotates with angular velocityk. Its center of
mass translates with velocity = xi + yj in
the xy-plane. What is the total kinetic energy
of the disk?

9.20 The uniform rectangle of width = 1 m,
lengthb = 2m, and massn = 1kg in the
figure is sliding on thex — y plane with no
friction. At the moment in question, point C
is atxc = 3m andyc = 2m. The linear
momentum isL, = 47 4 3j (kg-m/s) and the

angular momentum about the center of mass

is H¢m = 5k(kg:m/s?). Find the accelera-
tion of any point on the body that you choose.
(Mark it.) [Hint: You have been given some
useless information.]

yl no applied forces

X
b \
\a d
\ 30° b
> /
A
problem 9.20:

(Filename:pfigure.blue.101.1)

9.21The vertical pole AB of magmand length
¢ isinitially, at reston a frictionless surface. A
tensionT is suddenly applied at A. What is
%em? What isfag? What is%g? Gravity may
be ignored.

Bﬁ
——-m
12
y
L. T
y Al
|
problem 9.21:

(Filename:pfigure.blue.95.1)

9.22 Force on a stick in space. 2-D . No
gravity. A uniform thin stick with length? and
massm is, at the instant of interest, parallel to
they axis and has no velocity and no angular
velocity. The forceF = Fi with F > 0 is
suddenly applied at poinA. The questions
below concern the instant after the forFeis
applied.

a) Whatis the acceleration of poi@t the
center of mass?

b) What is the angular acceleration of the
stick? *

¢) Whatis the acceleration of the poia®
*
d) (relatively harder) What additional

force would have to be applied to point
B to make poinB’s acceleration zero?
*

CONTENTS

A _
D@ > F = Ep
jI_,
¢ Clo i
B.

- ¥
problem 9.22:
(Filename:pfigure.s94h10p2)

9.23 A uniform thin rod of length¢ and mass

m stands vertically, with one end resting on a
frictionless surface and the other held by some-
one’s hand. The rod is released from rest, dis-
placed slightly from the vertical. No forces are

applied during the release. There is gravity.

a) Find the path of the center of mass.

b) Find the force of the floor on the end of
the rod just before the rod is horizontal.

9.24 A uniform disk, with mass center labeled
as point G, is sitting motionless on the friction-
lessxy plane. A massless peg is attached to
a point on its perimeter. This disk has radius
of 1 m and mass of 10kg. A constant force of
F = 1000 N is applied to the peg fa0001 s
(one ten-thousandth of a second).

a) What is the velocity of the center of
mass of the center of the disk after the
force is applied?

b

~

Assuming that the idealizations named
in the problem statement are exact is
your answer to (a) exact or approxi-
mate?

) What is the angular velocity of the disk
after the force is applied?

o
=

Assuming that the idealizations named
in the problem statement are exact is
your answer to (c) exact or approxi-
mate?

9.25 A uniform thin flat disc is floating in
space. It has radiuR and massn. A force
F is applied to it a distancd from the cen-
ter in they direction. Treat this problem as
two-dimensional.

a) Whatis the acceleration of the center of
the disc?*

b) What is the angular acceleration of the
disk?*
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L

d) the acceleration of sphere A. w

77

AW

:

X
_ G f F=5N
problem 9.25: ‘ problem 9.32:
(Filename:pfigure.blue.102.1) B,ZW 0 (Filename:pfig2.3.rp6)
2ft \
9.26 Ahunlform rectan_gulllar metal bgam of 9.33 The driving gear in a compound gear
massm hangs symmetrically by two strings as train rotates at constant speeg. The driv-
shown in the figure. ing torque isM;,. If the driven gear rotates at
a) Draw afree bodx diagram of the beam a constant speedyyt, find:
and evaluatg | F. a) the input power to the system, and
b) Repeat (a) immediately after the left ~ Problem 9.28: , , b) the output torque of the system assum-
string is cut. (Filename:pfigure.blue.105.1) ing there is no power loss in the system;
A B The next several problems concern Work, i.e., power in = power out.
power and energy
3L Wout
2 9.29Verify that the expressions for work done @in
by aforceF, W = FAS, and by amomeri¥,
(‘\; W = MAGJ, are dimensionally correct iAS
and A6 are linear and angular displacements
‘ ) m respectively.
problem 9.26: driving gear \\
(Filename:pfig2.2.rp8) radiusr driven gear
9.27 A uniform slender bar AB of masgy  9-30 Calculate the energy stored in a spring radius R
is suspended from two springs (each of springusing the expressioBp = 3ké? ifthe springis problem 9.33:

constantk ) as shown. If spring 2 breaks, de- compressed by 100 mm and the spring constant (Filename:pfig2.3.rp7)

termine at that instant is 100 N/m. o
a) the angular acceleration of the bar 9.34 An elaborate fnctlor_ﬂess gear box has an
' input and output roller with/j, = const As-
suming thaWoyt = 7V and the force between

the left belt and roller i, = 31b:

a) What isFoyt (draw a picture defining
the signs ofFj,, andFoyut)?. *

b) the acceleration of poim, and . ) .
9.31 A point massin’ is pulled straight up by

two strings. The two strings pull the mass sym-
metrically about the vertical axis with constant
and equal forcé. At an instant in time, the
position and the velocity of the mass ang) j
andy(t) j, respectively. Draw a free body di-
agram of the mass at the instant of interest and
evaluate the left hand side of the energy balance
equation(P = Ek).

T |
S

c) the acceleration of poiri.

b) Is Fout greater or less than thEgj?
(AssumeFi, > 0.) Why?*

AT
\

problem 9.27:

(Filename:pfigure.blue.50.2) bOX

(frictionless)

9.28 Two small spheres A and B are connected
by arigid rod oflengtit = 1.0 ftand negligible
mass. The assembly is hung from a hook, as
shown. Sphere A is struck, suddenly breaking h
its contact with the hook and giving it a hori-
zontal velocityvg = 3.0 ft/s which sends the
assembly into free fall. Determine the angu-
lar momentum of the assembly about its mass
center at point G immediately after A is hit.

power out
problem 9.34:
(Filename:pfigure.blue.138.1)

After the center of mass has fallen two feet, ~ Problem9.31L: _ _ 9.3 Special tOpiCS in pIanar
determine: (Filename:pfig2.3.rp2) . ]
a) the angle through which the rod has kinematics
rotated,

. 9.32 In a rack and pinion system, the rack is 9.4 Mechanics of contactin
b) the velocity of sphere A, acted upon by a constant forée= 50N and g

c) the total kinetic energy of the assembly has speed = 2my/s in the direction of the bodies: |"O||ing and S|Idlng
of spheres A and B and the rod, and  force. Find the input power to the system.
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9.35A uniform disc of massn and radiug P a) What is the ring’s acceleration as the
rolls without slip at constant rate. What is the tablecloth is being withdrawn?

total kinetic energy of the disk? b) How far has the tablecloth moved to the

right from its starting poink = 0 when
the ring rolls off its left-hand end?
9.36A non-uniform disc of massand radius
rolls without slip at constant rate. The centerof ~ problem 9.39:
mass is located at a distangefrom the center
of the disc. What is the total kinetic energy . . .
of the disc when the center of mass is directly 9-40 Spool Rolling without Slip and Pulled
by a Cord. See also problem 9.42. The light-

above the center of the disc? h A
weight spool is nearly empty but a lead ball
with massm has been placed at its center. A

c) Clearly describe the subsequent motion
(Filename:pfigure.s94h11p2.a) of t_he rfing. Which way does it end up
rolling at what speed?

d) Would your answer to the previous
question be different if the ring slipped
on the cloth as the cloth was being

) . . forceF is applied in the horizontal direction to pulled out?
9.37 Ealllng hoop.A plcyqle rim (no Sp0k953 the cord wound around the wheel. Dimensions napkin ring
tube, tire, or hub) is idealized as a hoop With 5re a5 marked. Coordinate directions are as m,
massm and radiusR. G is at the center of narked.

the hoop. An inextensible string is wrapped Whatis th loration of th . X tablecloth
around the hoop and attached to the ceiling. @) Whatisthe acceleration of the center o —r

The hoop is released from rest at the position the spool?* | d |
shown at = 0. b) What is the horizontal force of the problem 9.43:
a) FindyG at a later timé in terms of any ground on the spool? (Filename:pfigure.blue.51.1)
or all of m, R, g, andt. j
b) DoesG move sideways as the hoop falls | 9.44 A block of massM is supported by two
and unrolls? . ; rollers (uniform cylinders) each of massand
roll without radiusr. They roll without slip on the block
dip \\ Fl and the ground. A forcé is applied in the

horizontal direction to the right, as shown in
the figure. GiverF, m, r, andM, find:

YG roblem 9.40:
P a) the acceleration of the block,

(Filename:pfigure.s94h11p5)
b) the acceleration of the center of mass of

9.41 A film spoolis placed on a very slip- this block/roller system

problem 9.37: pery table. Assume that the film and reel (to- )
(Filename:p.s96.p3.2) gether) have mass distributed the same as a C) the reaction at the wheel bases,
uniform disk of radiusR;. What, in terms of d) theforce of the right wheel on the block,

R, Ro, m, g, i, j, andF are the acceler- )
0.38 A uniform disk with radiusk and mass ations of points C and B at the instant shown  €) the acceleration of the wheel centers,

m has a string wrapped around it. The string is(the start of motion)? A and
pulled with a forceF. The disk rolls without B J f) the angular acceleration of the wheels.
slipping. L
a) What is the angular acceleration of the f”Ct'OtnI?S 7 gl
disk, & pisk = —6k? Make any rea- (nc():?ﬂ(;at(i:on) = F
sonable assumptions you need that are \ — M —
consistent with the figure information
and the laws of mechanics. State your problem 9.41:
assumptions* (Filename:p.f96.1.4) problem 9.44:
b) Find the acceleration of the point Ain g 42 Again, Spool Rolling without Slip and (Filename:pfigure blue 108.2)
the figure.* Pulled by a Cord. Reconsider the spool from
uniform disk, F= 1N problem 9.40. This time, a force is applied  9.45 Dropped spinning disk. 2-D A uniform
| = 0.5 kg m? = vertically to the cord wound around the wheel. disk of radiusR and massn is gently dropped
A > In this case, what is the acceleration of the cen-onto a surface and doesn’t bounce. When it is

M=1kg ter of the spool? Is it possible to pull the cord released it is spinning clockwise at the rége

‘ " atsome angle between horizontal and verticallhe disk skids for awhile and then is eventually

Rolling contact,—\. so that the angular acceleration of the spool orrolling.

no slip the acceleration of the center of mass is zero? 4y \What is the speed of the center of the
problem 9.38: If so, find the angle in terms @&, Ro, m, and disk when the disk is eventually rolling
(Filename:pfigure.blue.43|1) F. ganswer interms dd, i, R, 6p, andm)?
9.43 A napkin ring lies on a thick velvet table-
cloth. The thin ring (of masm, radiusr) rolls b) In the transition from slipping to
9.39Ifapebbleis stuck to the edge of the wheel without slip as a mischievous child pulls the rolling, energy is lost to friction. How
in problem 9.9, what is the maximum speed oftablecloth (masdV) out with acceleratiorA. does the amount lost depend on the co-
the pebble during the motion? When is the The ring starts at the right end & d). You efficient of friction (and other parame-
force on the pebble from the wheel maximum?can make a reasonable physical model of this ters)? How does this loss make or not
Draw a good FBD including the force due to situation with an empty soda can and a piece make sense in the limit g8 — 0 and

gravity. of paper on a flat table. the dissipation rate> zero?*
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problem 9.45; problem 9.48:

(Filename:pfigure.s95q10) (Filename:pfigure.s94f1p1)

9.46 Disk on a conveyor beltAuniformmetal  9.49 Spool and massA reel of massM and
cylinder with mass of 200kg is carried on a moment of inertid 7" = | rolls without slip-
conveyer beltwhich moves ¥y = 3my/s. The  ping upwards on an incline with slope-angle
disk is not rotating when on the belt. The diskis It is pulled up by a string attached to mass
delivered to a flat hard platform where it slides as shown. Find the acceleration of point G in
for a while and ends up rolling. How fast is it terms of some oralloM, m, |, R,r,, g and
moving (i.e. what is the speed of the center ofany base vectors you clearly define.

mass) when it eventually rolls®? g l

m =200 kg . =
r=0.1m horotation no slip massless
rolling ~—~~ pulley

disk

>

(Filename:pfigure.s94h11p3)

LGy

belt >
problem 9.46:

no dip ———=

problem 9.49:

(Filename:s97f4)

9.50 Two objects are released on two identical

9.47 Arrigid hoop with radiusR and massnis ~ "@mPps- One is a sliding block (no friction),

rolling without slip so that its center has trans- the other a rolling hoop (no slip). Both have
lational speedy. It then hits a narrow barwith  the same massy, are in the same gravity field

height R/2. When the hoop hits the bar sud- @nd have the same distance to travel. It takes

79

d) After the hoop has descended 2 verti-
cal meters (and traveled an appropriate
distance down the incline) what is the
acceleration of the point on the hoop
that is (at that instant) furthest from the
incline?

30° /

problem 9.51:
(Filename:pfigure.blue.47.1)

9.52 A uniform cylinder of massn and radius

r rolls down an inclinewithout slip as shown
below. Determine: (a) the angular acceleration
« of the disk; (b) the minimum value of the
coefficient of (static) friction that will insure

no slip.

‘|
\30O

problem 9.52:
(Filename:pfigure.blue.49.3)

denly it sticks and doesn't slide. It does hingethe sliding mass 1 s to reach the bottom of the

freely about the bar, however. The gravitational"@mp- How Ionlg dges ittake the hoop? [Useful
constant isg. How big is vy if the hoop just ~formula: s = sat®"]
barely rolls over the bar? L

L

hoop of massm m
|

rigid bar
M

|Ri2

problem 9.47:
(Filename:pfigure.blue.87.5)

9.48 2-D rolling of an unbalanced wheel A
wheel, modeled as massless, has a point mass
(mass= m) at its perimeter. The wheel is re-
leased from rest at the position shown. The
wheel makes contact with coefficient of fric- 9.51 The hoop is rolled down an incline that is
tion w. 30° from horizontal. It does not slip. It does
a) What is the acceleration of the point P not fall over sideways. Itis let go from rest at

just afterthe wheelis releasedif= 0? =

problem 9.50:
(Filename:pfigure.blue.51.2)

a) Att=0" whatis the acceleration of the

b) What is the acceleration of the point P hoop center of mass?

just afterthe wheel is releasedlif= 2?
b) Att=0% whatis the acceleration of the

¢) Assuming the wheel rolis without slip point on the hoop that is on the incline?

(no-slip requires, by the way, that the
friction be high: © = oo) what is the
velocity of the point P just before it
touches the ground?

c) Att=0T whatis the acceleration of the
point on the hoop that is furthest from
the incline?

9.53 Race of rollers.A uniform disk with mass
Mo and radiusRy is allowed to roll down the
frictionless but quite slip-resistant (= 1) 30°
ramp shown. It is raced against four other ob-
jects (A, B, C and D), one at a time. Who
wins the races, or are there ties? First try to
construct any plausible reasoning. Good an-
swers will be based, at least in part, on careful
use of equations of mechanics.

a) BlockAhasthe same mass and has cen-
ter of mass a distand&, from the ramp.
It rolls on massless wheels with fric-
tionless bearings.

b) Uniform disk B has the same mass
(Mg = Mg) buttwice the radiusRg =
2Rp).

c) Hollow pipe C has the same mass
(Mc Mp) and the same radius

(Re = Ro).

d) Uniform disk D has the same radius
(Rp = Rp) but twice the massMp =
2Mp).

Can you find a round object which will
roll as fast as the block slides? How about
a massless cylinder with a point mass in its
center? Can you find an object which will go
slower than the slowest or faster than the fastest
ofthese objects? Whatwould they be and why?
(This problem is harder.)
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S
/Ro
9 problem 9.55:

(Filename:pfigure.blue.152.1)

L —
7‘ problem 9.56: A disk rolls without slip
RO] inside a bigger cylinder.
- (Filename:h12.3)
A B
9.56 A disk rolls in a cylinder. For all of the 9.57 A uniform hoop of radlgsRl and mass
problems below, the disk rolls without slip and ™ rolls from rest down a semi-circular track of
s back and forth due to gravity. radiusR, as shown. Assume that no slipping
occurs. At what anglé does the hoop leave
a) Sketch. Draw a neat sketch of the thetrack and whatis its angular velocityand
c D disk in the cylinder. The sketch should the linear velocityv of its center of mass at
problem 9.53: show all variables, coordinates and di- that instant? If the hoop slides down the track
(Filename:pfigure.s94h11p4) mension used in the problem. without friction, so that it does not rotate, will
it leave at a smaller or larger anglethan if it
b) FBD. Draw a free body diagram of the rollswithoutslip (as above)? Give a qualitative
disk. argument to justify your answer.
9.54 Aroller of massM and polar moment of HINT: Here is a geometric relationship be-
inertia about the center of maks is connected c) Momentum balance. Write the equa- tween anglep hoop turns through and angle
to a spring of stiffnes& by a frictionless hinge tions of linear and angular momentum subtended by its center when no slipping oc-
as shown in the figure. Consider two kinds of balance for the disk. Use the point on curs: ¢ = [(Ry + R)/R]6. (You may or
friction between the roller and the surface it the cylinder which touches the disk for may not need to use this hint.)
moves on: the angular momentum balance equa- A p
P i tion. Leave as unknown in these equa- w
1. Perfect slipping (no friction), and tions variables which you do not know. of/ Ry ( ,\
2. Perfect rolling (infinite friction). ‘ O™y
_ _ o d) Kinematics.  The disk rolling in /_\ mA
a) What is the period of oscillation in the the cylinder is @nedegree-of-freedom ﬁ
first case? system. That is, the values of only ‘ ‘

one coordinate and its derivatives are
enough to determine the positions, ve-
locities and accelerations of all points.
roller, M, I The angle that the line from the center
of the cylinder to the center of the disk

b) What is the period of oscillation in the
second case?

////

hinge makes from the vertical can be used as
friction s_uch a variable. I_:ind all of th(? veloci-
_ ties and accelerations needed inthemo-  problem 9.57:
. mentum balance equation in terms of Filename:pfigure.blue.46.1
problem 9.54: (Flename:pligure blue.141.2) this variable and it's derivative. [Hint: ( P )
’ T you'll need to think about the rolling
contact in order to do this part.] L.
9.5 Collisions
e) Equation of motion.  Write the an-
9.55 A uniform cylinder of massn and radius gular momentum balance equation as
Rrolls back and forth without slipping through a single second order differential equa-
small amplitudes (i.e., the springs attached at tion.
point A on the rim act linearly and the vertical 9.58 The two blocks shown in the figure are
change in the height of point A is negligible). ) Simple pendulum? Does this equa- identical except that one rests on two springs
The springs, which actbothin compressionand tion reduce to the equation for a pendu- while the other one sits on two massless wheels.
tension, are unextended when Ais directly over lum with a point mass and length equal Draw free body diagrams of each mass as each
C. to the radius of the cylinder, when the is struck by a hammer. Here we are inter-
a) Determine the differential equation of disk radius gets arbitrarily small? Why, estgd_ in the free bod_y diagrams only during
or why not? collision. Therefore, ignore all forces that are

motion for the cylinder’s center. . .
4 much smaller than thinpulsiveforces. State

b) Calculate the natural frequency of the  g) How many? How many parts can one in words why the forces you choose to show
system for small oscillations. simple question be divided into? should not be ignored during the collision.
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problem 9.58:

(Filename:pfig2.1.rp9)
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9.62 Two equal masses each of massare  9.64 A gymnast of massiand extended height
joined by a massless rigid rod of lengthThe L is performing on the uneven parallel bars.
assembly strikes the edge of a table as shown il\bout thex, y, z axes which pass through her
the figure, when the center of mass is movingcenter of mass, her radii of gyration dgg ky,
downward with a linear velocity and the sys- andkz, respectively. Just before she grasps the
tem is rotating with angular velocity in the  top bar, her fully extended body is horizontal
counter-clockwise sense. The impact is 'elas-and rotating with angular rate; her center of

tic’. Find the immediate subsequent motion mass is then stationary. Neglect any friction
of the system, assuming that no energy is losbetween the bar and her hands and assume that
during the impact and that there is no gravity. she remains rigid throughout the entire stunt.
Show that there is an interchange of transla-

9.59 These proplems concerns two colliding tional and rotational kinetic energy.
masses. In the first case In (a) the smaller mass | y; |
hits the hanging mass from above at an angle | \

45° with the vertical. In (b) second case the <
smaller mass hits the hanging mass from below ¢
v
(Filename:pfigure.blue.137.2)

at the same angle. Assuming perfectly elastic
impact between the balls, find the velocity of
the hanging mass just after the collision. [Note,
these problems aretwell posed and can only
be solved if you make additional modeling as-

sumptions.] problem 9.62:

9.63 In the absence of gravitya thin rod

of massm and length¢ is initially tumbling

with constant angular speeg, in the counter-

clockwise direction, while its mass center has

constant speedy, directed as shown below.

1 The end A then makes a perfectly plastic col-
(b) lision with a rigid peg O (via a hook). The

(Filename:pfig2.2.rp7)

@

problem 9.59: pendicular to the rod just before impact.

a) What is the angular speed immedi-

. . ately after impact?
9.60 A narrow pole is in the middle of a pond

with a 10 m rope tied to it. A frictionless ice
skater of mass 50 kg and speed B&mgrabs the
rope. The rope slowly wraps around the pole.
What is the speed of the skater when the rope

after impact? Why?

c) What is the loss in energy in the plastic

is 5m long? (A tricky question.) collision?
9 L ' Before impact
— o
——om — .
; I rope Q
!
pole / ;o m= 50 kg
/ 1 Vg = 3m/s
problem 9.60:
(Filename:pfigure.blue.49.1)
9.61 The massesn and 3n are joined by a
light-weight bar of length 4. If point A in the
center of the bar strikes fixed point B vertically After i
with velocity Vo, and is not permitted to re- After impact
bound, findd of the system immediately after
impact. @)
p
| a¢ | \
‘ ‘ Perfectly
O O lVo collision
3m B m
A wt
Neglect gravity
problem 9.61: Neglect gravity! problem 9.63:

(Filename:pfigure.blue.81.1) (Filename:pfigure.blue.78.2)

velocity of the mass center happens to be per-

b) What is the angular speed 10 seconds

a) What is the gymnast’s rotation rate just
after she grasps the bar? State clearly
any approximations/assumptions that
you make.

b

~

Calculate the linear speed with which
her hips (CM) strike the lower bar. State
all assumptions/approximations.

C

~

Describe (in words, no equations
please) her motion immediately after
her hips strike the lower bar if she re-
leases her hands just prior to this im-
pact.

| L
IR L/2 —/’Kg

F:Cﬁ\/vt%/\
. L/2

cm

upper
bar
Just astop
bar is grasped

|
problem 9.64:

(Filename:pfigure.blue.130.2)

9.65 An acrobat modelled as a rigid body.

An acrobat is modeled as a uniform rigid mass
moflengthl. The acrobat falls without rotation

in the position shown from heightwhere she
was stationary. She then grabs a bar with a
firm but slippery grip. What i$ so that after
the subsequent motion the acrobat ends up in
a stationary handstand? [ Hints: Note what
quantities are preserved in what parts of the
motion.] *

DURING

BEFORE

problem 9.65:
(Filename:pfigure.s94h10p4)

9.66 A crude see-saw is built with two supports
separated by distanag about which a rigid
plank (massn, lengthL) can pivot smoothly.
The plank is placed symmetrically, so that its
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the hands on the bat). Call the
magnitude of the impulse of the

center of mass is midway between the supports
when the plan is at rest.

a) While the left end is resting on the left
support, the right end of the plank is
lifted to an angled and released. At
what angular velocitw; will the plank
strike the right hand support?

b

~

Following the impact, the left end of the
plank can pivot purely about the right
end ifd/L is properly chosen and the
right end does not bounce. Fiag un-
der these circumstances.

Just Before Collision

w

= o=

U

Just After Collision

w

— @2
i -

problem 9.66:

(Filename:pfigure.blue.81.2)

9.67 Baseball bat.In order to convey the ideas
without making the calculation to complicated,

some of the simplifying assumptions here are
highly approximate. Assume that a bat is a

uniform rigid stick with length_ and massns.
The motion of the bat is a pivoting about one
end held firmly in place with hands that rotate
but do not move. The swinging of the bat oc-
curs by the application of a constant tordie
at the hands over an angle &f= 7 /2 until
the point of impact with the ball. The ball has
massmy and arrives perpendicular to the bat
at an absolute speeg at a point a distancé

from the hands. The collision between the bat

and the ball is completely elastic.

a) To maximize the speeghj; of the hit
ball How heavy should a baseball bat
be? Where should the ball hit the bat?
Here are some hints for one way to ap-
proach the problem.

e Find the angular velocity of the
bat just before collision by draw-
ing a FBD of the bat etc.

e Find the total energy of the ball
and bat system just before the
collision.

e Draw a FBD of the ball and of
the bat during the collision (with
this model there is an impulse at

ball on the bat (and visa versa)
J Fdt.

e Use various momentum equa-
tions to find the angular velocity
of the bat and velocity of the ball
just after the collision in terms
of [Fdt and other quantities
above. Use these to find the en-
ergy of the system just after col-
lion.

« Solve for the value of Fdt that
conserves energy. As a check
you should see if this also pre-
dicts that the relative separation
speed of the ball and bat (at
the impact point) is the same as
the relative approach speed (it
should be).

e You now know can calcultept
in terms of mp, Mg, Ms, L, £,
andup.

e Find the maximum of the above
expression by varyingis and¢.
Pick numbers for the fixed quan-
tities if you like.

b) Canyou explaininwords whatis wrong
with a bat that is too light or too heavy?

¢) Which aspects of the model above do
you think lead to the biggest errors in
predicting what areal ball player should
pick for a bat and place on the bat to hit
the ball?

d) Describe as clearly as possible a dif-
ferent model of a baseball swing that
you think would give a more accurate
prediction. (You need not do the calcu-
lation).
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Problems for Chapter 10

Kinematics using time-varying base vec-

tors Problems for all three sections of this chap-

ter are combined.

10.1 Polar coordinates and
path coordinates

10.2 Rotating reference

frames

10.3 General expressions for
velocity and acceleration

10.1 Express the basis vectonﬁ,(j/) associ-
ated with axeg’ andy’ in terms of the standard
basis {, j) for 6 = 30°.

\0

X
problem 10.1:
(Filename:efig1.2.23)

10.2 Body frames are frames of reference at-
tached to a body in motion. The orientation of

a coordinate system attached to a body frame

B is shown in the figure at some moment of
interest. Fop = 60°, express the basis vectors

(b1, by) in terms of the standard bas ).
y

B

b,

S

X
problem 10.2:
(Filename:efig1.2.24)

10.3 Find the components of (ap =
3mysi +2m/sj + 4 m/sl% in the rotated ba-
sis @, j, k) and (0)@ = —05m/2j’ +
3.0 m/szl},/ in the standard basig.(j, k). (y

andy’ are in the same direction and andz
are in thexzplane.)

xy-plane. At timet = 0, the engraved line is
aligned with thex-axis, the bug is at the origin
and headed towards the positivelirection.

a) What is thex component of the bug'’s
velocity att = 7 s?

b) What is they component of the bug’s
velocity att = 7= seconds?

¢) What is they component of the bug’s
acceleration at = 7 ?

d) What is the radius of curvature of the
bug’s path at = 0?

10.8A bug walks on a turntable. In polar co-
ordinates, the position of the bug is given by
R = Re;, where the origin of this coordinate
system is at the center of the turntable. The
(ér, éy) coordinate system is attached to the
turntable and, hence, rotates with the turntable.
The kinematical quantities describing the bugs
motion areR = —Rp, R = 0, § = wp, and

6 = 0. A fixed coordinate syster®xy has
origin O at the center of the turntable. As the
bug walks through the center of the turntable:

a) Whatis its speed?

X
problem 10.3:
(Filename:efig1.2.25)

10.4For Q given in problem 12.22 and —
25NmE; — 32NmE>, find theé; compo-

. o
nent of M without calculating Q]{M}. b) Whatis its acceleration

¢) Whatis the radius of the osculating cir-
cle (i.e., what is the radius of curvature
of the bug’s path?).

10.5A particle travels in a straight line in the
xy-plane parallel to the-axis at a distance
y = £ in the positivex direction. The posi-

tion of the particle is de_n_oted by(t). The an-  10.9 Actual path of bug trying to walk a

gle of ¥ measured positive counter-clockwise giraight line. A straight line is inscribed on
from thex axis is decreasing at a constant ratez norizontal turntable. The line goes through
with magnitudew. If the particle starts on the the center. Let be angle of rotation of the

y axis atf = 7/2, what isr () in cartesian  tyrntable which spins at constant rajg. A
coordinates? bug starts on the outside edge of the turntable
ofradiusRand walks towards the center, passes
through it, and continues to the opposite edge
of the turntable. The bug walks at a constant
speed a, as measured by how far her feet move
per step, on the line inscribed on the table. 1g-
nore gravity.

a) Picture. Make an accurate draw-
ing of the bug’'s path as seen in the
room (which is not rotating with the
turntable). In order to make this plot,
you will need to assume values of
and ¢g and initial values ofR and ¢.
You will need to write a parametric
equation for the path in terms of vari-
ables that you can plot (probabtyand
y coordinates). You will also need to
pick a range of times. Your plot should
include the instant at which the bug
walks through the origin. Make sure
your x— andy— axes are drawn to the
same scale. A computer plot would be
nice.

10.6 Given thatr (t) = ct?i’ and thato (t) =
dsin(At) find v (t)

(@) intermsoff andj,

(b) interms ofi’ andj’.

r(t)

problem 10.6:
(Filename:pfig3.1.DH1)

10.7 Abugwalks on a straight line engraved on
a rotating turntable (the bug’s path in the room
is not a straight line). The line passes through
the center of the turntable. The bug’s speed on
thislineis 1irys (the bug’s absolute speedhist
1lin/s). The turntable rotates at a constant rate
of 2 revolutions everyr s in a positive sense
about thez-axis. It's surface is always in the

Calculate the radius of curvature of the
bug’s path as it goes through the origin.

b)
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c) Accurately draw (say, on the computer) * e) What is the total force acting on the
the osculating circle when the bug is at train?
the origin on the picture you drew for
(a) above.

f) Sketch the path of the train for one rev-

d) Force. What is the force on the bugs olution of the turntable (surprise)?
feet from the turntable when she starts
her trip? Draw this force as an arrow
on your picture of the bug’s path.

turntable, 8

e) Force. What is the force on the bugs

feet when she is in the middle of the 10.12 Aturntable oscillates with displacement

turntable? Draw this force as an arrow Xc(t) = Asin(st). The disc of the turntable

on your picture of the bug’s path. rotates with angular speed and acceleratipn

andwp. Asmall bug walks along lin® E with

10.10A small bug is crawling on a straight line velocity vy, relative to the turntable. At the in-
scratched on an old record. The scratch, at itsstant shown, the turntable is at its maximum
closest, is a distanae= 6 cm from the center amplitudex = A, the line DE is currently
of the turntable. The turntable is turning clock- aligned with thez-axis, and the bug is passing
wise at a constant angular rate= 2rad/s. through pointB on line DE. PointB is a dis-
The bug is walking, relative to the turntable, at tancea from the center of the turntable, point
aconstantrateg,T = 12cnys, straightalong C. Find the absolute acceleration of the bug,
the scratch in thg-direction. Atthe instantof @p. *
interest, everything is aligned as shown in fig- y problem 10.13:
ure. The bug has a masss = 1 gram. (Filename:pfigure. fo3f4)

a) What is the bug’s velocity? ZA\X

East

~>

.........

b) What is the bug’s acceleration?

¢) What is the sum of all forces acting on
the bug?

d) Sketch the path of the bug in the neigh-
borhood of its location at the time of
interest (indicate the direction the bug
is moving on this path).

problem 10.12:

(Filename:Mikes93p2)

10.14 A giant bug walks on a horizontal disk.
An x — y — z frame is attached to the disk.
The disk is rotating about theaxis (out of the
paper) and simultaneously translating with re-
problem 10.10: spect to an inertial fram& — Y — Z plane. In
(Filename:pfigure.blue.55.2)  1() 13 See also problem 10.15. A smallkg each of the cases shown in the figure, determine

1053 A of s 11wl o TAREROn oo, Do g 1 s 1 o
straight line marked through the center of arate (relative to the track) of 28 onacircular the path the bua follows walking in the direc-
turntable on the back of a pick-up truck, ex- track of radius 1m. The track itself is on a tionpof the arrO\?v The Iocationgof the bug is
actly as in problem 10.17. Evaluate the abso-turntabled that is rotatingcounter- clockwise marked with a dot. At the instants showngthe
lute velocity and acceleration of the bug in the t @ constant rate of 1rasl The dimensions 707" 7 0~ o oL P o aned
following situations (in cartesian coordinates): a'€ as shown. Atthe instant of|nterestthetralnwith3;he inertial X Yy Z frame (WhiChgiS

is pointing due south~{j) and isat the center T

| KinematicalQuantifige turntable. | not shown in the pictures). In this problem:
XT | Xt L L b 0 24 Geainrelative T = the position of the center of the disk,
@ [4m[3m/s[ o/ [1m ][ 0nys | 0n/s td ihdBmthafesdisy] Orads® v = the velocity of the center of the disk,
(b " " 2 m/52 " " ” " 0 " a = the acceleration of the center of the disk,
© 0 o om/& | ” " "b) Whatistwe absalyte velocity of the train the angular velocity of the disk (i.e2 =
(d) i ! " 8 8 1m/s U7 0rad Orad/s ! Qk), . .
© m m m om Il im/s| om 5‘2 m 1ra m Q2 = the angular acceleration of the disk,
= = = / ,,/c, Whatis thelaclalera ion of*gze rain rel- u = the speed of the bug traversing the dotted
() _ _ 1"m onmys aliE A i \_}racV line (arc length on the disk per unit time),
(9) 2m/s? 5m/s | —2m/s? | Orad rad/s® u = duy/dt, and
(h) i ” i " | omys| Ompy Whatdsdabsblute|a2eatksation of them = 1kg = mass of the bug.
M) ” ” 4Am/L | " ” " traing¥ad | 2rads | Orad/s?
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Y U=0 7=0i +0j on the line and may or may not be walking at
V s n—og - . a constant rate.
a) 2\ @ v=0+0) D ict f the situati
X &_0 a=3m/i+0j a) Draw a picture of the situation.
Clearly define all variables you are go-
v ing to use. What is the moving frame,
» LN o U= 1m/s 7 =0i+ 0j and what is the reference point on that
b ® u=0 =~ _Aara0s frame?
b) \ Q=0 v=00+0j
X Q=0 a=0i+0j b) One term at a time. For each term
in the five term acceleration formula,
y U=0 F—0i40j find a situation where all but one term
) 0=0 T { is zero. Use the turntable as the moving
o ol m 5_0o v=0i+0j frame, the bug as the particle of interest.
Im /) X Q=1rads> a=0i+0j *
c) Two terms at a time. (harder)
u=20 F=0{+0j many situations can you find where a
u=0 T =0l 407 pair of terms is not zero but all other
Q=1rads " =X+ terms are zero? (Don't try to do all 10
Q=0 a=00+0y cases unless you really think this infa-
mous formula is fun. Try at least one
l:|:]_m/5 ¥ =0i+0j or two.) *
3=9 e T=0i+0j Y turntable
Q=0 a=0i+0j I:XT%
problem 10.14: X

(Filename:pfigure.blue.117.1)

| J
o | |/
—X /]

10.15Repeat questions (a)-(f) for the toy train Truck
in problem 10.13 goingounter-clockwiseat Blow-up of turntable:

constant rate (relative to the track) of 2son bug

the circular track. >

10.16 A honeybee, sensing that it can get a i @

cheap thrill, alights on a phonograph turntable
that is being carried by a carnival goer who is
riding on a carousel. The situation is sketched
below. The carousel has angular velocity of problem 10.17: Picking apart the five
5rpm, which is increasing (accelerating) atiarm acceleration formula.

10 reymin?; the phonograph rotates at a con-

stant 33 1/3 rpm. The honeybee is at the outer
edge of the phonograph record in the position
shown in the figure; the radius of the record is

7 inches. Calculate the magnitude of the accel- . . .
eration of the honeybee. g 10.18 Slider crank kinematics (No FBD re-

quired!). 2-D . AssumeR, ¢, 6, 6, § are given.
The crank mechanism parts move on the
plane with thex direction being along the pis-

(Filename:pfigure.blue.75.1)

bee ;. Jj. andk components.

a) What is the angular velocity of the
crank OA?*

b)
crank OA?*

c)
d)

e)

What is the velocity of point A?

turntable What is the acceleration of point A?

problem 10.16:

What is the angular velocity of the
connecting rod AB? [Geometry fact:

T A = v/ £2 — R?sir?0i—Rsind j]
%

For what values o# is the angular ve-
locity of the connecting rod AB equal
to zero (assume # 0)? (you need not

(Filename:pfigure.blue.67.2)

10.17 See also problem 10.11. Consider a
turntable on the back of a pick-up truck. A bug
walks on a line on the turntable. The line may

or may not be drawn through the center of the )
turntable. The truck may or may not be going

at constant rate. The turntable may or may not

be spinning, and, if it spins, it may or may not

go ataconstantrate. The bug may be anywhere question correctly.y

ton. Vectors should be expressed in terms of

What is the angular acceleration of the

85

motor
problem 10.18:
(Filename:pfigure.s95q12)

10.19 Slider-Crank. See also problem 11.34.
Consider a slider-crank mechanism. Givgn

How ;5 " andR, can you find the velocity and
acceleration of B? There are many ways to do
this problem.

crank A rod

motor

problem 10.19:

(Filename:f.5)

10.20The crank AB with length og = 1inch
in the crank mechanism shown rotates at a con-
stant ratefap = wap = 27 rad/s counter-
clockwise. Theinitial angle of rotationés= 0
att = 0. The connecting rod BC has a length
of Lgc = 2in.

a) What is the velocity of point B at the

end of the crank wheé = = /2 rad?

b) What is the velocity of point C at the
end of the connecting rod wheh =
/2 rad?

¢) Whatis the angular velocity of the con-
necting rod BC whed = = /2rad?

d) Whatis the angular velocity of the con-
necting rod BC as a function of time?

wpB = 27T rad/S
problem 10.20:

(Filename:pfigure.blue.116.1)

10.21 See also problem 10.22. The two rods
AB and DE, connected together through a col-
lar C, rotate in the vertical plane. The col-
lar C is pinned to the rod AB but is free to
slide on the frictionless rod DE. At the instant
shown, rod AB is rotating clockwise with angu-
lar speedv = 3rad/s and angular acceleration

answer part () correctly to answer this « = 2 rad/s?. Find the angular velocity of rod

DE.*
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AN ]
*fAHw,oe 7[;]E
problem 10.21:

(Filename:summer95f.4)

10.22Reconsider problem 10.21. The two rods
AB and DE, connected together through a col-
lar C, rotate in the vertical plane. The col-

lar C is pinned to the rod AB but is free to

slide on the frictionless rod DE. At the instant
shown, rod AB is rotating clockwise with angu-

lar speedv = 3rad/s and angular acceleration

o = 2rad/s%. Find the angular acceleration of

rod DE.*

D<Jlc

/TN

——A(*) w,x

450 /

(Filename:summer95f.4.a)

E
problem 10.22:

10.23 Collar A is constrained to slide on a

horizontal rod to the right at constant speed

va. Itis connected by a pin joint to one end
of a rigid bar AB with length ¢ which makes
an angle? with the horizontal at the instant of
interest. A second collaB connected by a pin
joint to the other end of the rigid bakB slides
on a vertical rod.

a) Find the velocity of poinB. Answer
in terms ofva, 0, ¢,1 and j.

b) Find the angular speedl of the rod?
Answer in terms oba, 0, £, andj.

10.24 A bar of length¢ = 5ft, body D, con-

nects sliders A and B on an L-shaped frame,

body £, which itself is rotating at constant

speed about an axle perpendicular to the plane

of the figure through the poir@ and relative to
afixed frame¥, ®p 5= 0.5rad/sk . Atthe

instant shown, body is aligned with thex—y
axes, slider A ixxa = 4 ft from pointO, slider
B is yg = 3ft from O. The speed and accel-
eration of slider B relative to the framé are
FB/DC = —Zﬂ/Sj andﬁB/Jj = —Zﬁ/szj,
respectively.

Determine:

a) The absolute velocity of the slider A,
Va5, and

CONTENTS

problem 10.26:
(Filename:pfigure.blue.116.2)

10.27 The slotted link CB is driven in an
oscillatory motion by the link ED which ro-
tates about D with constant angular velocity
6 = wp. The pin P is attached to ED at fixed

b) The absolute angular velocity of bar radiusd and engages the slot on CB as shown.

AB, body D, ai)/?'

e
¢ 1
IR N

= —
L ‘ A o @r/F
A
problem 10.24:
(Filename:pfigure.blue.115.1)

10.25 See also problem 11.35. The lidkB is

Find the angular velocity and acceleratién
andé of CB whend = 7/2.

Cw

problem 10.27:
(Filename:pfigure.blue.65.3)

10.28 The rod of radius = 50 mm shown has

supported by awheel at D and its end Ais con-a constant angular velocity o = 30rad's

strained so that it only has horizontal velocity. counterclockwise.

Knowing that rod AD is

No slipping occurs between the wheel and thep50 mm long and distanc# = 150 mm, de-

link. The wheel has an angular velocityand
radiusr. The distance®® A= ¢.

Given: o, 1, and¢. (B = sin1%). De-
termine the angular velocity of the link AB and
velocity of the point A.

B

! £ !

I
problem 10.25:
(Filename:pfigure.blue.121.1)

10.26 See also problem 11.36. A solid cylin-

der of radiusR and masaM rolls without slip
along the ground. A thin rod of mass and

termine the acceleration of collar D whén=
90.
r-
X

C"\«\Q/A

: o

problem 10.28:

D

(Filename:pfigure.blue.120.1)

10.29 Picking apart the polar coordinate for-
mula for velocity. See also problems 10.30
and 11.52. This problem concerns a small mass
mthat sits in a slot in a turntable. Alternatively

lengthL is attached by a frictionless pin P to you can think of a small bead that slides on
the cylinder’s rim and its right end is dragged a rod. The mass always stays in the slot (or
at a constant speel along the (frictionless) on the rod). Assume the mass is a little bug
horizontal ground. that can walk as it pleases on the rod (or in the
slot) and you control how the turntable/rod ro-
tates. Name two situations in which one of
the terms is zero but the other is not in the
two term polar coordinate formula for velocity,

Rég + Rééy. You should thus gain some in-

b) Find P’s accelerationp and the angu-  sight into the meaning of each of the two terms

lar accelerationt of the rod. in that formula.*

iy, A
y N / e
L. .
a) For the position shown (where P is di-
rectly above the contact point), find P’'s

velocity vp and the rod’s angular ve-
locity @.

A
problem 10.23:
(Filename:s93qg5)



Problems for Chapter 10 87

Top view y b) problem 5.83, 10.37 Double pendulum, AgainFor the dou-
c) problem 10.5, ble pendulum in pr(_)blem 10.36; andg, are
< also known at the instant shown. For the in-
d) problem 5.85, stant shown, answer the following questions in
é e) problem 5.84, and terms oft, ¢1, P1, 1, P2, ¢2, andey.
f) problem 5.82. a) What is the absolute acceleration of
point A?
X 10.34A particle travels at non-constant speed b) What is the acceleration of poiBtrel-
on an elliptical path given by? = b2(1 — ative to pointA?
X2 . . ’
Q)' Carefully sketch thg ellipse f_OT particular c) What is the absolute acceleration of
values ofa andb. For various positions of the point B?
particle on the path, sketch the position vector
7 (t); the polar coordinate basis vect@sand
. é9; and the path coordinate basis vectérs
Top view y andé;. At what points on the path ag and

@ én parallel(oréy andé; parallel)?

10.35 For the configuration in problem 9.12,
O takingw, to be the angular velocity of disfo
relative to the rod, what is the absolute angular
acceleration of the diskp? What is the abso-
lute angular acceleration of the diskadf and
X wp are not constant?

problem 10.29:

(Filename:pfigure.s94h9p4b)

problem 10.37:

10.30 Picking apart the polar coordinate
formula for acceleration.  Reconsider the
configurations in problem 10.29. This time,
name four situations in which all of the terms, problem 10.35:

but one, in the four term polar coordinate for- (Filename:doublerot.ang.accel)
mula for accelerationg = (R — Rez)éR +
(2R6 + R)éy, are zero. Each situation shoul
pick out a different term. You should thus gain
some insight into the meaning of each of the
four terms in that formula*

(Filename:ch7.8.a)

g 10.36 Double pendulum. See also prob-
lem 10.37. The double pendulum shown is
made up of two uniform bars, each of length
¢ and massn. At the instant showng1, ¢1,
b2, anquz are known. For the instant shown,
10.31 For the configuration in problem 9.12 answer the following questions in terms &f
whatis the absolute angular velocity of the disk, #1, ¢1, ¢2, ande,.

D?* a) What is the absolute velocity of point
A?

b) What is the velocity of poinB relative
to point A?

c) What is the absolute velocity of point
B?

problem 10.31:

(Filename:doublerot1)

10.32 A car driver on a very boring highway
is carefully monitoring her speed. Over a one
hour period, the car travels on a curve with
constant radius of curvature, = 25mi, and
its speed increases uniformly from 50 mph to
60 mph. What is the acceleration of the of the
car half-way through this one hour period, in
path coordinates?

10.33Find expressions fog, a;, an, €n, and
the radius of curvature, at any position (or
time) on the given particle paths for problem 10.36:

a) problem 5.81*% (Filename:ch7.8)
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Problems for Chapter 11

Mechanics of planar mechanisms

11.1 Dynamics of particles
in the context of 2D mech-
anisms

11.1 Several of the problems below concern
a narrow rigid hoop and/or a small bead. For
reference here are dimensions and values yo
should use in working the problems: mass of

beadmpeag= 2 grams, mass of hoaphoop =
1kg, radius of hoofRhoop = 3 M, gravitational

accelerationg = 10mys? (or zero). A bead

slides on a frictionless circular hoop . The
center of the circular hoop is the origd of

a fixed (Newtonian) coordinate systeinxyz
The hoop is on thay plane. Gravity is in the
negativez direction. The hoop is kept from
moving by little angels who arrange to let the
bead slide by unimpeded. At= 0, the speed
of the bead is 41fs, it is traveling counter-
clockwise (looking down the-axis), and it is
on thex-axis. There are no external forces ap-
plied.

a) Att = 0 what is the bead’s kinetic en-
ergy ?

b) Att = 0 what is the bead’s linear mo-
mentum ?

c) Att 0 what is the bead’s angular
momentum about the origin?

d) Att = 0 what is the bead’s accelera-
tion?

e) Att = Owhat is the radius of the oscu-
lating circle of the bead’s path?

k) At t = 0T What is the value of the
acceleration ofthe bead? (Hiagzag=
@noop centert @eadhoop centet

e) Assuming that friction still acts on the
level flats on the bottom, how much
time will it take before they come to
rest?

11.2 A warehouse operator wants to move a

crate of weightW = 1001Ib from a 6ft high

platform to ground level by means of a roller
conveyer as shown. The rollers on the inclined
plane are welllubricated and thus assumed fric-
tionless; the rollers on the horizontal conveyer
are frictional, thus providing an effective fric-
tion coefficienfu. Assumetherollers are mass-
less.

Y &) Whatare the kinetic and potential ener-

gies(pick a suitable datum) of the crate
at the elevated platform, point A?

l
IR

problem 11.3:

(Filename:pfigure.blue.25.2)

11.4 Reconsider the system of blocks in prob-
lem 3.30, this time with equal masm); =

) . my = m. Also, now, both blocks are frictional
plane just before it moves onto the hor- 5 sitting on a frictional surface. Assume that
izontal conveyor, point B. both blocks are sliding to the right with the top
Using conservation of energy, calcu- block moving faster. The coefficient of friction
late the maximum speed attained by thebetween the two blocks jg1. The coefficient
crate at point B, assuming it starts mov- of friction between the lower block and the floor
ing from rest at point A. is wo. Itis known thatuy > 2u».

a) Draw free body diagrams of the blocks
together and separately.

b) What are the kinetic and potential ener-

gies of the cart at the end of the inclined

c)

d) If the crate slides a distancg say, on

the horizontal conveyor, what is the en-

C

ergy lost to sliding in terms oft, W,
andx?

e) Calculate the value of the coefficient of
friction, u, such that the crate comes to
rest at point C.

1001b
hS

frictionless
frictional

24 ft — 8ft—

problem 11.2:
(Filename:pfigure.blue.30.1)

b) Write the equations of linear momen-
tum balance for each block.

¢) Find the acceleration of each block for
the case of frictionless blocks. For the
frictional blocks, find the acceleration
of each block. What happensif >>

u2?

11.5 An initially motionless roller-coaster car
of mass 20 kg is given a horizontal impulse
F dt = Pi atpositionA, causing it to move

along the track, as shown below.

a) Assuming that the track is perfectly

11.3 On a wintry evening, a student of mass frictionless from pointA to C and that

f) Att = 0 what is the force of the hoop

m starts down the steepest street in todteep

?
on the bead” Street which is of heightr and slop&. Atthe

the car never leaves the track, determine
the magnitude of the impuldeso that

g) Att = 0 what is the net force of the top of the slope she starts to slide (coefficient

angel's hands on the hoop?

h) Att = 27swhat is thex-component of
the bead’s linear momentum?

Just when the bead above has traveled around b)

the wire exactly 12 times the angels suddenly
(but gently) let go of the hoop which is now
free to slide on the frictionlessy plane. Call
this timet = 0. Att = 0" we can assume the
angels have fully let go.

i) Att =0t whatisthe linear momentum
of the bead and hoop system?

i) Att =0t what is the rate of change of
the linear momentum of the bead and
hoop system?

<)

d)

of dynamic frictionu).
a) Whatis her initial kinetic and potential

b)
energy?

Whatis the energy lost to friction as she
slides down the hill?

What is her velocity on reaching the
bottom of the hill? Ignore air resistance
and all cross streets (i.e. assume the hill2Q m
is of constant slope).

If, upon reaching the bottom of the
street, she collides with another student =
of massM and they embrace, what is
their instantaneous mutual velocity just
after the embrace?

the car “just makes it” over the hill at
B.

In the ensuing motion, assume that the
horizontal trackC — D is frictional and
determine the coefficient of friction re-
quired to bring the car to a stopa

19

fC u=? D

L L.% e

problem 11.5:

(Filename:pfigure.blue.21.2)
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11.6 Massesn; = 1kg andmy kg move on bUg\,\
the frictionless varied terrain shown. Initially,

m1 has speed; = 12m/s andmsy is at rest. y
The two masses collide on the flat section. The
coefficient of restitution in the collision s=
0.5. Find the speed afy, at the top of the first
hill of elevationh; = 1 m. Doesmy make it

over the second hill of elevatidmp = 4m?

/(platform
|

Peg fixed

to disc

(Czr—e)

problem 11.8:

(Filename:pfigure.blue.34.1)

problem 11.6:

11.9 A new kind of gun. See also prob-

(Filename:Danef94s2q7) N
lems 11.10 and 11.11. Assume= wyq iS a

11.7 The two differential equations: massis free to slide. At= 0, the rod is aligned
R-R2 = 0

.. .. origin and has no radial velocitg R/dt = 0).
2RO+R = O g R

a) Find a differential equation fdR(t). *
have the general solution

equation forR(9). *

R = Vd2+ @t —10)?
0 = 6p+tan Lu(t — to)/d) c) How far will the bead have moved after

whereébp, d, tg, andv are arbitrary constants. two? *
This solution could be checked by plugging
back into the differential equations — you need
not do this (tediousl) substitution. The solution
describes a curve in the plane. That is, if for
a range of values df, the values ofR and¢ e)
were calculated and then plotted using polar
coordinates, a curve would be drawiVhat it come from?*
can you say about the shape of this curve? y
[Hints: w
a) Actually make a plot using some ran-
dom values of the constants and see R \
what the plot looks like. O
b) Write the equatiofr = ma for a par- / 0
ticle in polar coordinates and think of :
a force that would be relevant to this X
problem.

one revolution of the rod (useg =
27 rad/s = 1rev/sec)?*

¢) The answer is something simple. ]

. ) problem 11.9:
11.8 A scotch yoke, a device for converting ro-

tary motion into linear motion, is used to make
a horizontal platform go up and down. The
motion of the platform isy = Asin(wt) with

constant. A dead bug with masmis stand- 11,10 The new gun gets old and rusty(See

ing on the platform. Her feet have no glue on gisp problem 11.11.) Reconsider the bead on a
rod in problem 11.9. This time, friction cannot

them. There is gravity.
a) Draw a free body diagram of the bug. be r_leglected._ The friction coeﬁipient;is At

. . the instant of interest the bead with maskas

b) Whatis the acceleration of the platform radiusRo with rate of changély. The angle
and, hence, the bug? is zero andy is a constant. Neglect gravity.

c) Write the equation of linear momentum

balance for the bug. answer in terms of any or all 6%y, Ry,

d) What condition must be met so that the w, M, i1, €9, €p, I,andj. *

bug does not bounce the platform?

constant for the rod in the figure. Assume the

with thex-axis and the bead is one foot from the

b) Turn this equation into a differential

onerevolution of the rod? How far after

d) What is the speed of the bead after

(Filename:pfigure.s94h9p5)

a) What isR at this instant? Give your

89

11.11 (See also problem 11.10.A newer
kind of gun. As an attempt to make an im-
provement on the ‘new gun’ demonstrated in
problem 11.9, a person adds a lenggtto the
shaft on which the bead slides. Assume there
is no friction between the bead (mass m) and
the wire. Assume the bead startd at 0 with

| = vg. Therigid rod, onwhich the bead slides,
rotates at a constant rate= wq. Findl(t) in
terms oftg, m, vg, andwy.

1),

problem 11.11:
(Filename:pfigure.s94f1p5)

11.12A bug of massnwalks straight-forwards
with speedv 5 and rate of change of speég

on a straight light (assumed to be massless)
stick. The stick is hinged at the origin so that it
is always horizontal but is free to rotate about

How much kinetic energy doesthe beadthez axis. Assume that the distance the bug is
have after one revolution and where did from the origin ,¢, the angle the stick makes

with thex axis,¢, and its rate of change, are
known at the instant of interest. Ignore gravity.
Answer the following questions in terms ¢f
¢, ¢, m,va, andva.
a) What is$?
b) What is the force exerted by the rod on
the support?

c) What is the acceleration of the bug?

frictionless hinge
problem 11.12:

(Filename:pfigure.blue.55.1)

11.13 Slippery bead on straight rotating
stick. A long stick with masams rotates at
a constant rate and a bead, modeled as a point
mass, slides on the §tick. The stick rotates at

constant ratée = wk. There is no gravity.
The bead has masg,. Initially the mass is at

e) What is the maximum spin rate that
can be used if the bug is not to bounce
off the platform?

b) Afteraverylongtimeitis observedthat a distanceRg from the hinge point on the stick
the anglep between the path of the bead and has no radial velocityR = 0). The initial
and the rod/trough is nearly constant. angle of the stick i§p, measured counterclock-
What, in terms ofu, is this¢? * wise from the positivex axis.
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a) What is the torque, as a function of the R = 0 att = 0, what are the components of other end of which is attached to the rod. The
net angle the stick has rotatetl- 6p,  the acceleration vector in the directions normalspring is relaxed when the bead is at the center
required in order to keep the stick rotat- and tangential to the path of the bead after onegosition. Assume the bead is released pulled
ing at a constant rate ? revolution? Neglect gravity. to a distancel from the center of the rod and
then released with an initi&® = 0. If needed,

b) Whatis the path of the bead in thg- 17 16 A bead of massn = 1 gm bead is con- 2
plane? (Draw an accurate picture show-strained to slide in a straight frictionless slot you may assume that > mo=.
ing about one half of one revolution.) i 5 disk which is spinning counterclockwise ~ a) Derive the equation of motion for the
¢) How long should the stick be ifthe bead at constant rate» = 3rad/s per second. At position of the beadR(t).
istofly inthe negative-directionwhen  timet = 0, the slot is parallel to the-axis and ) )
it gets to the end of the stick? the bead is in the center of the disk movingout ~ b) Howisthe motion affected by large ver-
(in the plusx direction) at a ratd, = .5mys. sus small values ok ?

d) Add friction. How does the speed of
the bead over one revolution depend on
u, the coefficient of friction between
the bead and the wire? Make a plot o
|V one revolution Versus:. [Note, you
have been working withh = 0 in the
problems above.]

A finite rigid body. What would

change if instead of a point mass you w
modeled the bead as a finite rigid body

(2-D), with center of mass on the stick,

but contact at various places on the y w = constant
stick? (Do the frictionless case only.)

After a net rotatiord of one and one eighth
(1.125) revolutions, what is the fordE of the

¢ disk on the bead? Express this answer in terms
of i andj. Make the unreasonable assumption
that the slot is long enough to contain the bead
for this motion.

What is the magnitude of the force of
the rod on the bead as the bead passes
through the center position? Neglect
gravity. Answer in terms ofn, o, d,

K

O
~

d) Write an expression for the Coriolis ac-
celeration. Give an example of a situ-
ation in which this acceleration is im-
portant and explain why it arises.

e

~

11.14 Mass on a lightly greased slotted

turntable or spinning uniform rod. Assume

that the rod/turntable in the figure is mass-

less and also free to rotate. Assume that at o
t = 0, the angular velocity of the rod/turntable

is 1rad's, that the radius of the bead is one ‘)))”

meter, and that the radial velocity of the bead, ~ Problem 11.16:
dR/dt, is zero. The bead is free to slide on the (Filename:pfigure.f93q11)

rod. Where 1S thye bead b= 5sec? 11.17 Bead on springy leash in a slot on a
Top view turntable. The bead in the figure is held by a
spring that is relaxed when the bead is at the
origin. The constant of the spring ks The
turntable speed is controlled by a strong stiff

’ motor.

a) Assumew = O for all time. What are
possible motions of the bead?

X

problem 11.18:
(Filename:pfigure.s94q9p1)

X
b) Assume» = wpisaconstant. Whatare 17 19 A small ball of massn, = 500 grams
possible motions of the bead? Notice 5y glide in a slender tube of lengtk: 1.2 m.
there are two cases depending on theyng of massn, = 1.5kg. The tube rotates
value ofwo. Whatis going on here?  freely about a vertical axis passing through its
y center C. (Hint: Treatthe tube as aslenderrod.)
Top view y ® a) If the angular velocity of the tube is
o = 8rad/s as the ball passes through
w C with speed relative to the tubey,
calculate the angular velocity of the
O o M tube just before the ball leaves the tube.
*
X
b) Calculate the angular velocity of the
X tube just after the ball leaves the tube.
*
c) If the speed of the ball as it pas<es
problem 11.17: Mass in a slot. v = 1.8 m/s, determine the transverse
problem 11.14: (Filename:pg57.1a) and radial components gf velocity ofthe
; o ball as it leaves the tubé.
(Flename:pligure.s941%p42) 11 18 A small bead with mas® slides without
11.15 A bead slides in a frictionless slot in a friction on a rigid rod which rotates about the d) Afterthe ball leaves the tube, what con-
turntable. The turntable spins a constantaate z axis with constanto (maintained by a stiff stant torque must be applied to the tube
The slot is straight and goes through the centemotor not shown in the figure). The bead is (about its axis of rotation) to bring it to

ofthe turntable. Ifthe bead is at radiRg with  also attached to a spring with constaht the restin 10s?
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A b) the absolute acceleration of the mass at 7 ér
the instant of cutting® \/

c) the tension in strind3C at the instant Yy C

y

Q

Q of cutting. * \
: c |

problem 11.19: 4
(Filename:pfigure.blue.91.1) 1/3L4’

11.20 Toy train car on a turn-around. The \ X !
0.1 kg toy train’s speedometer reads a constan

1m/s when, heading west, it passes due north  problem 11.22: problem 11.24: Rod on a Moving
of point O. The train is on a level straight (Filename:Danef94s1a6) -~ Support(2-D).

track which is mounted on a spinning turntable (Filename:p3.1)

whose center is ‘pinned’ to the ground. The )

turntable spins at the constant rate of 2/sad 11.23 The forked arm mechanism pushes the_11-25 Balar_lcmg a broo_m.Ass_ume the han_d
What is the force of the turntable on the train? bead of mass 1 kg along a frictionless hyper-IS aCC§|eratmg. to the right with acceleration
(Don’t worry about thez-component of the bolic spiral track given by = 0.59(m/rad). & = al. What is the force of the hand on the

force.) * The arm rotates about its pivot point@twith ~ broom in terms ofn, ¢, 6, 6, a, 1. j, and
toy train constant angular acceleratiéh = 1lrags? 97 (You may not have ang or €y in your
hgg;“_f driven by a motor (not shown). The arm starts@nNSwer.) A
T from rest ap = 0°. f{/ ér
a) Determine the radial and transverse m
components of the acceleration of the y c
bead after 2 s have elapsed from the start \

of its motion. l

b) Determine the magnitude of the net

g
force on the mass at the same instant /
in time.

problem 11.20: hyperbolic
(Filename:pfigure.s94h12p1) q)| ral track

11.21 A shell moves down a barrel.At the
instant of interest the barrel is being raised at
a constant angular speed. Simultaneously
the gun turret (the structure which holds the
barrel) rotates about the vertical axis at a con-
stant ratewy. At the instant of interest, the
barrel is tipped up an angteand the masmis

(Filename:p.f96.f.2)

11.2 Dynamics of

moving at speed along the frictionless barrel. 9) P : R _ _
Neglecting gravity, find the force of the barrel problem 11.23: rlgld bodies in one degree
on the shell. y (Filename:pfigure.blue.53.1) Of—freedom meChan'Sms
<urret . 11.26A conservative vibratory system has the
shell 11.24 A rod is on the palm of your hand at fg)jowing equation of conservation of energy.

point A. lts length is¢. Its massm is as-
_- —> sumed to be concentrated at its en€CatAs-  m(L§)°—mgL(1—cosf)+K (a9)? = Constant

0 AR Yo  sume that you know andé at the instant of
o | \«9 interest. Also assume that your hand is ac- @) Obtain the differential equation of mo-
/ \ celerating both vertically and horizontally with tion of this system by differentiating
Z X @hand= anx +anyj. Coordinates and direc- this energy equation with respecttto
problem 11.21: A shell moves along a tions are as marked in the figure. b) Determine the circular frequency of
canon barrel. a) Draw a Free Body Diagram of the rod. small oscillations of the system in part
(Filename:pg122.2) ) ) (@). HINT: (Let sin= ¢ = and co® =
b) Assume that the hand is stationary. 1-62/2).
11.22 Due to forces not shown, the cart moves Solve ford in terms ofg, ¢, m, 6, and
to the right with constant acceleratiag. T_he 6. 11.27 A motor at O turns at rate, whose rate
ball B has massng. Attimet = 0, the string c) If the hand is not stationary béthas of change isbo. Atthe end of a stick connected
ABis cut. Find been determined somehow, find the ver-to this motor is a frictionless hinge attached to a
a) thetension in strin® C before cutting, tical force of the hand on the rod in second massless stick. Both sticks have length
* terms ofd, 6, 6, g, £, M, any, andany. L. At the end of the second stick is a mass
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m. For the configuration shown, what(§§
Answer in terms ofwg, wo, L, m, 8, and4.
Ignore gravity.

!

[ w0, @0 77/2 at time of interest

problem 11.27:
(Filename:pfigure.blue.119.1)

11.28 (See also problems 10.31 and 10.35.) In
problem 9.12, find

a) the angular momentum about podf  11.31
*

b) the rate of change of angular momen-
tum of the disk about poir®, *

¢) the angular momentum about po®f
3

a)
b)

d) the rate of change of angular momen-
tum of the disk about poir€. *

Assume the rod is massless and the disk has
massm.

<)

d)

e)

f)

problem 11.28:

(Filename:doublerot.ang.mom)

11.29 Robot arm, 2-D .The robot arm AB

is rotating about point A witkwag = 5rad/s
andoag = 2 raq/sz. Meanwhile the forearm
BC is rotating at a constant angular speeth
respect to ABf wgc/ag = 3rad/s. Gravity
cannot be neglected. Atthe instant shown, find
the netforce acting on the object P which has
massn = 1kg. *

a)
b)

problem 11.29:

(Filename:pfigure.s94h12p5)

11.30 A crude model for a column, shown
in the figure, consists of two identical rods of
massm and lengtt? with hinge connections, a
linear torsional spring of stiffness attached

to the center hinge (the spring is relaxed when
6 = 0), and a load® applied at the top end.

a) Obtain the exact nonlinear equation of
motion.

<)

d)

b) Obtain the squared natural frequency

for small motions.

c) Check the stability of the straight equi-

librium state® = O for all P > 0 via
minimum potential energy. How do

these results compare with those from

part(b)?

m, £ K

10

m, ¢

[s)
<G

X

problem 11.30:

(Filename:pfigure.blue.159.2)

A thin uniform rod of masan rests

against a frictionless wall and on a frictionless
floor. There is gravity.

Draw a free body diagram of the rod.

The rod is released from rest @t=
6o # 0. Write the equation of motion
of the rod.*

Using the equation of motion, find the
initial angular acceleratiorw g, and

tﬂe acceleration of the center of mass,

ag, of the rod.*

Find the reactions on the rod at points

AandB. *

Find the acceleration of poil. *

Whend = 9—20, find @ ag and the accel-
eration of pointA. *

problem 11.31:

(Filename:ch7.1)

11.32 Bar leans on a crooked wallA uniform
3lbm bar leans on a wall and floor and is let go
from rest. Gravity pulls it down.

Draw a Free Body Diagram of the bar.

Kinematics: find the velocity and ac-
celeration of point B in terms of the ve-
locity and acceleration of point A

Using equations of motion, find the ac-

celeration of point A.

Do the reaction forces at A and B add

up to the weight of the bar? Why or
why not? (You do not need to solve for

the reaction forces in order to answer

this part.)

CONTENTS

problem 11.32:

(Filename:pfigure.s94h10p3)

11.33 Two blocks, each with mass, slide
without friction on the wall and floor shown.
They are attached with a rigid massless rod of
length¢ thatis pinned at both ends. The system
is released from rest when the rod makes an an-
gleof 45. Whatis the acceleration of the block

B immediately after the system is released?
my=Mg=m

massless rigid

problem 11.33:

(Filename:pfigure.blue.98.2)

11.34 Slider Crank. 2-D . No gravity. Refer
to the figure in problem 10.19. What is the
tension in the massless réd (with lengthL)
when the slider crank is in the position with
6 = 0 (piston is at maximum extent)? Assume
the crankshaft has constant angular veloeity
that the connecting roABis massless, that the
cylinder walls are frictionless, that there is no
gas pressure in the cylinder, that the piston has
massM and the crank has radil&

crank A

rod

motor

problem 11.34:

(Filename:slidercrank.tension)

11.35 In problem 10.25, find the force on the
wheel at pointD due to the rod.

B

I
problem 11.35:

(Filename:roddisc.force)
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11.36 In problem 10.26, find the force on the and B. (Hint: for the rigid planar bodABC, a) In your first misconceived experiment
rod at pointP. find ya andyg interms ofaf,m andd, assuming you set up a 70 kg bicycle in your lab-

6 = Oiinitially.)
\ ]

oratory and balance it with strings that
cause no fore or aft forces. You tie a
string to the vertically down right pedal

and pull back with a force of 70 N. What

acceleration do you measure?

b) What is Greg's actual acceleration?
v [Hint: Greg’s massless leg is pushing
‘\/ forward on his body with a force of 70

problem 11.36:

(Filename:rodcyl.force) probleé 11.39: N] .
11.37 Slider-Crank mechanism. The slider (Filename:pfigure. blue.85.2) _.-Lemond's stomach
crank mechanism shown is used to pusha2lbm
block P. Arm AB and BC are each®ft long.
Given that arm AB rotates counterclockwise at 11 40 An idealized model for a car comprises
aconstant 2 revolutions per second, whatis the, rigid chassis of masklc and four identical
force on P at the instant showr? rigid disks (wheels) of masil,, and radiusR,
[] Dy P as shown in the figure. Initially in motion with
L speedvg, the car is momentarily brought to problem 11.41:
M N rest by compressing an initially uncompressed (Filename:pfigure.blue.34.2)
spring of stiffnessk. Assume no frictional
losses. 11.42 Which way does the bike accelerate?

a) Assuming no wheel slip, determine the A bicycle with all frictionless bearings is stand-

f . ; ing still on level ground. A horizontal force
compressiomA of the spring required 4 -
to stop the car* F is applied on one of the pedals as shown.

(Filename:pfigure.s94h11p1) There is no slip between the wheels and the
. . b) While the car is in contact with the ground. The bicycle is gently balanced from
11.38 Consider thel-bar linkageAB, BC, CD spring but still moving forward, in falling over sideways. It is heavy enough so
and the ground DA. The bars are connected by which direction is thgangentialforce  that both wheels stay on the ground. Does the
well Iubrlcat_ed hinges at A, B, an_d C. ALD, on any one of the wheels (due to con- bicycle accelerate forward, backward, or not at
bar CD is driven by the motor which spins at tact with the ground) pointing? Why? all? Make any reasonable assumptions about
constant rate. Do not ignore gravity.

B
problem 11.37:

(Hllustrate with a sketch)* the dimensions and mass. Justify your answer

a) Draw a Free Body Diagram of the link- . hat the®S clearly as you can, clearly enough to con-

age ABCD (with ‘cuts’ at A and D but c) Repeat part @ assuming now that the, ;- person similar to yourself but who has
notat B and C.) ground is perfectly frictionless from not seen the experiment performed.

. points A to B shown in the figure*
b) Draw Free Body Diagrams of each of

the bars AB, BC and CD. Use the law of
action and reaction in these diagrams.
If you can, do this problem a few times,
each with a different vector notation.

c) Repeat problem (b) but this time as-
sume that the mass of bar BC is neg-
ligible. [Hint, this implies that the laws
of statics apply to bar BC, which has

A
problem 11.40:

connections at theevo points B and C.] (Filename:pfigure.s94h14p2)
Cnh

problem 11.42:

(Filename:pfigure.blue.135.2)

11.41While walking down a flat stretch of road . .
you see a dejected Greg Lemond riding by. Hisll-3 Dynamlcs of multi-

riding “tuck” is so good that you realize that _Af _
you can totally neglect air resistance when youdegree of-freedom mecha

.75m think about him and his bike. Further, you can isms
714 regard his and the bike’s combined mass (all 70I"|
_ D (8) kg)) as concentrated at a point in his stomach
- somewhere. Greg’s left foot has just fallen off 11.43 Particle on a springy leashA particle
motor turns the pedal so he is only pedaling with his right with massm slides on a rigid horizontal fric-

bar CD foot, which at the moment in question is at its tionless plane. It is held by a string which is
lowest point in the motion. You note that, rel- in turn connected to a linear elastic spring with
ative to the ground the right foot is only going constantk. The string length is such that the
3/4 as fast as the bike (since it is going back-spring is relaxed when the mass is on top of the
wards relative to the bike), though you can’t hole in the plane. The position of the particle
11.39The large massesatC andAwere sup- make out all the radii of his frictionless gears isr = xi +yj. For each of the statements be-
ported by the light triangular plate ABC, whose and rigid round wheels. Greg, ever in touch low, state the circumstances in which the state-
corners follow the guide. B enters the curvedwith his body, tells you he is pushing back on ment is true (assuming the particle stays on the
guide with velocityV . Neglecting gravity, find  the pedal with a force of 70 N. You would like plane). Justify your answer with convincing
the vertical reactions (in thg direction) at A to know Greg'’s acceleration. explanation and/or calculation.

problem 11.38: Free Body Diagram Ex-
ercise
(Filename:pfigure.s94h2p7)
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a) The force of the plane on the particle is f) Express the conservation of energy in
mok. cartesian coordinate$.
b) % + ky_o g) Express th(_e conservation of energy in
m polar coordinates®
gk
€) Y+ my=0 h) Show that (a) implies (f) and (b) im-

d) F+ %r —0, wherer = |F] plies_ (g) *even if you didn’t note them
a-priori.

e) r = constant Find the general motion by solving the

equations in (a). Describe all possible

paths of the mass.

f) 6 =constant
g) r26 = constant.

h) m(x2 + y2) + kr2 = constant , > M3 .
) m o line which is not thex or y axis?*

i) Thetrajectoryis astraightline segment. y

j) The trajectory is a circle.
k) The trajectory is not a closed curve.

problem 11.45:
problem 11.43: Particle on a springy
leash.

(Filename:pfigure.blue.73.1)

11.46 Cart and pendulumA massmg = 6 kg
hangs by two strings from a cart with mass
mc = 12kg. Before string BC is cut string AB

(Filename:pg69.1)

11.44 “Yo-yo" mechanism of satelite de-
spinning. A sattelite, modeled as a uniform is horizontal. The length of string AB is =
disk, is “de-spun” by the following mechanism. 1 m. At timet = O all masses are stationary
Before launch two equal length long strings areand the string BC is cleanly and quietly cut.
attached to the sattelite at diametrically oppo-After some unknown timeert the string AB is
site points and then wound around the sattelitevertical.

with the same sense of rotation. Atthe end of  a) What s the net displacement of the cart
the strings are placed 2 equal masses. At the Xc att = tyer? *

start of de-spinning the two masses are released . .
fromtheirpopsition?/vrapped againstthe satelite. b) What is the velocity of the caiic at

; . 4 X = tyert? *
Find the motion of the sattelite as a function U= tyert?
of time for the two cases: (a) the strings are  ¢) What is the tension in the string tat=
wrapped inthe same direction as the initial spin, tvert? *

and (b) the strings are wrapped in the opposite

. o .
direction as the initial spin. d) (Optional) Whatist = tver? [You will

either have to leave your answer in the
form of an integral you cannot evaluate
analytically or you will have to get part
of your solution from a computer.]

y
L
X
me

11.45 A particle with massn is held by two
long springs each with stiffnedsso that the
springs are relaxed when the mass is at the ori-
gin. Assume the motion is planar. Assume that
the particle displacement is much smaller than
the lengths of the springs.

a) Write the equations of motion in carte-
sian components:

C
stri ngs\f\l
A< e
mg

]

b) Write the equations of motion in polar
coordinates?

c) Express the conservation of angular

° ] ] problem 11.46:
momentum in cartesian coordinatés.

(Filename:pfigure.s94h12p3)
d) Express the conservation of angular

- . 11.47 A dumbell slides on a floor.Two point
momentum in polar coordinates.

massesn at A and B are connected by a mass-

e) Show that (a) implies (c) and (b) im- less rigid rod with lengtf. Mass B slides on
plies (d) even if you didn't note them a frictionless floor so that it only moves hori-
a-priori. * zontally. Assume this dumbellis released from

Can the mass move back and forth on a

CONTENTS

rest in the configuration showrjHint: What
is the acceleration of A relative to B?]

a) Find the acceleration of point B just af-
ter the dumbell is released.

b) Find the velocity of point A just before
it hits the floor

|

problem 11.47:
(Filename:s97f5)

11.48 After a winning goal one second be-
fore the clock ran out a psychologically stunned
hockey player (modeled as a uniform rod)
stands nearly vertical, stationary and rigid. The
players perfectly slippery skates start to pop out
from under her as she falls. Her heightjher
massm, her tip from the verticab, and the
gravitational constant ig.

a) What is the path of her center of mass
as she falls? (Show clearly with equa-
tions, sketches or words.)

b) Whatis her angular velocity just before
she hits the ice, a millisecond before
she sticks our her hands and brakes her
fall (first assume her skates remain in
contact the whole time and then check

the assumption)?

¢) Find adifferential equation thatonly in-
volveso, its time derivativesm, g, and
£. (This equation could be solved to
find 6 as a function of time. Itis a non-
linear equation and you are not being
asked to solve it numerically or other-
wise.)

11.49 Falling hoop.A bicycle rim (no spokes,
tube, tire, or hub) is idealized as a hoop with
massm and radiusR. G is at the center of
the hoop. An inextensible string is wrapped
around the hoop and attached to the ceiling.
The hoop is released from rest at the position
shown at = 0.

a) Findyg at a later time in terms of any
orall of m, R, g, andt.

b) DoesG move sideways as the hoop falls
and unrolls?

problem 11.49:
(Filename:p.s96.p3.2)
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11.50 A model for a yo-yo comprises a thin
disk of massM and radiusk and a light drum
of radius r, rigidly attached to the disk, around
which a light inextensible cable is wound. As-
suming that the cable unravels without slipping
on the drum, determine the acceleratags of
the center of mass.

[
problem 11.50:

(Filename:pfigure.blue.41.2)

11.51 A uniform rod with massmgr pivots
without friction about pointA in thexy-plane.

A collar with massnc slides without friction
on the rod after the string connecting it to point
Alis cut. There is no gravity. Before the string
is cut, the rod has angular velociby.

a) What is the speed of the collar after it
flies off the end of the rod? Use the
following values for the constants and
initial conditions: mr = 1kg, m¢ =
3kg,a = 1m, ¢ = 3m, andwy
1lrad/s

Consider the special caser = 0.
Sketch (approximately) the path of the
motion of the collar from the time the
string is cut until some time after it
leaves the end of the rod.

b

~

IS

uniform rod,
mass mg

collar,
mass mc

X
problem 11.51:
(Filename:pfigure.blue.54.1)

11.52 (See also problem 11.53. ) Assume the
rod in the figure for problem 10.29 has polar
moment of inertialozz Assume it is free to
rotate. The bead is free to slide on the rod.
Assume that at = 0 the angular velocity of
the rod is 1rags, that the radius of the bead
is one meter and that the radial velocity of the
beadd R/dt, is zero.

a)

b)

c)

d)

e

~

Top view

Top view

95

Draw separate free body diagrams of
the bead and rod.

Write equations of motion for the sys-
tem.*

Use the equations of motion to show
that angular momentum is conserved.
ES

Find one equation of motion for the sys-
tem using: (1) the equations of motion
for the bead and rod and (2) conserva-
tion of angular momentunt:

Write an expression for conservation of

z0

Y%newgunscript.m quiz 13 soln - A Ruina 4/27/95

tfinal = 10000 ;
tol =1le7
[t,z] = oded45(’newgunfun’, 0, tfinal, z0, tol);

thetamax=max(z(:,1));

plot(log10(t),z(:,1));

title("andys plot’); xlabel(’log10 (time)’);
ylabel(’theta’);

axis([-5, log10(tfinal), 0 3])

text(-4.5,2.5 ,[’theta max= ' ,num2str(thetamax,9)| )
text(-4.5,2.25,[tol
text(-4.5,2,

[0,3,1,0]; % [Theta, omega, R, v]

—

,num?2str(tol,9)] )

[tfinal =’ ,num2str(tfinal,9)] )

energy. Letthe initial total energy of the
system be, sajg. *

As t goes to infinity does the bead’s
distance go to infinity? Its speed? The
angular velocity of the turntable? The
net angle of twist of the turntable?

y

y

problem 11.52: Coupled motion of bead
and rod and turntable.

11.53 Numerically simulate the coupled sys-
tem in problem 11.52. Use the simulation to
show that the net angle of the turntable or rod
is finite.

a) Write the equations of motion for the

b)

system from part (b) in problem 11.52
as a set of first order differential equa-
tions. *

Numerically integrate the equations of
motion. (Below, we show a solution
using MATLAB.)

function zdot=newgunfun(t,z)
m=.25;

theta = z(1);
omega = z(2);

R =1z(3);

v =1z(4);

zdot = [ omega,

I=2;

-2*m*omega*R*v/(I + m*R"2),
v,
omega”2* R 1B

andys plot

theta max= 2.52859593
tol  =1e-07
tfinal = 10000

4 3 2 -1 0

log10 (time)

1 2 3 4

problem 11.53:

(Filename:q13soln)

11.54 A primitive gun rides on a cart (mass
M) and carries a cannon ball (of mas¥yon a
platform at a heightH above the ground. The
cannon ball is dropped through a frictionless
(Filename:pfigure.s94hopab.a) tube shaped like a quarter circle of radiRs

a) If the system starts from rest, com-

b

C

~

~

pute the horizontal speed (relative to the
ground) that the cannon ball has as it
leaves the bottom of the tube. Also find
the cart’s speed at the same instant.

Compute the velocity of the cannon ball
relative to the cart.

If two balls are dropped simultaneously
through the tube, what speed does the
cart have when the balls reach the bot-
tom? Is the same final speed also
achieved if one ball is allowed to de-
part the system entirely before the sec-
ond ball is released? Why/why not?
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problem 11.54:

(Filename:pfigure.blue.18.1)

11.55 Two frictionless prisms of similar right

triangular sections are placed on a frictionless

horizontal plane. The top prism weighé and
the lower oneaW. The prisms are held in the

initial position shown and then released, so that

the upper prism slides down along the lower
one until it just touches the horizontal plane.

The center of mass of a triangle is located at

one-third of its height from the base. Compute
thevelocitiesof the two prisms at the moment

just before the upper one reaches the bottom.
*

e

nw
¢/

1 a ‘
problem 11.55:

(Filename:pfigure.blue.28.2a)

11.56 Mass slides on an accelerating cart.
2D. A cart is driven by a powerful motor to
move along the 30sloped ramp according to
the formula: d = dg + vot + agt?/2 where
do, vo, andag are given constants. The cart
is held from tipping over. The cart itself has a

30° sloped upper surface on which rests a mass

(given massn). The surface on which the mass

rests is frictionless. Initially the mass is at rest

with regard to the cart.

a) What is the force
of the cart on the mass? [in terms of
g.do. vo. t. 8. m, g. 7, andj ] *

b) Forwhatvaluesfdy, vg,t andag is the

acceleration of the mass exactly vertical
(i.e., inthej direction)?*

7 motor driven
J | n=0 wheels
i Q
d 0 gl

problem 11.56:

(Filename:pfigure.s95q11)

CONTENTS

11.57 A thin rod AB of massWag = 10lbm  11.59 A pendulum of lengtt¢ hangs from a
and lengthL o = 2ftis pinned to a carf€ of  cart. The pendulum is massless except for a
massWc = 101bm, the latter of which is free point mass of massp, at the end. The cart
to move along a frictionless horizontal surface, rolls without friction and has massc.. The
as shown in the figure. The system is releasedart is initially stationary and the pendulum is
from restwith the rod in the horizontal position. released from rest at an angle What is the

a) Determine the angular speed of the rogacceleration of the cart just after the mass is

as it passes through the vertical position®leased? [Hintsap = ac + ap/C. The
(at some later time)* answerigtc = (g/3)iinthe special case when

mp = mM¢ andd = /4. |

b) Determine the displacemenrt of the ~
cart at the same instarit. J [

c) After the rod passes through vertical, | mc \C | ~
it is momentarily horizontal but on the & \ & l
left side of the cart. How far has the
cart moved when this configuration is
reached?

n
o ot to scale 0
X
] p
— [ "
problem 11.59:

. (Filename:pfigure.f93q12)
some later time

A

released
from rest
problem 11.57:

(Filename:pfigure.blue.115.3)

11.58 As shown in the figure, a block of mass 11 go pye to the application of some unknown
m rolls without friction on a rigid surface and ¢5.ca F the base of the pendulum A is accel-
is at positionx (measured from a fixed point). grating with@ o = aai. There is a frictionless
Attached to the block is a uniform rod of length hinge at A. The angle of the pendulumwith

¢ which pivots about one end which is at the e 45 and its rate of changeare assumed
center of mass of the block. The rod and block;y pe known. The length of the massless pen-
have equal mass. The rod makes an afgle q,jum rod is¢. The mass of the pendulum bob
with the vertical. Use the numbers below for 1 There is no gravity. What i6? (Answer
the values of the constants and variables at the, tarms ofaa, ¢, M, 6 andd.)

time of interest: \
¢ = 1m
m = 2kg
0 = m/2 L
do/dt = 1lrad's /
d20/dt2 = 2rad< N y
X = 1m \ 0 ‘
dx/dt = 2m/s X
d*x/dt? = 3nys’ problem 11.60:
a) What is the kinetic energy of the sys- (Filename:pfigure.blue.115.2)

tem?

b) What is the linear momentum of the
system (momentum is a vector)?

11.61 Pumping a SwingCan a swing be
pumped by moving the support point up and
down?

For simplicity, neglect gravity and con-
sider the problem of swinging a rock in circles
on astring. Let the rock be massattached to
a string of fixed lengtlf. Can you speed it up
by moving your hand up and down? How? Can
you make a quantitative prediction? bLet be
a function of time that you can specify to try to
make the mass swing progressively faster.

frictionless, massless rollers
problem 11.58:

(Filename:pfigure.blue.14.1)
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problem 11.61:
(Filename:pfigure.blue.59.1)

11.62 Using free body diagrams and appro-

97
After Collison ~ Before collision a) with no gravity and assuming the pen-
(dotted lines) dulum rod is massless with a point mass
Frictionless of masam at the end,

b) as above but with gravity,

¢) assumingthe pendulumisauniformrod
of massm and lengtty.

11.68 Robotics problem: balancing a broom
stick by sideways motion. See also prob-
lem 7.99 and problem 8. Try to balance a

f
problem 11.64:
(Filename:pfigure.blue.137.3)

priate momentum balance equations, find dif-11.65 See also problem 3.29. A double pen-broom stick by moving your hand horizontally.

ferential equations that govern the angland
the vertical deflectiory of the system shown.
Be clear about your datum for. Your equa-
tions should be in terms &f, y and their time-
derivatives, as well aM, m, ¢, andg.

S|

problem 11.62:
(Filename:pfig2.1.rp11)

11.63 The two blocks shown are released from
rest att = 0. There is no friction and the

cable is initially taut. (a) What is the tension in
the cable immediately after release? (Use an

reasonable value for the gravitational constant).

(b) What is the tension after 5 s?
30°

rigid surface—__°
(Newtonian frame)

2kg

2m

\/ 30°

horizonta line

2kg ™"
problem 11.63:
(Filename:pfigure.blue.18.2)

11.64 Carts A and B are free to move along
a frictionless horizontal surface, and bob C is
connected to cart B by a massless, inextensibl
cord of length¢, as shown in the figure. Cart A
moves tothe leftata constant spegd= 1 m/s
and makes a perfectly plastic collisioa &

0) with cart B which, together with bob C, is

dulum is made of two uniform rigid rods, each Model your hand contact with the broom as a
of length ¢. The first rod is massless. Find hinge. You can model the broom as a uniform

equations of motion for the second rod. Definestick or as a point mass at the end of a stick —

any variables you use in your solution.

m —massless
m m

problem 11.65:
(Filename:pfig2.1.rp10)

11.66A model of walking involves two straight
legs. During the part of the motion when one
foot is on the ground, the system looks like
the picture in the figure, confined to motion in
the x — y plane. Write two equations from
which one could findd;, and & given
61, 02, 61, 6 and all mass and length quantities.

Hint: _
> ILJ/A = II/A whole system
ZM/B = H/B for bar BC
y
B
gl -

problem 11.66:

(Filename:pfigure.blue.100.1)

11.4 Advanced problems in

<D motion

11.67A pendulum is hanging from a moving
support in thexy-plane. The support moves
in a known way given by (t) = r(t)i. For

your choice.

a) Equation of motion. Given the accel-
eration of your hand (horizontal only),
the current tip, and the rate of tip of the
broom, find the angular acceleration of
the broom.*

b) Control? Can you find a hand accel-
eration in terms of the tip and the tip

rate that will make the broom balance

upright?*
Vi
m
y C
\
‘|
¢ /
—_
L

~A
</

problem 11.68:
(Filename:pfigure.s94h10p5)

11.69 Balancing the broom again: vertical
shaking works too. You can balance a broom
by holding it at the bottom and applying appro-
priate torques, as in problem 7.99 or by mov-
ing your hand back and forth in an appropriate
manner, as in problem 11.68. In this problem,
you will to try to balance the broom differently.
The lesson to be learned here is more subtle,
and you should probably justwonder at it rather
than try to understand it in detail.

In the previous balancing schemes, you
used knowledge of the state of the broofn (
and#) to determine what corrective action to
apply. Now balance the broom by moving it
in a way that ignores what the broom is do-
ing. In the language of robotics, what you
have been doing before is ‘closed-loop feed-

stationary prior to impact. Find the maximum the following cases, find a differential equation back’ control. The new strategy, which is si-

vertical position of bob Chmayx, after impact.

whose solution would determing(t), mea-

multaneously more simple minded and more

The masses of the carts and pendulum bob arsured clockwise from vertical; then find an ex- subtle, is an ‘open loop’ control. Imagine that

ma = mg = mc = 10kg.

pression foid26 /dt2 in terms of9 andr (t):

your hand connection to the broom is a hinge.
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a)

b)
c)

d)

e)

9)

h)

Picture and model. Assume your hand
oscillates sinusoidally up and down
with some frequency and some ampli-
tude. The broom is instantaneously at
some angle from vertical. Draw a pic-
ture which defines all the variables you
will use. Use any mass distribution that
you like.

FBD. Draw a FBD of the broom.

Momentum balance. Write the equa-
tion of angular momentum balance

|

about the point instantaneously coin- X ;
ciding with the hinge. < \/
Kinematics. Use any geometry and
kinematics that you need to evaluate Yhand
the termsin the angular momentum bal-
ance equation in terms of the tip angle Q) Table -
and its time derivatives and other known i/ bShake knife
- . . / —back-&-forth
quantities (take the vertical motion of = in this direction

your hand as ‘given’). [Hint: There are
many approaches to this problem.]

Equation of motion. Using the angu-
lar momentum balance equation, write
a governing differential equation for the
tip angle.*

Simulation. Taking the hand motion
as given, simulate on the computer the
system you have found.

Stability? Can you find an amplitude 171.5 Dynamics of r|g|d
and frequency of shaking so that the

broom stays upright if started from a bodies in muIU-degree-of-
near upright position? You probably .

cannotfind linear equations to solve freedom 2D mechanisms

that will give you a control strategy.

So, this problem might best be solved

by guessing on the computer. Success-11.70 Double pendulum.The double pendu-
ful strategies require the hand acceler-lum shown is made up of two uniform bars,
ation to be quite a bit bigger thag,  each of lengttd and massn. The pendulum
the gravitational constant. The stabil- is released from rest g = 0 and¢, = /2.
ity obtained is like the stability of an Just after release what are the valuegpfnd
undamped uninverted pendulum — 0s- ¢»? Answer in terms of other quantities.
cillations persist. You improve the sta-
bility a little by including a little friction

in the hinge.

Dinner table experiment for nerdy
eaters. If you put a table knife on a
table and put your finger down on the
tip of the blade, you can see that this
experiment might work. Rapidly shake
your hand back and forth, keeping the
knife from sliding out from your finger
but with the knife sliding rapidly on the
table. Note that the knife aligns with
the direction of shaking (use scratch-
resistant surface). The knife is differ-
ent from the broom in some important
ways: there is no gravity trying to ‘un-
align’ it and there is friction between
the knife and table that is much more
significant than the broom interaction
with the air. Nonetheless, the experi-
ment should convince you of the plau- 11.71 A rocker. A standing dummy is mod-

Press finger here
problem 11.69: The sketch of the knife
on the table goes with part (h).

(Filename:pfigure.vert.shake)

problem 11.70:

(Filename:pfigure.s94h12p2)

sibility of the balancing mechanism. eled as having massless rigid circular feet of

Because of the large accelerations re-radiusR rigidly attached to their uniform rigid
quired, youcannotdo this experiment body of lengthL and massn. The feet do not
with a broom. slip on the floor.

CONTENTS

a) Given the tip angle, the tip ratep and
the values of the various parameters (
R, L, g)find¢. [Youmay assume and
¢ are small.]*

b) Using the result of (a) or any other clear
reasoning find the conditions on the pa-
rametersify, R, L, g) that make vertical
passive dynamic standing stable. [Sta-
ble means that if the person is slightly
perturbed from vertically up that their
resulting motion will be such that they
remain nearly vertically up for all future
time.] answer below is questionable,
says someong

problem 11.71:

(Filename:pfigure.s94q11pl)

11.6 Advanced dynamics of
planar motion

11.72 Consider a rigid spoked wheel with no
rim. Assume that when it rolls a spoke hits
the ground and doesn’t bounce. The body just
swings around the contact point until the next
spoke hits the ground. The uniform spokes
have lengthR. Assume that the mass of the
wheel ism, and that the polar moment of in-
ertia about its center is (usel = mRZ/2 if
you want to get a better sense of the solution).
Assume that just before collision numbrethe
angular velocity of the wheel i, the kinetic
energy isTh—, the potential energy (you must
clearly define your datum) ign—. Just after
collisionn the angular velocity of the wheel is
on+. The Kinetic Energy i+, the potential
energy (you must clearly define your datum) is
Un+. The wheel hag spokes (pickk = 4 if
you have trouble with abstraction). This prob-
lem is not easy. It can be answered at a variety
of levels. The deeper you get into it the more
you will learn.

a) What is the relation betweesy_— and
Th-"?

b) What is the relation betweepn,— and
a)n+?

Assume ‘rolling’ on level ground.

What is the relation betwean, and

wn+1?

Assume rolling down hill at slopé.

What is the relation between, and

on+1?

c)

d)
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e) Can it be true thatn = oni1)+?
About how fast is the wheel going in
this situation?

f) As the number of spoke® goes to in-
finity, in what senses does this wheel
become like an ordinary wheel?

k evenly spaced spokes

l 2R
problem 11.72:
(Filename:pfigure.blue.109.1)
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Problems for Chapter 12

General motion in 3-D

12.1 Orientation in 3-D

12.1Find a rotation from a picture.

12.2 Velocity and acceler-
ation of points on a rigid
body: @ and &«

12.2 A particle moves on a helix. Say you
know _that a particle moves according to the
equation
r = Rcosfi + Rsind j + zk

whereR is a constant) = c;it, andz = c;t.

a) Findv at general time.

b) Finda at general time.

c) Findé; at general time.

d) Findén, at general time.

e) Writed in terms ofé; andén.

f) What is the radius of the osculating cir-
cle? Check your answer to see if it

makes sense in the special case when

c =0.

12.3A curious chef tosses a potato in the air.

Being a part-time dynamicist, she has just the
right instruments in her kitchen and measures

the absolute angular velocity of the potato to
be® = 1i + 2 + 3k(rad/s) and the absolute

12.3 Instantaneous dynam— 12.8 A 500kg roller coaster car travels along
. o ., atrack defined by the conical spimal= z,
ics and “inverse dynamics” ¢ — 2z 14 = 2rag'sis constant, determine

. the force exerted on the car by the track when
in 3-D z = 5m. Assume that the gravitational force
acts in the negative direction. Remember to

. . . express the force in vector form.
12.4 Under what circumstances is the linear P

momentum of a system conserved (thatis, doeg » g \when do you use which term inﬁo
not change with time)? formula for a rigid body? To do the angular

momentum balance about an arbitrary pdint
12.5For a continuous system, where at a given . Y
instant in time velocity depends on position, we write | MO.: H  where the most gen-
v v(X), (a) how is linear momentum de- eral formula forH ¢ for one rigid body is
fined? (b) How is rate of change of linear mo-
mentum defined?

Ho = FemjoxMem+[1M-@+& x ([1M-&).

Give examples of motions of a rigid body (you

may also use a point mass) in which

a) only oneterm atatime in the above for-
mula for H g survives (three examples)
and

b) only two terms at a time in the formula
survive (three examples).

12.6For what pointsC, with positionsr ¢, are
the balance of angular momentum equations

> M = H_, correct:
a) the origin,
b) the center of mass, and
c) any point anywhere?
12.10(See also problems 12.33, 12.35, and
12.38.) Find the reaction supplied by the en-

12.7 Bead on a stationary 3-D wire.A bead  vironment to the system of bodies BD so

with masam slides on a frictionless wire that is that each body Spins at a constant rate in prob_
fixed in space. The wire is twisted and curved|gm 12.27.*

in complicated ways. There is no gravity. The )

only force on the bead comes from the wire. 12.11 Disk suspended at corner by a ball
The initial speed of the beadtg. Justify your ~and socket joint. See also problem 12.13. A
answers to the following questions with text disk with negligible mass has two point masses

and/or equations. Add any extra assumptionglued to it. Itis stationary and horizontal when
if you feel they are required. it is allowed to fall, but it is held back by a ball-

and-socket joint at one point on its perimeter.
Just after the disk is released, what is the ac-
celeration of the point P? Is it up or dowri?

a) Is it true thatF = ma (where F is
the total force on the bead and its
acceleration?)?

b) Isthe momentum of the bead, con-
stant?

c) Isthe kinetic energy of the bea%imvz,

constant? S
Whatis the speed of the bead at 3 s? >
X

d)

e) Is the acceleration always such that
é; = 0 (whereg; is the unit tangent to

the wire)?

" masdessdisk ™Y

Is the acceleration always such tfzat
én = 0 (whereéy, is the unit normal to

center of mass velocity to beg = 31 +4j +

f)

problem 12.11:
(Filename:pfigure.s94h13p2)

5k(in/s), at a particular instant in time. At
the same instant in time, she notes the position
of an eye on the potato relative to its center of
mass, pointG, is ¥ g;¢ = 1ini. (The high
quality potato came from the market with the
center of mass already marked inside if, )j,

andk are basis vectors in the kitchen frame.

a) What is the velocity of the potato eye
relative toG, vg,g?

b) What is the absolute velocity of the
potato eyep g?

the wire)?

. . . . 1212 A car driving in circles counter-

g) Using any notation you like to describe 0y yise at constant speed so that its left rear
the wire shape, write an expression for o hag speed, (the middle of the tire, that
the forceF’ on the bead from the wire. s, or the location of the ground contact point.)

h) Foracircularwire, whatis the direction The radius of the circle that the tire travels on
of the force from the bead on the wire? iS Ro. The radius of the tire i5,. Right next to

. ) ) N the tire is the car fender .€., the fender over-

i) For a helical wire, (say,” = |apsthe outerface of the tire. In fact the fender
rocosdi + rosind j + Cok), whatis is rubbing on the tire just a little, but not quite
the direction of the force from the bead enough to disturb any insects that might be in
on the wire?* the neighborhood).
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12.14 A square plate in space.A uniform
square plate with mass and sides with length
2L is floating stationary in space. A force of
magnitudeF is suddenly applied to it at point
A. Using the coordinates shown the moment of

a) What is the angular velocity of the car?
*

b) What is the angular velocity of the tire
relative to the car?

¢) Whatis the angular velocity of the tire? inertia matrix for this plate is:
*
m2[1 0 0
d) What is the total torque applied to the [ljeml = 5 |:O 1 0:|
car (notincluding the tires as part of the 0 0 2
car, therotating engine is alsomassless)  g) \what s the acceleration of the center of
relative to the car center of mas$? the platea g? *
€) What is the total torque on the car rel-  b) What is the angular acceleration of the

ative to the center of the circle around
which it is traveling?*

f) What is the angular momentum of the
tire relative to its center of mass (use
any sensible model of the tire, say a
rigid disk.)?*

What is the rate of change of angular
momentum of the tire (relative to its
center of mass)?

~

9

h

=

What is the total torque of all the forces
applied to the tire from the road and the
car as calculated atthe center of the tire?
*

i) A bug is climbing straight up on the
car fender named at speeg. At the
instant of interest she is right next to
the center of the wheel. What is her

\B

plate@ *
c) Whatis the acceleration of point@g ?
*

AN

2L

problem 12.14:
(Filename:pfigure.f93f5)

velocity and acceleration? What s the 15 15 Force on a rectangular plate in space.

total force acting on her?

A uniform rectangular plate of mass =

i) Another bug is climbing on a straight _1OIbm is floating_ in space. A forcé = 5 Ibf
line marked on the tire at constant speedis suddenly applied at a corner that is perpen-
vp. He is in the middle of the tire at the dicular to the plate.

instant of interest. What is his absolute
velocity and acceleration? What is the
total force acting on him? (Both bugs
are at the same place at the instant of
interest and walking on lines that are,
at the moment, parallel.)

k) Redothe problem, questions (a) -(j), but
thistime the car speed isincreasing with
acceleratiorag. Questions (a) - (j) of
this problem are a special case of ques-
tion (k). You should check that your
answers from (k) reduce to the answers
in questions (a) - (j). Or, if you are
really cocky, you should skip the first
questions and only do (k). Then, dis-

play your answers for the special case ‘

a8 =0. %

12.13 The moment of inertia matrix. Recon-
sider the system of problem 12.11 — a disk
with negligible mass that has two point masses

a) Find the acceleration of the center of
mass of the plate* @ = —16 ft/s?k

) Find the angular acceleration of the
plate.*

c)
rection of the force and some acceler-
ates back towards the tail of the force
vector. What part of the plate accel-
erates in the opposite direction of the
applied force?

1ft
N
problem 12.15:

(Filename:pfigure.s94h13p3)

glued to it. 12.16 Force on a square plate A constant
a) Find the moment of inertia matrix§] force with magnitudeF is applied, in the di-
of the system rection shown in the/z planfs, to the corneB
’ of auniform square plate with side lengtland
b) Findthe angular acceleration of the sys-massm. Before the force is applied the plate
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a) What, in terms ofn, F, d, i, j, k, and
¢ is the acceleration of poirg?

b

~

For what angl is the acceleration of
point B in the direction of the force?

Find another direction foF so that the
force atB and the acceleration &
are parallel (not necessarily in tijek
plane). [Physical reasoning will prob-
ably work more easily than mathemat-
ical reasoning.]

C

~

d

=

Find yet another direction fdf so that
the force aB and the acceleration &t
are parallel (not necessarily in tijek

plane).

)

F

problem 12.16:
(Filename:p.s96.p3.3)

12.17 (See also problems 12.32, 12.34, and
12.37.) Find the reaction supplied by the en-
vironment to the system of bodie4 B D so
that each body spins at a constant rate in prob-
lem 12.31.

12.4 Time evolving dynam-
ics of an unconstrained rigid

Some of the plate accelerates in the di—bOdy in 3-dimensions

12.18A rigid body flies through the air and
tumbles. Find the equations of motion and
solve them for your choice of parameters and
initial conditions.

12.5 Kinematics of motion
relative to a moving and ro-
tating reference frame in 3-
D

12.19Find the rotation matrixiR] for 6 = 390
such thaté'} = [R]{é}, whereé = (i, j, k}.

tem when released from restin the con-is at rest in space with no other forces applied!Using the rotation matrix, find the components

figuration shown. You may use your to it. Consider the time immediately after the
answer from problem 12.11. time of the force application.

of v = 2mysi — 3mysj + 1mysk in the ro-
tated coordinate system.



102

X, X'
problem 12.19:

(Filename:efig1.2.28)

12.20A circular plate rotates at a constant an-

gular velocity@ = 5rad/sl%. A set of coor-
dinate axe<’y’Z is glued to the plate at its
center and thus rotates with. Find the rate

of change basis vectois j, andk’ using the
0 formula.

12.21 A rigid body 8B rotates in space with
angular velocityw = (2i +3j — k) rad/s. A
set of local coordinate axedy’Z is fixed to the
body at its center of mass. The position vector
rp of a point P is given in local coordinates:
7p = (51 + j') m. Find the velocity £ p) of

point P using theQ formula.

12.22The rotation matrix between two coor-
dinate systems with basis vectdis, é;, €3)

and (Eq, E5, E3) is Q such that{é}
[QI{E}. Find the components oft
(—2é1+3e3) m/s2inthe(E1, E», E3) basis

1 0

tQ= 0 1 -
0 3 1

2 2

12.23Let B andF be two moving rigid bod-
ies. Showtha%org/? = %ﬁ/p

12.24 George is driving his car on the high-
way on a rainy day. His windshield wipers

are on. He notices that a drop of water on the

wiper blade is moving along the blade at ap-
proximately 3irs. Although the wipers rotate

at variable angular speed, he approximates that

when the wiper is parallel to his nose, its angu-
lar speed ist/2rad/s. In George’s coordinate

system (attached to his frame of reference and

moving with him), the wiper is rotating in the
positive j direction and the water-drop is mov-
ing in the positivek direction at the moment of

interest. Find the velocity of the water-drop in
George’s frame of reference.

12.25A person sits on a bar stool which spins at
angular spee. Simultaneously, (s)he hoists

CONTENTS

a) Whatis the angular velocity of the per- of negligible mass. BodyD, a uniform disc
son’s arm? of massm, rotates with respect to bod#, at a
constant angular ratey, about axisCC’. Each
of the bodies is turned at constant rate by mo-
] ] ) tors(not shown.) At the instant shown, find the
c) What is the linear velocity of the beer gpsolute angular velocity of bodf) ® .
. - f 'Y D/F
glass relative to inertial space?

b) What is the angular acceleration of the
person’s arm?

*

4

d) What is the linear acceleration of the
beer glass relative to inertial space?

e) Describe how you would point an abso-
lutely full glass such that the beer will
not spill out.

problem 12.27:
(Filename:Danef94s1q2)

12.28 A particle P of masanis attached to the
edge of the disk of radiuR, as shown in the
figure. The disk spins about its center line with
constant angular speedrad/s relative to the
shaftOB. The shaftO B rotates with angular
speedQrad/s. For the instant when the disk
lies in theY Z plane, and the particle is on the
Y axis, as shown:

a) Find the particle’s velocity relative to

problem 12.25:
(Filename:pfigure.blue.118.2)

12.26 Kinematics of a disk spinning on a
spinning rod. The rigid rod<R rotates at con-
stant rate about thez axis. Attached to this
rod, a distancdR from the origin, is the center

C of a diskC with diameterD. The disk is ro- XY Z . )
tating at constant rate about an axig’ that is b) Cglculate the particle’s acceleration rel-
attached to, and rotates with, the rod. A pdént ative toXY Z

is on the outer edge ofthe Qisk. At thg moment ¢y calculate the forcd acting on the par-
of interest, the system is in the configuration ticle.

shown withr'cg = (D/2)k. If you choose to use another coordinate system,
a) Whatis the absolute angular velocity of define it explicitly.

the disk,@ ? * Z
b) What is the absolute angular accelera-
i iskat 4 ? * .
tion of the diske ¢ mass, m—_P \ C
c) What is the absolute velocity of point .
B, vp?* [0} \$~
d) What is the absolute acceleration of d I
pointB,ag?* / \
y X Y
y o¥
R 4o @I
1> D B
Q o
N .
¢ xyz fixed frame

problem 12.28:

(Filename:pfigure.blue.123.1)

R—

D——

12.29 See also problem 12.53. Two identical

problem 12.26:

a beer glass of mass up at angular speed

relative to the bar stool with a straight, rigid arm (Filename:pfigure.s95133)

thin disks, bodie€® and D , of radiusr are
connected (perpendicularly) to opposite ends

oflengthL. 6 measures the the angle of her/his 12.27 See also problems 12.33, 12.35, and®f @ thin axle, as depicted below. The axle ro-

arm with respect to th&XY plane. XY Zis an
inertial coordinate systeny: Zlies in the plane  tonian frame¥" at a constant angular raig
of the paper. If you use moving axes to do thisabout axisOO’. Body 8B, a ‘fork’, rotates

problem, specify clearly his/her orientation and with respect to body4 at a constant angular

motion. ratew; about axisP P’. Bodies#A and B are

12.38. Body-A rotates with respect to a New-

tates about the fixed axis at a constant angu-
lar speed?, and the disks roll without slipping.
Determine:

(@) The total angular velocity of each disk,
we andw g, and
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(b) The total angular acceleration of each
disk, o andet gy .

(Express your answers relative to the ro-
tating basig i, j, k}.)
z

‘ R

QQ)
A
g)// ia/

X

problem 12.31:

problem 12.29: (Filename:Danef94s3q2)

(Filename:pfigure.blue.119.2)
12.30 Kinematics of a rolling cone.See also 2.32 (See also problems 12.34, 12
problem 8.19. A solid cone with circular-base
radiusr and heighth moves as follows. Point |."
O is fixed in space. The cone surface always @, at the instant shown.
contacts the plane but may roll and/or slide.
The axis of the con® B rotates about the ver-
tical axis with constant angular velocityw,i.
The cone spins about this moving ajiswith
constant angular rates.

a) Attheinstantshownwhatis the velocity
of point B? (in terms of some or all of

wl,wz,r,h,i,j,andl%)*

he absolute angular acceleration of fr

4

b) Atthe instant shown whatis the angular
acceleration of the cone? (in terms of

some or all ofv, w2, 1, h, 1, j, andk)
*

w1

c) If the disk is rolls with no slip;firtgor—

in terms ofwy, r andh. * problem 12.32:

(Filename:bikefork1.ang.accel)

d)

If the disk rolls with no slip and point B
has constant speedind the magnitude

of the angular acceleration of the cone 12.33 (See also problems 12.35, 12.38, and
in terms ofv, r andh. *

X
(IDCL)]_

12.10.) For the system in problem 12.27, find
the absolute angular acceleration of frafbe

Fos .
® g, at the instant showrt.

problem 12.30: Cone rolling on a plane
(Filename:pfigure.s95q14)

12.31 See also problems 12.32, 12.34, 12.37,
and 12.17. BodyA rotates with respect to a
Newtonian framef at a constant angular rate
wp about axisO O'. Body 8B, a ‘fork’, rotates
with respect to bodyA at a constant angular
ratew; about axisP P’. BodiessA and B are

of negligible mass. BodyD, a uniform disc

of massm, rotates with respect to bod§B,

at a constant angular rai& about axisCC'.

problem 12.33:

(Filename:bikefork.ang.accel)

Each of the bodies is turned at constant rate byl2.34 (See also problems 12.32, 12.37, and

motors(not shown.) At the instant shown, find 12.17.) Forthe configurationin problem 12.31,
the absolute velocity and acceleration of pointfind the velocity and acceleration of point Q on
Q on the disk. the disk using the alternative method.

problem 12.34:
(Filename:bikefork1.alt)

12.35 (See also problems 12.33, 12.38, and
12.10.) Forthe configurationin problem 12.27,

point on the edge of the disk directly above its
center pointE using the alternative method.

1 .37, jand
}}2_17.) For the system in problem 12.31, Tindfind the velocity and acceleration of point the

problem 12.35:

(Filename:bikefork.alt)

12.36 To simulate the flight conditions of a
space vehicle, engineers have developed the
centrifuge, shown diagrammatically in the fig-
ure. A main truss arm of length = 15m,
rotates about the AA axis. The pilot sits in the
capsule which may rotate about axis CC. The
seat for the pilot may rotate inside the capsule
about an axis perpendicular to the page and
going through the point B. These rotations are
controlled by a computer that is set to simulate
certain maneuvers corresponding to the entry
and exit from the earth’s atmosphere, malfunc-
tions of the control system, etc. When a pilot
sits in the capsule, his head, particularly his
ears, has the position shown in the enlarged
figure, a distance = 1 m from point B.

The main arm is rotating & = 10rpm
and accelerating & = 5rev/minZ, the cap-
sule is rotating at a constant speed about CC at
wc = 10rpm, and the seat rotates at a speed of
ws = 5rpm inside the capsule.

a) Determine the acceleration, in terms of
how manyg’s, that the pilot's head is
subjected to by choosing a moving co-
ordinates systemyzcentered at B and
fixed to the capsule.

b) Repeatthe calculations of (A) by letting
xyzbe fixed to the seat:
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¢) Choose another moving coordinates z 12.40 A bead P rides on a frictionless thin
system to solve the same problem. 0O circular hoop of radiusR. The hoop rotates
about its diameter at a constant angular speed
d) A pilot has different tolerances for 0] \ X y in the vertical plane. Find, in terms 6f6 and
acceleration components. They are '/\ L o and base vectors you define (a) the velocity

roughly:

(a) Inavertical direction, i.e., toe to

head — 53's. (Here the pilot ex- %
periences blackout or may pass P >
out completely.)

(b) Frontto rear—1.9's. (Here vi- O <
sion becomes greatly distorted.) C / \

of the bead (a vector) and (b) the acceleration
of the bead (a vector).

Arrange atest program on the centrifigesothat  problem 12.37:
each acceleration is reached separately while

the other accelerations are kept below one- half
their tolerance levels. 12.38 (See also problems 12.33, 12.35, and

12.10.) Reconsider the system in prob-
lem 12.27. BodiesA and B are of negligible
mass and bodsD is a uniform disc of mass.
Find the angular momentum and rate of change
of angular momentum of the system of bodies
ABD about:

(Filename:bikefork1.ang.mom)

problem 12.40:

H *
a) poth (Filename:pfigure4.2.rp10)
b) pointE. *
Make reasonable assumptions about moments .
of inertia. 12.41Athinrod of massnand length. moves

while making contact with the frictionless sur-
face (theé; — €, plane) at its tip A, as shown
in the figure.6 is assumed to be constant and
the rod always remains in ttég, e, plane.

a) What is the kinematical relation be-
tween the velocity of the center of mass,
Vg, and the angular velocity of the rod,
®?

b) Obtain the equations of motion of the
rod in terms of the speed of point A and
the anglep.

The unit vectorg} andé3 lie in the (é5 —

er) plane andé; is normal to the(é; — é)

problem 12.38: plane. The starred basis vectors are written in
(Filename:bikefork. ang.mom)  t€rms of the the standard basis as follows:

capsule

bearings bearings |

problem 12.36:
(Filename:pfigure.blue.128.1)

: : 12.39 Reconsider problem 12.48. Athinuni- & = co0sf9é; + sinfeé,,
12.6 MeChamsmS in 3-D form disk £ of massm = 2kg and radius 4« o 4 A
= singez + cosgper,

r = 0.2m is mounted on a massless shaft AB "1

as shown in the figure. Rod CO is welded to €3 = cospés+singér, and
= —singé; + cosveé,.

the shaft and has negligible mass. The shaftro- ;=
tates at a constant angular spéee: 120 rpm
about the positive-axis. The disk spins about
its own axis at a constant rate= 60 rpm with
respect to the shaft (or bar CO). Find the dy-

namic reactions on the bearings at A and B at
12.37 (See also problems 12.32, 12.34, andihe instant shown*

12.17.) Reconsider the system in prob- k
lem 12.31. Bodiest and B are of negligible w J
mass and bodsD is a uniform disc of mass. —x ;
Find the angular momentum and rate of change D
of angular momentum of the system of bodies 1 —~—m=2kg
AB D about: 0.4m r=02m

a) pointG ‘AD ! 0 DB'* ~

b intE.

) poin } 1m } Q

Make reasonable assumptions about moments  problem 12.39: problem 12.41:

of inertia. (Filename:summer95f.5.a) (Filename:pfigure.blue.125.2)
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12.42 A cosmonaut who is otherwise free
to move in 3-dimensional space finds himself
stuck to the surface of a giant stationary cylin-
der with slippery magnets. There is no fric-
tion and (net) gravity is negligibled andz are

cylindrical coordinates that are aligned with the
cylinder and mark the position of the cosmo-
naut relative to the cylinder. The cylinder has
radiusa. A nearby astronaut notes that at time
t=0:60=06p,60 = 6p, 2= 29, andz = 2.

What does she predict for the location of the 0.5m

cosmonaut (the values 6fandz) at an arbi-
trary later timet? You can assume that both

the cylinder and the astronaut were stationaryC

in the same Newtonian (inertial) frame.

o)

wq = 2rad/s = const.

mp = 1kg A
y w1 /
B@ b
S

X
LD /
P (5\
u Bead dlidesonrigid bent rod.
Rod in yz-plane at instant shown.
problem 12.44:
(Filename:pfigure.blue.58.1)

12.45 A bifilar pendulum is formed of a rod
of lengtha and massn, supported by two fil-
aments of lengtt and separationt2 What is

105

is mounted on a massless shaft AB as shown
in the figure. Rod CO is welded to the shaft
and has negligible mass. The shaft rotates at a
constant angular spe€zl= 120 rpm about the
positive x-axis. The disk spins about its own
axis at a constant rate = 60 rpm with respect

to the shaft (or bar CO). Find the absolute an-
gular velocity and acceleration of the disk.

w I;'I 7
P 'IA
D 1l
B ~m= 2 kg
0.4m r=0.2m
A | o) B
" ik
\ 1m | ®

problem 12.48:

(Filename:summer95f.5)

12.49 A thin circular disk of masmand radius

the frequency of small ‘torsional’ oscillations

about a vertical axis though the rod’s mid-point R is mounted on a thin light axle, coincident

with its axis of symmetry. The axleis supported

problem 12.42:

(Filename:pfigure.blue.68.1)

12.43You are an astronaut in free space and
your jet pack is no longer operating. You wish
to reorient your body in order to face the cen-
tral government buildings so as to salute your
national leaders before reentering the atmo-
sphere. Discuss whether this maneuver can be
done in terms of momentum, energy, or other
dynamical concepts. (You are free to move
your arms and legs, but you are not allowed
to throw anything.) [For aliens and those less
patriotic, the same problem arises in the case
of a trampoline jumper who decides to change
direction in mid-air. Is it possible?]

e
—

problem 12.45:

|

(Filename:pfigure.blue.157.1)

12.46 A trifilar pendulum is formed of a thin

horizontal disk of radiug and massn, hung
by three wires a distancebelow the ceiling.

The wire attachments are equally spaced on the
perimeter of the disk. The attachment points on
the ceiling form an equilateral triangle.

a) Ifthe support wires are vertical what is

12.44 A collar slides on the rigid rod\ BC that
has a 30 bend atB as shown in the figure. The
collaris currently at poinD ontherod. Therod
ABC is held by fixed hinges that are aligned
with the z-axis, and rotates at the constant rate
w1 = 2rad/s. The collar has massp = 1Kkg.

a) Assume a mechanism not shown con-
strains the collar to slide out along the
rod at the constant rate= 1 m/s (u is
the distance along the rod traveled per
unit time). What is the net force that
acts on the collar when it is 1 m from
B?

the period of oscillation?

b) How big should the triangle on the ceil-
ing be to minimize the period of oscil-

lation?

¢) To maximize the period of oscillation?

12.7 Circles on circles and

b) Assume that the contact between theOther special 3-D motions

collar and the rod is frictionless and that

by bearings A and B attached to a turntable, as
shown in the figure. The turntable spins at a
constant speef aboutés, while the disk spins
about its axle at a constant spgedelative to
the turntable (via motors not shown). The ra-
dial unit vectore; = cogQt)é, + sin(Qt)é,

is fixed to the turntable and aligned wié; at
timet = 0. Compute the vertical components
of the reaction forces at A and B. Will the re-
action forces change with time?

e gl

The e, -e5 plane (side view)

« A [IIrR.B

<—

& L L |
L L]
problem 12.49:
(Filename:pfigure.blue.127.2)

12.50 Steady precession of a spinning disid
uniform disk of massn = 2 kg and radiufk =

no forces act on the collar besides those; 2 47 Sometimes thrown footballs (and fris- 0-25m is rigidly mounted on a massless axle
due tothe rod (e.g. neglectgravity). At pees too!) wobble and sometimes they spin*B Which is supported by frictionless bearings

the instant shown in the picture, assumegmoothly. Describe as best you can why thesét A and B. The axle, in turn, is mounted on a

thatu = 1 my/s (because of some initial gtions differ. massless semi-circular gimbal as shown in the
conditions not discussed here) butis not figure. The gimbal rotates about the vertical

necessarily constant in time. What is 12.48 See also problem 12.39. A thin uniform x-axis, which passes through the center of the
the acceleration of the collar? diskD of massn = 2kgandradius = 0.2m  disk D, at a constant rat® = 2rad/s. The



106

axle AB is spinning at a constant raie =

CONTENTS

forces acting between the wheel and the hori-wheel axle. (You should assume that the wheel

120rpm with respect to the gimbal. At the zontal surface. What is the vertical reaction onaxle is horizontal, that the wheel rolls without

instant shown, the axle is aligned with tke  the bottom of the wheel?®
axis and the disk D is in they-plane. Ignore

gravity. At the instant of interest:

ball and ‘ ‘.
. socket
a) Whatis the angular velocity ¢, of the - Q <
disk?*

- \\\\\‘O\

b) What is the angular acceleration of the
disk?* \

¢) What is the net torque required to keep . R
the motion going? Tl

d) Whatare the reaction forces at the bear-

,
’
|

problem 12.52:

ings A and B (Filename:s92f1p7)
A D| m=2kg 12.53 In problem 12.29, find the angular mo-
: R=0.25m 4 ;
5 tum of the two disks about poir®. Assume
that the mass of e;ch diskns
a T
‘ B Q >
@ 7 —TA T =2
\{ (r% Rt e
o D) 20 - ) y

problem 12.53:
(Filename:twodisks.ang.mom)

problem 12.50: 12.54 Avehicle of massn, widthb, and height

h rolls without slip along a road which runs

(Filename:pfigure.s94h13p4) ' ] I !
into the page(along the-axis.) The inertial

12.51 A cyclistrides aflat, circular track of ra- properties about the vehicle center of mass are

diusr = 150 ftata constanttangential speed of | S, 1 6 12, and I = 157" = 107" = 0.

slip and that the wheel deformation and gravity
are negligible.) Atthisinstant, whatis the force
that the tread causes on the pebble? Resolve
this force into east, north and upwards compo-
nents. [Hint: several intermediate calculations
are probably required.]

12.56 A child constructs a spinning top from a
solid sphere with radiua and massn attached
to a massless rod of lengtld2 The sphere
pivots freely abouD. It is set spinning with a
constant ratep and precessing with a constant
ratey,. Thetop ofthe rodis held by a horizontal
cord.

Note: The moments of inertia of a solid

mentum and rate of change of angular momensphere of masm and radiusa about any axis

through the center i€2/5)ma2. (All products
of inertia are zero, due to symmetry.)

a) Using an axis system attached as shown
(z lies along the shaftx is out of the
page angd is chosen to produce a right-
handed system), write the body’s angu-
lar veIoci£y6 as well as the angular
velocity £ of the moving coordinate
system relative to inertial space.

b) Whatisthe sphere’sinertia tensor about

0?

What is the top’s angular momentum
aboutO?

d) Compute the tension in the cord.

d)iﬁ <cord /Z

C

~

4

v = 22ft/s on 27 in diameter wheels. Assum- Make additional assumptions as needed to get
ing that the bicycle is vertical, determine the an answer to the problem. Compute the contact
total angular velocity and angular accelerationforces acting on each wheel normal to the road

m¢>

of the wheel of the bike in the sketch (the rest ofin the following cases:
the bicycle is not shown). Use the coordinates a) The vehicle moves at constant speed

given in the sketch. along a straight road.
§>& A%

v
b) The vehicle moves at constant speed

along a circular road (radiys) curving
to the left. Does the right or left wheel
experience the larger force?

Rear end view

y

problem 12.51:

Y
(Filename:pfigure.blue.90.2)

12.52 Rolling disk presses downA rigid disk
(idealized as flat) with radiuR and massris—
rigidly attached (welded) to a rigid massless
stick with lengthL which is connected by a
ball-and-socket joint to the support at poldt ~ 12.55A car drives counter-clockwise in circles
The wheel rolls on a horizontal surface. Pointat constant speed. The radius of the circle
Oisatthe height of the center of the wheel. Thethat the left rear wheel travels on R. The
stick revolves around O at aratecof Say grav-  radius of the wheel is. Just when the wheel is
ity is negligible and, even though the wheel is rolling due north a pebble of mass which is

|
problem 12.54:

(Filename:pfigure.blue.90.1)

rolling, you may assume there are no frictional stuck in the tread, is passing directly above the

0
™

/d
>

d

LA

problem 12.56:

(Filename:pfigure.blue.110.1)

12.57 A thin disk of masam and radiusR is
connected by a massless shaft of lengtto a
free swivel joint atO. The disk spins about the
shaft at raten and proceeds in a steady slow
precession (rat) about the vertical.
a) Write the disk’s inertia tensor aboOt
Specify the axes that you have chosen.

b) Write the disk's angular momentum

aboutO, HO, in the same coordinate
system.

c) Calculate the rate of change of angular
momentum abou®, H .

d) Compute the precession rabefor the
slow precession case (> 2).
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problem 12.57:

(Filename:pfigure.blue.107.1) problem 12.58:

(Filename:pfigure.s94h14p4)

12.58 Spinning and precessing top.(hard
question) The picture schematically shows
what is going on when a spinning top is in
steady precession. The top is, approximately, problem 12.59:

spinning at constant rate about its symmetry (Filename:pfigure.blue.122.1)
axis. This axis is in turn (so to speak) rotat-
ing about they axis at a constant rate. This
rotation about they axis is called precession.
The angular momentum vector thus changes in
time as the top precesses and the angular mo-
mentum vector also precesses. The picture is a
reasonable approximation if the top is rotating
much faster than itis precessing. The picture is
not accurate if the precession rate is not much
smaller than the rotation rate. Here are some
questions to help you see why.

12.60 buzzing coinlf you drop a round coin

it will often go round and round progressively
faster before buzzing to a stop. In terms of
parameters you define, what is the frequency
of this buzzing as a function of the tip angle?
This problem is more subtle than a straight-
forward calculation as there are many solutions
for a coin rolling at a given tip angle in circles.
What feature picks out the solutions that are
observed with real coins?

a) If the top is precessing as well as spin- . .
ning what is the direction of the angular 12.8 Motion relative to the

velocity vector?
Y earth

12.59 An amusement park ride consists of two

b) Whatis the direction of the angular mo- jinder-shaped cars of length= 8 ft and ra-
mentum vector of the top? Is it parallel d?,usr _ Sﬂpmounted at o%lposite ends of a 12.61 Estimate the sideways force (Pounds

to the top’s axis? Is it parallel to the long arm of length B — 20 ft which is pivoted or Newtons) required for a person to walk a

angular velocity vector? at its center as shown in the figure. The arm isztirzzg;t ge:trlgsd f&% %’ﬁ;;hwe lz\lortg ogoflgétRa-
constrained to rotate about the horizontal axle”"! il ~ e x

¢) How does the angular momentum vec-o — 0. Each car can also rotate about its own .6 < 10° meters. Make other simplifying ap-
tor differ from that shown in the figure? axis. Car A, presently at the top of its flight, is proximations so that you can do the arithmetic

spinning (much to the discomfort of its occu- without a calculator.

d) Does this difference affect any predic- pants) on its own axis as shown at a constant.2.62 Foucoult pendulum
tions aboutthe precession rate of a spin-rate ofw, = 5rad/s relative to the vertical arm.
ning top? The vertical arm is rotating about ax@— O at

the ratew1 = 0.5rad/s in the direction shown,

e) Assume the top is on a pedestal and isas seen by a ground observer. The pdMt 15 e/ The path of an air mass sliding on a
horizontal as it precesses. In this caselocated atx = a = 2ftandz=b = 1ft and .
the correct precession ragepredicted  representing a point in the inner ear of a pas-fictionless earth
by the naive/approximate theory that senger, is undergoing absolute velocity and ac-
the angular momentum is just that due celerationv p anda p, respectively. Find the
to spin and that this vector precessesvectorsv p anda p. (If you are using a moving
with the top axis. Why does this sim- coordinate system to determiner anda@p,
plification happen to work? state clearly how it moves).

12.63 Estimating the error of using the earth
as a Newtonian frame
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Answers to *'d problems

233)rx=7-i=(3co¥ +15sind)ft, ry=7r-j= 5.22)hnax= €.
(83sind — 1.5 cow) ft. 5.34) (@) mX + kx = F(t), (b) mX + kx = F(t), and (c)
2.68 ) No partial credit. my + 2ky — 2kég _ = F(t)
2.69 ) To get chicken road sin theta. v fo“’
2.74) N = 1000N(i+j+k)_ 5.37h mg— k(x — ZO)kZ
V3 ) X + £x =g+ Ko
277)d = \/g ) This solution is the static equilibrium position; i.e.,
2.819 Ao = %(‘ﬁ +3j + 5k). when the mass is hanging atrest, its weightis exactly
. 0. balanced by the upwards force of the spring at this
b) ):OAZ E@J +i5k)- -
0) F1= S5.(3j+5k). Fo=

constant positiorx.
)X+ Xx=0

d) /AOB=34.45deg

e) le =0

g) x(®) =[D — (o
f) Foo x F1=(22j — &) N-m. h) period=2r /.
g M, = 140 N.m i) If the initial positionD is more thartg + 2mg/k, then
/50 the spring is in compression for part of the motion.
h) M;, = 28 N.m.(same as (7)) A floppy spring would buckle.

V50
2.839 /i = 1(2i + 2] + k). 5.399 period= % =0.96s

b)d=1. b) maximum amplitude=0’5 ft

1o
€) 3(—2,19, 11). c) period= 2\/%+ ﬁ [n +2tarm?! \/%] ~ 1.64s.

2.94)(05m, —0.4m)
42)T =Nmg T = (N—-1Dmg Ty = (hmg andin 54y ) LHS of Linear Momentum Balancex_ F = —(kx+
bX)i + (N —mg)j.

generall, = (N +1—n)mg
4.3 ) Suprise! This pendulum is in equilibrium for all valuesg 558 Two normal modes.

%(4i+3j+51€).
+79) cos[t+(£ + 39

ig )Ye(;fe b) xo = constx x; = constx (Asin(ct) +
4-17@ m -: Rsind _ 2sing B cogct)),whereconst= +1.
: M Rcosf+r — 1+2cosh " _ /3K _ ]k

b) T = mg= 2Mg 32 Der=ym 2= Vm

c) Fc = Mg[—2§§£ili’+1] (wherei’ and j’ are 5563[ 0 n? “ il }+
aligned with the horizontal and vertical directions) 2 2
d)tang = Zj'cnc?se Needs somewhat involved trigonom- [ kitke ke } { X1 } = { 0 }

etry, geometry, and algebra. —k2 ketks X2 0
etany = M — 2sing b) If we start off by assuming that each mass under-
- M — 14+2co9 "

Rsing > 8ing goes simple harmonic motion at the same frequency

4.189 \ = Reosy 7 = Zoow T but different amplitudes, we will find that this two-
b) T = mg=2Mgy 5. degree-of-freedom system has two natural frequen-
c) FC chose [smez + (cosf — 2)1] cies. Associated with each natural frequency is a

_ R0+R Rot+Rising
4216) F, — Ro—Rsing

b) For Ry, = 3R andy = 0.2, £ ~ 1.14.

0 B =¥ =el? ~ 187.
4.23) (a)TAB = 30N, (b)Tag = 32N, (C)Tag = 22N
4.259 Tey = 0 as you can find a number of ways.
55)x(39 =20m

fixed ratio between the amplitudes of each mass.
Each mass will undergo simple harmonic motion at
one of the two natural frequencies only if the initial
displacements of the masses are in the fixed ratio
associated with that frequency.

5.58 ag = Xgi = miB[—k4XB — ko(xg — Xa) + C1(Xp —

XB) + ka(xp — xB)]i.
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5.59) ag = Xgi
k3)(Xp — XB)]-

5.629 v = /2.

5.6689 One normal mode: [10, 0].

b) The other two normal modes: ,[Q,
5.729 v(59 = (30 + 3007) m/s.
b)a(59 = (61 + 120j) m/s?.
5.73) F(t) = (xo+ 2 — 2 coqQt)) i + (Yo + vot) j.
5.81) % = 2t m/$% + esm/sj, @ = 2 M/ + es m/sj.
5.118) T3 = 13N
5.131)

[ —kaxg — C1(%8 — Xa) + (k2 +

1id1_7]
P

Equation of motion:

Xi+yj

_ A_ 2 .2 _ oA . A
mgj — b(x +y)<—m) =mXt + Vj).

5.13239 System of equations:

= UX

y = ’Uy
b
¥ - 2 2
vy = mUXw/Ux'H)y
b

: — /2,2 2
v = —0— —vy,/v5+v
y g m y X y

5.143 No. You need to know the angular momenta of the
particles relative to the center of mass to complete

the calculation, information which is not given.
5.1543 vg = %(mUB + mgvg + Mava).
b) vy = (m-‘rmB)

O M Eoty = 3m[— (0)12] — dmai
Eloss = Zm[(m+m3) - (Mm+ mB)vB

2
5.155) v = /mznanf‘; o

6.3)Th= 1y
6.99 ag = <$i+$§) 9
mam
b) T = ZmAqrr?Bg
6.13) (@)ap=ap = —l, wherei is parallel to the ground
and pointing to the rlght Wa= 20 ag =454,
(€) da = o=i, dg = 71, (d)aA = L, de —

_Ei

6.15 ) ratio of the acceleration of A to that of point %
81.
6.189 aa = >Ci, ag = 2Xi, wherei is parallel to the
ground and points to the right.
b) aa m(zmz - x/§m22)~1, ap
—m (2my —+/3my) A2, Wherek is_pa_lrallel to
the slope that masg; travels along, pointing down
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6.279 mX + 4kx = Asinwt + mg, wherex is the distance
measured from the unstretched position of the center

of the pulley.
b) The string will go slack it > (1 — —g)
6.289 Gp = —Mi
b) v = 3d
6.33) Tag = 5¢_9m(ay +9)
6.36 ) ax > 39
6.39 ) Can't solve forTag.
6.51d Normal reaction at rear wheel, = % nor-
mal reaction at front wheelNs = mg— %,
deceleration of caracar = —%.
e) Normal reaction at rear wheeN, = mg— %,

normal reaction at front wheeNs = 2(%% de-
celeration of caracar = —%. Car stops more
quickly for front wheel skidding. Car stops at same
rate for front or rear wheel skiddinglif = 0.

f) Normal reaction at rear wheelN, = %2_““),
normal reaction at front wheelNs = %ﬂ“h),
deceleration of caracgy = —ug.

0) No. Simple superposition just doesn’t work.

h) No reaction at rear wheel.

i) Reaction at rear wheel is negative. Not allowing for
rotation of the car in th&y-plane gives rise to this
impossibility. In actuality, the rear of the car would
flip over the front.

6.529 a = g(sing — ucosy)i, wherei is parallel to the

slope and pointing downwards
b) @ = gsing
C) v = g(sing — u cos)ti, r = g(sing — ,ucos¢)§
d) v = gsingti, ¥ = gsingLi

6.549 Rp = T70709%0F (5 7"y,
¢) No tipping if Na = w > 0; i.e., no tipping

if w < 1since co® > 0for0 < 6 < Z.(Here
u =0.9)
6.56 ) braking acceleratica g(% cosf — sing).

6.609 v =d,/k.
b) The cart undergoes simple harmonic motion for any
size osgill_ation.
6.639 dbike = e
b) max(abike):ﬁ-
6.64 ) Ter = 64042 Ibf.
6.659 Tep = 92.6lbm- ft/s2.

b) Ten = 5v61 lbm. ft/s.

andto the left, andl, is parallel to the slope that mass6.660 Ten = 0

my travels along, pointing down and to the right.
64k

6.22 ) angular frequency of vibratios: A = |/ g5

) (Re, — Ta)l + (R, — TGD)J + (The + Re, +

160 )% — md — 10 NA
'S0 )k = ma = 10Nk.
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d) - Mo = (52 — Te — Repi + (Re, — 92 —
The)J + (Tas + Ro, — Re, — S2)k = 0

€
Rc, — Tag =0
Tep
— 22 =0
Re, 7
T
RCZ+%+TEH =5N
_TEH+E—RC -0
ﬁ z
_TEH—E—I—RC =0
ﬁ z
Tep
TAB_%'FRCX_RCy:O
f) Re, = 5N, Re, = 5N, Re, = 5N, Tep = %N,

Ten =ON, Tag = 5N. -
g) Find momentabout D axis; e.9.() _ Mc = Femyc X
Mécm) - Acp, Whereicp is a unit vector in the di-
rection of axisC D.
6.719 FL = $ming.

b) @p = 7 [2(T — Fp) — D] .
o F = [%(ZT—D—ZFD)—T+FD]i+

(Myg — FL)j and M = (bF. — am,Q)i +
[(6Fp — cT) +afe 2T - D - 2Fp)] .
6.72 ) sideways force Fgi =
7.3)
e one solution isr = R(cogwt)i + sin(wt)j) with R
andw constants,
e another solution is
F = [Ati + Bt?j]/\/1+ 4B2t2/ A2,
e general solution is any motion where speed = ||
is a constant.
7.17)F =0.52Ibf=23N
7.24b) For6 = 0°,

ér = i
e = j
N 2nr
v = —]
T
R 4y .
a = -— 1,
.[2
for 6 = 90r,
ér == j
e = —1
- 2nr
vV = ——1
T
N A%y
a = — ,

ANSWERS

and for6 = 210,

. 31

r = 2 l 2.1

R 1, 3.,

eg = —-1— —

t 2 2 J

N «/§7‘[r ~ 7l

v = — —1

T T
R 2J/3r%r | 27 |
a =
72 72

o) T = 4z’
d) Tensiorn is enough.
7.279 (Ho) = 0, (Hg)i = 0.0080 Nmk.
c) Position-A: (Hg); = 0.012Nm - sk,(Hp)1 =
0.012Nm - sk, Position-B:(H 5);0.012Nm - sk,
(Hg)| = 0.014Nm- sk.]
7.29)r = kf,:?wg-
7.31)¢=02m
7.330 T = 0.167°N.
¢) Hg = 0.0472kg-m/sk
d) 7 = [¥2 — vcosZH]i + [ + vsin(ZH]j.
7.359 2mg.
b) » = /999/1
or~1m( > 098m)
7.38) (b) 6 + 2 sing =0
7.41b The solution is a simple multiple of the person’s
weight.
7.433 6 = —(g/L)sin®

d)a =—(g/L)sing, 6=«
f) Tmax = 30N
7.449 b = —p2.
b) v = voe 1.
7.479 The velocity
of departure iSvgep = k(ﬁf)z — 2GRj, wherej

is perpendicular to the curved end of the tube.

b) Just before leaving the tube the net force on the pellet

is due to the wall and gravityFnet = —mgj —
TS 2
m%i; Just after leaving the tube, the net force

on the pellet is only due to gravitfnet = —mMgj.
7.51) a; = 20in/s%j., an = —250in/s%.
7.65 ) wmin = 10rpm andvmax = 240 rpm
7.769 7.85 kW
b) 7.85 kW
¢) 750 rev/min
d) 100 Nm.
7.799 vp = 2m/s.
b) vp = —2m/s.
o ap = —4m/$j.
d) 9, = 1m/sk,, wherek, is a unit vector pointing in
the direction of the rack, down and to the right.
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€) No force needed to move at constant velocity.
7.809 R, = 7.33kilo-watts

b) 500 rpm

¢) Mout = 140Nm
7.8439 ap = 20rags? (CW)

b) a = 4m/< (up)

¢) T =280N.
7.869 Fg = 100 Ibf.
) Uright = V.
7.94h
(b) T =229s
(e) T=199s

(b) has a longer period than (e) does since in (b) the moment b)
of inertia about the center of mass (located at the

same position as the mass in (e)) is non-zero.
7.989 6 = 0 rad/s%.
b) 6§ = S (Dk — mg).

7.99h —F(t)£cosp — mgesing + Ty =
7.1003 (a) F = 0.33Ni — 054N]
71019 T(r) = T(|_2 —r?

b) atr = 0; i.e., at the center of rotation

or=L/v2
7.103) |, = 0.125kg- m?.
7.1049 0.2kg- m?.

b) 0.29m.
7.105) At 0.72¢ from either end
7.1063 (122min = ME2/2, about the midpoint.

b) (I1,)max = ME2, about either end
7.1073 C

b) A

0 I5/15=2

d) smaller,rgyr =
7.1083 Biggest: |

3
b) I = sme? =19, 15 = 3m¢2,

7.11 _ [ 9tME)+K
33 n (M+2)L24M B2
_[gL(M+D)+K

b) on =/ sz

7.1143 1S = 2m¢?
b)P=A, B, C,orD
C) rgyr = £/+/2
7.115) 1,3, = 13, = 0.3kg- m?.

b rhx/b
7117318 = —/ / (x? + y?) dy dx
7.1289 Pointat 2. /3 from A
b) mg/4 directed upwards.
71299 T =
9 \/—
g)d =0.29¢

7.1323 Net force: Fnet =
ment: M et = 0.

—mé2é.

V15/(3Bm) =

0. o
2z smallest:l 5 = Iy

O

1 d
12(d/0) +7

—(3me’Ly; _ (el } Net mo-

Frequency higher than in (a) g 40 )T =

111
— 2 ~ 2 ~
b) Net force: Fet = —(3’“%5)1 + (2mg— MLy,
Net moment:M et = 3ngLk.
2
7.133) Trey = |/ 205"
7.139) period =,/ 42,
7.1413 & = 6k =?rad's%k (00ps).
b) T = 538 N.
7.142) iB _ 2gh[m372mA(Sin0+MC059)].
4mA+mB+4mc(%)2]
7.143) @y = 0.188 nys?
8.139 rpjo = 0.5m[(cosp)i + singj].
vp = (0.50 singk) m/s,

ap = (— 05a)23|n¢1) m/s?.

8.239 Tpg = 0.9N.

b) Fao=—0.3Ni, Fc = —0.6Ni
c) Torque,gtor = O.

8.259 Angles¢ for steady circular motion are solutions to
10tanp = 8 + 405sing.

b) ) =
[1.3627 rad —0.2735rad —1.2484 rad —2, 9813 rad],
four solutions, found numerically. Graphically, the
solutions are the interns of the curvds(¢) =
10tang and f2(¢) = 8 + 40 sing between—z and
T.

2

8.28D) Period of revolutios= <7, Period of simple pendu-

lum (for small oscillations¥ 2w %, wherel is the
length of the pendulum.
¢) T = mw?L (strange thaip drops out!), Dyock
~wlLsingi, @rock = —w?Lsingj, Ik
—mwL2sing cosg.
8.29) ¢ = cos ().
8.32)(@)T = —692N, (b) L64rads < w < 3.47rad's
8.36 ) Ax = —0.554m
8.37h HO = — A mw?¢?sing cospk.
0) FA = (12mw2z2/d sing cosp) j, Fg = —FA
d) FAA= (5mw?e?/dsing cosp + mg)j, Fg #
—Fa.
\/En’ész_

8.579 @ x ([I®] - @) = 0kg-m?/s2.

b)ax([IG] ®) = —25ikgm2/sz.
8.66) w? = s, Trey = 2.
3
8‘6730) - L(2n+%.)ncos¢'
8.689
4 0 O
[I°]=mLl?| 0 2 -2 |,
0 -2 2

in terms of the coordinate system shown.
b) ﬁo =2mL2»(—] + k).
C) Ho —2mL2%w?i.
d) F = 0, Mg = —2m 24,
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2 2 2
_mobhB*-W) b R
12(b2+h2)3

My 2dc

WY V24d?

Myl¢7
2187 /c2+d2
8.799 Hy = (—0.108" + 0.126k") kg-m?/s

b) ﬁo is in thex’Z’ plane at the moment of interest and
atan angler ~ 41°, clockwise from thez'-axis.

c) HO does not change in magnitude,(R, w, 8 are
constants) H  rotates with the disk; i.,e., it changes
direction.

d) H, = the rate of change dff 5. The tip of H goes
in a circle. Atthe instant of interest, the change will
be in thej’ or j direction. ThusY" My = H o will
be in thej direction.

8.829 H om = 93 N-mj = 0.122Nmj

b) Ha = —26.89N-mj

C) RA_ —4.56 NZ, Rc = —13439N, M; = 0.

8.90b M4 is always zero.

8.6990 Ro =

~

8.709 dp =

~

b) B = —

¢) No. See problems 8.68 and 8.37 for counter-examples.

9.1) plot(2): 6(t) = br(t) andv = £é + % é;.

9.1) plot(2): x rcogbr) andy = r sinbr or x
% cog#) andy = § sing

9.12) vp = wiL(cosHj — sinbi) + (w1 + wR)ri, ap
—w?L(CosOi + Sinb j) + (w1 + w2)?].

9.179
; 2itesj
t = —_—
,/4§+e2—st
4tg+e%m/s2
a =
,/4?4‘65
o 2-2Ye5 m/si + 45 — 4bes my/Sj
" 4% 65
s esi— 2L
L=
42 4%
b ey
P= (2—2L)es
F A
gzzaacm—ml.
b)& = - k.
0 an=4i.
d) Fg = 5i
9.259 a = - j.
b)a:—gzlé.
m-—=-

l\)

b) Fout is always less than thig,.

ANSWERS

9.389 @pisk = — 4 rad/s’k.
b)aa =3 m/szt.
9.409 ac = (F/m)(1 - R /Ro)i.
b) (—Ri/Ro)Fi.
9.459 speedv =
mR262

b) The energy lost to friction i€¢ic = 0. The

energy lost to friction is independent pffor 1 > 0.
Thus, the energy lost to friction is constant for given
m, R, andéyg. As u — 0, the transition time to
rolling — oo. Itis not true, however, that the energy
lost to friction— 0 asu — 0. Since the energy lost
is constant forany > 0, the disk will slip for longer
and longer times so that the distance of slip goes to
infinity. The dissipation rate> 0 since the constant
energy is divided by increasing transition time. The
energy lost is zero only fgr = 0.

9.46)V =2m/s.

9.47 ) vo = 2\/29_R.

9.53 ) Accelerations of the center of mass, wheieparallel

to the slope and pointing down: (@}m = gsinéi,

(b) @em = 495sinéi, (C)dcm = 39Sindi, (d)dcm =

%g sinfi. So, the block is fastest, all uniform disks

are second, and the hollow pipe is third.

9.65)h =2L/3]

10.11) (9) vp
ap =0.

10.12) @p = —(PA+ awd + 2wpup)i — aopk.

10.17H One caseap = ao/, WwhereP refers to the bug; the
bug stands still on the turntable, the truck accelerates,
and the turntable does not rotate.

c) One case:ap ao + ap;p, WhereD is the
turntable; the bug accelerates along a straight line on
the turntable, the truck accelerates, and the turntable
does not rotate.

10.189 woa = 9k

b) doa= ik.

c) va = —RA sindi + RO cosh .

d) aa = —(R62cosh + REsing)i + (RE cost —
RA?sing) ;.

€) Bap = —Rf cosd

2_R2sir?g’
f)e_(2n+1)”,n_0 +1, 42, .

10.21) wpe = ——k =-1 5rad/sk

10.22) &pg = 3.5rad/szk _

10.29) One situation:v = RAéy;the case of a particle con-
strained to move in a"circle.

10.30) One situation:a = Reépg; the case of no rotation

8m/si, ap

6=6=0).
10.31) @p = (w1 + wo)k.
10.339

A 2i pesj

et =

,/4‘2 +es
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40 1 es m/S

at =
TS
L @-2Yet /i + @h - abes /@)
= 4§+ez—sK
A ~
. est —2151
e = ——
[at? 2
4? +es
4% +e%)
P = — T
2—2L)es
11.99 F'éz(t) — @2R(t) = 0.
d
b) L3P — R() =0.

¢) RO = 2) = 267.71ft, R(O = 4r) = 1.43 x 10°ft.
d) v = 23787 ft/s
e) Ex = (2.83 x 10P) x (mas3y(ft/s)%.
11.103 R = Row? — 2uRow.
b) ¢ = sin-L —]
) VW12 -p)?+1
11.199 w~ = 4rad/s, where the minus sign ‘-’ means ‘just
before leaving'.
b) o™ = 4rad/s, where the plus sign ‘+’ means ‘just
after leaving'.
C) vy = 3.841nys,v; = 2.4m/s.
d) torque=0072 Nm
11.20) F = —0.6Nj.
11.229 Tgc = m%‘(Zax + Q).
b) @ = 3;[(25ax + 159)7 + (15ax — 259) ]
0) TEC = m\/%l(Sax + 30). )
11.283 Hg = [ML2%w1 + $mr2(w1 + )] k.

b) Ho = 0.
0) f(c = Imr2(w1 + w)k.
d) Hc = 0.

11.29) F = ma = —1093Ni — 1954 Nj.
11.318 6 = — 3 coss.
c) From the diagram, we seeag = —6(t = O)k
g—ﬁ cosfp, dg = 39 cosfo[sinboi — COslo .
3mgsinég costoi, R mg1

d) Ra
3gcog 6ol j.

€) g = 3gsindp cosdoi.

fyAt o = %0, WAR = \/3—f(sin90—sin9—2°)12, an

—3g [% co€ % + sin%(sindp — Sm%o)] J:

11.37) There are many solution methods 872 poundals
to the left. (Note: 1 poundak 1ft- lom- s72))

2
11.409 A =,/ MMl

b) Tangential forces point toward the wall!

[ (Mc+4My)vh
OA=y—7p>"

113

11.453 —k(xi +yj) = m(Xi + ¥ j).
b) —krér = m@i —r62)é, +m(rd + 2r0)é;.
) Lxy —yx) =0.
d) $(r2) =o0.
€) dot equationin (a) witlix j — y7) toget(xy—yX) = 0
which can be rewritten as (c); dot equation in (b) with
éy to get(rd + 2r9) = 0 which can be rewritten as
(d).
f) $mx2 + y?) + 3k(x? + y?) = const
) 3m@ 2 + (r6)?) + 3kr2=const.
h) dot equation in (a) withh = X7 + yj to getm(Xx +
¥y) + k(xx+ yy) = 0 which can be rewritten as (f).
i) X = Azsin(wt + B1), y = Azsin(wt + Byp), where
w= \/% The general motion is an ellipse.
j) Yes. ConsideB; = B, = 0, A; = 1, andA; = 2.
11.469 0.33 i
b) vc = 1.82nysl.
c) T ~ 240N.
11.520

R— R§?
(Iz24+ MRY)6 + 2mRRY

0
0

¢) The second equationin part (b) can be rewritteninthe
form & [1,2+ mR)d] = 0. The quantity inside the
derivative is angular momentum; thus, itis conserved
and equal to a constant, sdy{,0)o, which can be
found in terms of the initial conditions.

5 (Hoj | _
d) R— R[<|g+mR2)2] =0.

€) Eo = mR2 + 10 (H)0)o.

f) The bead’s distance goes to infinity and its speed
approaches a constant. The turntable’s angular ve-
locity goes to zero and its net angle of twist goes to

a constant.
11.533
6 = o
. 2m Rvw
0w = ——
l,,+mMR2
R v
) w’R
1155) vy, = [—29@Dtané - ), Ml ang,
) 2% \/(l+%+(%l)2tan?¢) 2y 2x n ¢
vy, = —2, vy, = 0, where 2 refers to the top

wedge and 1 refers to the lower wedge.
11.563 F = m(g + ao) [VTéz + %{j].
b) Forag = —qg, the acceleration of the mass is exactly
vertical;dy, vo, andt could be anything.
11.579 angular speed =.8rad/s.
b) displacement = & ft.
11.683 For point mass = (g/L) sing — (@nand/L) cose.
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b) There are many correct solutions. Test your solution b) H/E = %mrzwzz + 7 mr w1]+ 3 mrza)ok H/E =

with a computer simulation. Show your result with Hg= %mrz( wow1i + wowa] — wrwak).
appropriate plots. 12.39) Ay = —316N, By = 316N, A, = B, =
11.698 ¢ — [y+9] sing = 0, wherey(t) is the vertical —63.16N
displacement of your hand amlt) is the angle of 12.48) ®p = 27(2i + j) rad/s andap = 82k rad/s?
the broom from the vertical. 12.509 Gp = (20 + 4nk)rad/s
11.70) ¢y = O, ¢ = —3g/2¢. b) &p = —8r rad/s’}

11.713&5+[3(R—£)%]¢—0 0 M = -5 N-mj _
)RA——NI RBZ—RA
b) This first-order apprOX|mat|0n show that stable WImRE
standing requiref > L. R= 2 is neutrally stable 12.52) N = ok
(like a wheel).
12.7) —(coshi + siné j).
12.10) Net force: F = m(—omegz%L)j, Net moment:
1\7/(3 = %mrz(—wowli + wow2 ] — wiw2k).
12.11) ap = 0. 732g1€.
12.129 wcar = Rk
b) ®tire/car = —”r—Oér, wheree; is parallel to the axle
of the wheel and moves with the car ani perpen-
dicular to the ground.
C) tire = gk — l)Ofr’r
d) total torqueM = 0.

e) M=

— 2 N A
f) Hon="43" |26 + 4K|
9) ﬁcm = ﬁcm = mZURrét

i) @bug = —v—oér + vorﬂét, ﬁbug = Mpug@bug-
12.143 ag = k.
b)w = 2@ — J).
aF b

Capg= "7
12.159 ag = k.

b) @ = (96i + 48j) rad/s’
12.2635;()/3: =Ql€+a)j.

b) &@/}“ = —Quol.

¢) g = QRj + 30Di.

d) ag = —Q%Ri + QwDj — 3?Dk.
1227 ) w7 = wzi—l—wlj—i—wole.

>

12.309 g = —%1}.
b) e 5y = — 22— 213-
1+(F)
_ w:
0 w1 = Jrﬁz—m
d) lae 7| = iy F(1+ ()7
12.33) w@ = —wow1l + wow2 ] — a)la)zle.
12.360 dp = —(£2+2r Qus)i+(2r Que—L£Q2?) j—r (w02 +
d)k.

12.383 H/G Imr2woi + imrlwyj + mao(L2 + 1rd)k,
H/G = 2mr2( —wow1l + wow2j — cula)zk)



