Problem 18.1 A horizontal force F=133.4 N is applied
tothe1023N refrigerator asshown. Frictionis negligible

(@) What is the magnitude of the refrigerator’s accel-
eration?

(b) What normal forces are exerted on the refrigerator
by the floor at A and B?

Solution: Assume that the refrigerator rolls without tipping. We
have the following equations of motion.

1023 N
Fo:(1833.4 Ny = —22
L ) <9.81 m/s2>“

> Fy,:A+B—-1023 N=0

ZMG : —(133.4 N)(0.813 m.) — A(0.356 m) + B(0.356m) =0
Solving we find

@ |a=1.28 m/sz‘

(b) |A —3590N, B=6641N

Since A > 0 and B > 0 then our assumption is correct.

F=1334N

1524 mm

355.6 mm 355.6 mm

1023 N

A 7112mm

A

Problem 18.2 Solve Problem 18.1 if the coefficient of
kinetic friction at A and B is ux = 0.1.

Solution:  Assume dliding without tipping

1023 N

F,:(133.4N)— 0D(A+B) = ———

> Fei( ) — (0.1)(A + B) <9.81m/52>“
> Fy:A+B—1023 N=0

Z Mg : —(133.4N)(0.813m)— A(0.356 m)+ B(0.356 m)

—(0.1)(A+B)(0.711m) =0

Solving, we find

@

(b) |A: 256.6 N, B = 765.1N

F=1334N

1524 mm

1023 N

711.2 mm

Ai_
UA

uB
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Problem 18.3 Asthe 2800-N airplane begins its take-
off run at r = 0, its propeller exerts a horizontal force

T = 1000 N. Neglect horizontal forces exerted on the T ﬁ,, = /L
wheels by the runway. T‘_* | A1 IS
4 ) I =
(8 What distance has the airplane moved at r = 2 s? ;m 3+m| ; w gﬁéﬁ)
(b) what normal forces are exerted on the tires at A A‘«s m—>}<—>‘ B
and B? 2m

Solution: The unknowns are N4, Ng, a.

The equations of motion are:

w
YF,:—T =——a,
8

EF_VZNA+N37W=O

Mg :Ng(2m)— NGB m)
+T(Im)=0

Putting in the numbers for 7, W, and g and solving we find

=

Ngs=943N, Np=1860N, a=3.5m/s> NA

1 1
(@ Thedistanceisgivenbyd = Emz =5 B5mis?)(292=7m

(b) The forces were found to be

|NA=943N, NB=186ON|

Problem 18.4 The Boeing 747 begins its takeoff run
at time r = 0. The normal forces exerted on its tires
a A and B are Ny = 175 kN and Ny = 2800 kN. If
you assume that these forces are constant and neglect
horizontal forces other than the thrust 7', how fast is the
airplanesmoving at ¢ = 4 s? (See Active Example 18.1.)

Solution: The unknowns are T, W, a. The equations of mation
are:

ZFXZ—TZ—K(J,
8
ZF);ZNA-FNB—W:O,

w
T \/
<
SMg : Ng(2m) — N(24 m) %

—T2m) =0.
Putting in the numbers for N4 and Np and solving, we find
N, Ny
a=231m/s?, T =700kN, W = 2980 kN.

The velocity is then given by

v=at= (231 M) (4s) =923m/s. |v=0923ms
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Problem 18.5 The crane moves to the right with con-
stant acceleration, and the 800-kg load moves without \U
swinging. :

N
L

(@ What isthe acceleration of the crane and load?
(b) What are the tensions in the cables attached at A

and B? JI

1m
S
15m | 15m
Solution: From Newton's second law: F, = 800a N. i |
The sum of the forces on the load: 5° 3 i
{ i !
S Fy = FsSn&° + Fysn5° —800a = O. E‘FA f P
AT RRL: S OUNIUDRIRL - SRPIER |
1.0m P
ZF), = F, cos5° + Fp cos5° — 800g = 0. — @ T
L L [
The sum of the moments about the center of mass: | T | o i
iL5m [15m !

Y "My = —1.5F, cos5° + 1.5Fp cos5°

— Fa sin5° — Fp sin5° = 0.

Solve these three simultaneous equations:

a=0.858m/s |

Fp =3709 N |,
Fp = 4169 N
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Problem 18.6 The total weight of the go-cart and
driver is1068 N. The location of their combined center
of mass is shown. The rear drive wheels together exert
al06.7 N horizontal force on the track. Neglect the
horizontal forces exerted on the front wheels.

(8 What is the magnitude of the go-cart’s accelera
tion?

(b) What normal forces are exerted on the tires at A
and B?

406.4 mm

1524 mm |

Solution:

1068 N
Fy:(106.7N) =
2 ) (9.81m/52>a Q

> Fy:Na+Np— (1068 N) =0

\{
1068 N
> Mg : —Na(0.406 m)+ N (1.118 m)+(106.7 N) (0.381m)=0
Solving we find
106.7 N
(@ |a=0.981 m/s?
I\IB
(b) [NA=809.5N, Ny=258N | Na
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Problem 18.7 Thetotal weight of thebicycleand rider is il
711.7 N. The location of their combined center of mass { )
is shown. The dimensions shown are » =533.4 mm, 9

¢ = 406.4 mm, and © = 965 mm What is the largest " .
acceleration the bicycle can have without the frontwheel 0 )
leaving the ground? Neglect the horizontal force exerted ) { /
on the front wheel by the road.

Strategy: You want to determine the value of the accel- { o GEE A !
eration that causes the normal force exerted on the front * YA
whedl by the road to equal zero.

Solution: Given: b =0.533 m., ¢ = 0.406 m., i = 0.965 m.

Find: a sothat Ny =0

SF-F __(711.7N>a
T 7 081 mis

D Fy:Na+Ng—(711.7N)=0

|
|
|
|
ZMclfNAb+NBC7FBh=O 1
|
|
|
|
|

N4y =0

Solving wefind Ng=711.7 N, Fg=300 N, | g = 4.15 m/s? ““B““‘:““C“‘ =
| B
|
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Problem 18.8 The moment of inertia of the disk about
0 is I = 20 kg-m?. At ¢ = 0, the stationary disk is sub-
jected to a constant 50 N-m torque.

(@ What is the magnitude of the resulting angular

acceleration of the disk?
(b) How fast is the disk rotating (in rpm) at t = 4 s?

Solution:

M 50 N-m

- = 20 kg = 2.5 rad/s%.

@ M=la=>a=

o = 2.5 rad/s.

(b) The angular velocity is given by

60 s
1 min

w=at = 25rad?)4s) = 10 rad/s(lﬂ> (

27 rad
w = 955 rpm.

) = 95.5 rpm.

Problem 18.9 The 10-N bar is on asmooth horizontal
table. The figure shows the bar viewed from above. Its
moment of inertia about the center of mass is I =
1kg-m2 The bar is stationary when the force F =5 N
is applied in the direction parallel to the y axis. At that

instant, determine A l 2m l 2m l B
© [a,) °)

(@) the acceleration of the center of mass, and

(b) the acceleration of point A. F

Solution:
F 5N )
(a) F—ma:a—g—m—AgOSm/S
9.81 m/s?
ag = (4.905 m/s?);.
l Fi 5N)(4
b) SMg:—-F-=la=>a=——=— OCNEM 16 rags?.
2 21 2(1kg-m2)

as =ag taXxXrac

= (4.905 m/s?)j + (=10 rad/)k x (—2 m)i

as = (24.9 m/s);j.
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Problem 18.10 The 10-N bar is on a smooth horizontal y
table. The figure shows the bar viewed from above. Its
moment of inertia about the center of mass is I =

1kg-m?. The bar is stationary when the force F =5 N
is applied in the direction parallel to the y axis. At that

instant, determine the acceleration of point B. A | 2m | 2m | B
. (e & D)
Solution:
F
F 5N 5
F—maia—g—m—4905mls X
9.81 m/s?
i Fl (5N)(4 N) >
Mg :—F==1 =——=———" = 10 rad/s".
G-y =le=a=—5 2(1kg-m2)

ap =8¢ t+a Xrp/G

= (4.905 m/s?)j + (—10 rad/sdk x (2 m)i

ag = (—15.1 mis?)j.

Problem 18.11 The moment of inertia of the astronaut
and maneuvering unit about the axis through their center
of mass perpendicular to the page is I = 40 kg-m?. A
thruster can exert aforce T = 10 N. For safety, the con-
trol system of his maneuvering unit will not allow his
angular velocity to exceed 15° per second. If heis ini-
tialy not rotating, and at + = 0, he activates the thruster
until heisrotating at 15° per second, through how many
degrees has he rotated at + = 10 s?

Solution: First find the angular acceleration.

XM :Td =la

Td _ (10N)(0.3m)
I~ (40 kg-m?)
To reach maximum angular velocity it takes

(150/5) (ﬂ)

180°

w=at=>t=—=——"—-* —=349s
o (0.075 rad/s?)

During this time, the astronaut has rotated through

= 0.075 rad/s%.

1 1
6 = émz = 5(0'075 rad/s?)(3.49 s)? = 0.457 rad.

After this time, the astronauts turns at the fixed rate. He rotated an
additional angle given by
rad

0, = wt = (15°/9) (’L;T) (10 s—3.49 5) = 1.704 rad.

The total rotation is then

180°
6 = 01 + 62 = (0.457 + 1.704) rad( ) = 124°.

7w rad
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Problem 18.12 The moment of inertia of the heli-
copter’s rotor is 420 N-m?2 The rotor starts from rest
At r = 0, the pilot begins advancing the throttle so that
the torque exerted on the rotor by the engine (in N-m)
is given as a function of time in seconds by 7' = 200t.

(@ How long does it take the rotor to turn ten revolu-
tions?

(b) What is the rotor’s angular velocity (in rpm) when
it has turned ten revolutions?

Solution: Find the angular acceleration
T 200t
T=1 =— =" =047
a=>a T 720 0.476¢
Now answer the kinematics questions
o =0476t, ©=02387> 6 =0.079°

(@ When it has turned 10 revolutions,

27 rad 3
(10rev)(w)=0.07941 -

(b) The angular velocity is

1 60
© = 0.238(9.25) = 20.4 rad/s(ﬂ> ( s ) = 195 rpm

2 rad 1 min
w = 195 rpm.

Problem 18.13 The moments of inertia of the pulleys
are I, =0.0025 kg-m?, Iz = 0.045 kg-m?, and Ic =
0.036 kg-m?. A 5 N-m counterclockwise couple is ap-
plied to pulley A. Determine the resulting counterclock-
wise angular accelerations of the three pulleys.

100 mm

200 mm

Solution:
pulley.

The unknowns are  ATap, ATpc, aa, ap, ac.

The tension in each belt changes as it goes around each

We will write three dynamic equations and two constraint equations

SMy 1 (5 N-m) — AT45(0.1 m) = (0.0025 kg-m?)a 4
SMp : AT43(0.2 m) — ATgc(0.1 m) = (0.045 kg-m?)arp
SMec : ATpe(0.2 m) = (0.036 kg-mP)ac

(0.1 may = (0.2 Mag

(0.1 myep = (0.2 myec.
Solving, we find
ATpap =422 N, ATpc = 141N,

oy = 313 rad/s?, ap = 156 rad/s?, ¢ = 78.1 rad/s>.
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Problem 18.14 The moment of inertia of the wind-
tunnel fan is 225 kg-m?. The fan starts from rest. The
torque exerted on it by the engine is given as a func-
tion of the angular velocity of the fan by 7 = 140 —
0.0202 N-m.

(@) Whenthefan hasturned 620 revolutions, what isits
angular velocity in rpm (revolutions per minute)?

(b) What maximum angular velocity in rpm does the
fan attain?

Strategy: By writing the equation of angular motion,
determine the angular acceleration of the fan in terms of
its angular velocity. Then use the chain rule:

_do dodd do
“Td Tdodr de

Solution:
> M : (140 N-m) — (0.02 N-m/s’)o® = (225 kg-m*)ar

_ (140 0.02 AYE
o= <225 rad/sz> - (225 rad/s)w

= (0.622 rad/s?) — (0.0000889 rad/s*)w?

(@ o= wj—‘;’ = (0.622 rad/s®) — (0.0000889 rad/s*)w?

w wdw 620(27) rad
/ - / do
o (0.622 rad/s?) — (0.0000889 rad/ishw?  Jo
Solving we find
o =501 radis( =" ) (95) _ 565 rpm
27 rad 1min

(b) The maximum angular velocity occurs when the angular
acceleration is zero

o = (0.622 rad/s?) — (0.0000889 rad/shw? = 0

w:83.7rad/s< 1rw><603>:799rpm

27 rad 1min
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Problem 18.15 The moment of inertia of the pulley
about its axis is I = 0.005 kg-m?. If the 1-kg mass A is
released from rest, how far doesiit fall in 0.5 s?

Strategy: Draw individual free-body diagrams of the
pulley and the mass.

Solution: The two free-body diagrams are shown.
The five unknownsare 7, Oy, Oy, «, a.

We can write four dynamic equations and one constraint equation,
however, we only need to write two dynamic equations and the one
constraint equation.

Mo —T(0.1 m) = —(0.005 kg-m?)a,
TFy: T — (1 kg)(9.81 m/s) = —(1 kg)a,
a = (0.1 m)a.

Solving we find

T=327N, a=654m<, «=654rads.

Now from kinematics we know

d= %atz = %(6.54 m/s?)(0.5 )2

d =0.818 m.
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Problem 18.16 The radius of the pulley is 125 mm
and the moment of inertia about its axis is 7 = 0.05
kg-n?. If the system is released from rest, how far does
the 20-kg mass fal in 0.5 s? What is the tension in the
rope between the 20-kg mass and the pulley?

Solution: The free-body diagrams are shown.
We have six unknowns
T1, T2, Oy, Oy, a, a.

We have five dynamic equations and one constraint equation available.
We will use three dynamic equations and the one constraint equation

SMo : (T1 — T»)(0.125 m) = —(0.05 kg-mP)e,

$Fy1:Th — (4 kg)(9.81 m/S) = (4 kg)a,

% Fy: T> — (20 kg)(9.81 m/s%) = —(20 kg)a, T] A Tz
a = (0.125 m)a.
a
Solving we find
T1=623N, T, =80.8N, a =577 M/, o =462 rad/s>. ﬁ ¢ a
From kinematics we find

1 1
d= Eaﬁ =567 m/s?)(0.5 )2 = 0.721 m.

mg

m
d=0721m, T»=80.8N. | 8
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Problem 18.17 The moment of inertia of the pulley is

0.54 kg-m2. The coefficient of kinetic friction between 22N 22N
the 22.2 N weight and the horizontal surface ispu k= 0.2.
Determinethemagnitudeof theacceleration of the 22.2N 152.4 mnt 152.4 mn
weight in each case .
l 8.9N 8.9N

Solution: The free-body diagrams are shown.

(8 T»=89N.

(T1 — T») (0.152 m) = —(0.54 kg-m?)«,

222N
1 —(02222N) = —— )a,
1—(0.2)( ) <9.18m/82>a,
a = (0.152 m) a.
Solving we find

Ty =4.83 N, o = 1.14 rad/s?,

a=0.174 m/s?

(b) T»#8.9N.

(T1 — T») (0.152m) = —(0.54 kg-m?a, a = (0.152 m) ,

3
o

22N 89N
- (02222 N) = (=22 ) 4 T — 8O Ny = — [ —2
1~ (02 ) (9.81m/s2>“ 2= (@9 N) <9.81m/52>a

Solving we find
Ty =48N, T =875N, « = 1.10 rad/s?,

a=0.167m/s?

Note that (b) has more inertia than (a) and therefore has to accelerate
more slowly.
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Problem 18.18 The 5-kg slender bar is released from ‘
rest in the horizontal position shown. Determine the |
bar’s counterclockwise angular acceleration (@) at the -yj
instant it is released, and (b) at the instant when it has € e
rotated 45°.

1.2m 1

Solution:

(@) The free-body diagram is shown.

L 1 >
ZMo:mgazémLa

_ 3¢ 3981 mis)
YT T T2a2m

o = 12.3 rad/s%.

(b) The free-body diagram is shown.

= 12.3 rad/s.

L s 1 2
Mo :ng cos45” = 3 mL a

_ 3g o 3(9.81 m/s%)
=20 9% = Zazm

o = 8.67 rad/s.

a 0545°

Problem 18.19 The 5-kg slender bar is released from ‘
rest in the horizontal position shown. At theinstant when I
it has rotated 45°, its angular velocity is 4.16 rad/s. At

that instant, determine the magnitude of theforceexerted ¢ U
on the bar by the pin support. (See Example 18.4.)

1.2m l

Solution: First find the angular acceleration.

L s 1, y
YXMp :mg—cosds = - mL«
2 3 )
3 3(9.81 m/s? °©
0= o8 cosase = SOBLMS) s — 867 radis? 45 0,
2L 2(1.2 m) x

Using kinematics we find the acceleration of the center of mass. mg
ac =ap ta xrgo— a)er/O
ag = 0+ (8.67)k x (0.6)(— cos45’i — sin45°%))
— (4.16)%(0.6)(— c0s45°i — sin45°j)
= (11.0i 4 3.66) m/s.

From Newton’'s second law we have

SF, : Oy = ma, = (5kg)(11.0 m/s?) =55.1 N
XFy: Oy —mg =may

0y = m(g + ay) = (5 kg)(9.18 m/s* 4 3.66 m/s?) = 67.4 N

The magnitude of the force in the pin is now

0=,/02+02=/(851N)2+ (67.4 N)2 = 87.0 N.
0 =87.0N.
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Problem 18.20 The 5-kg slender bar is released from ‘

rest in the horizontal position shown. Determine the I 12m !
magnitude of its angular velocity when it has fallen to
the vertical position. C l:°J

Strategy: : Draw the free-body diagram of the bar
when it has fallen through an arbitrary angle 6 and apply
the equation of angular motion to determine the bar's
angular acceleration as a function of 6. Then use the
chain rule to write the angular acceleration as

do dwdb do

“Td Tdedr  de”

Solution: First find the angular acceleration.
Mo imgl coso = T mL2a = a = 5 cose
0mg= =zmlie=za=_7

Using the hint we have

d ) 90°
a:a)—w:3—gc056:>/ a)dw:/ 3—gcosede
46~ 2L b b 2L
1, 3 . 19 3
Zw?=Cgng| =2
2Y T2 L 2L

o [ _ [BOBLMVS) o s
L 12m)

w = 4.95 rad/s.

Problem 18.21 The object consists of the 2-kg slender A y
bar ABC welded to the 3-kg Slender bar BDE. The y axis 1
is vertical. 0.2m
. . o . | B D E
(8 What isthe object’s moment of inertia about point T o > —X
D? | 0.4 m “02m~
. . . 0.2m
(b) Determine the object’s counterclockwise angular |
acceleration at the instant shown. - c
Solution: The free-body diagram is shown A D
y
@ W D,
Ip = 1—12(2 kg)(0.4 m)? + (2 kg) (0.4 m)? ¢ >
+ 1—12(3 kg)(0.6 m)2 + (3 kg)(0.1 m)?
3(9.81)N
2081
(b)

SMp : [(2 kg)(0.4 m) + (3 kg)(0.1 m)](9.81 m/s?) = (0.467 kg-mP)a

o = 23.1 rad/s.
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Problem 18.22 The object consists of the 2-kg slender A

- y
bar ABC welded to the 3-kg slender bar BDE. The y !
axis is vertical. At the instant shown, the object hasa  02m /«
counterclockwise angular velocity of 5 rad/s. Determine | B D E
the components of the force exerted on it by the pin o ‘ |
support. 02m | 0.4m l+02m~
e

Solution: The free-body diagram is shown. AD
The moment of inertia about the fixed point D is W ! D

X
Ip = 1—12(2 kg) (0.4 m)2 + (2 kg)(0.4 m)2 | —

+ S @kPO6MP + @kg(O1m? ¢
] 3(9.81)N
The angular acceleration is given by
TMp : [(2 kg)(0.4 m) + (3 kg)(0.1 m)](9.81 m/s?) = (0.467 kg-m?)cx
o= O8N 31 redig
0.467 kg-m
From Newton’s Second Law we have
SF, : Dy = (2 kg)(0.4 m)(5 rad/s)® + (3 kg) (0.1 m)(5 rad/s)?
T F, : Dy — (5kg)(9.81 m/s?) = —(2 kg)(0.4 m)(23.1 rad/s?)
— (3 kg)(0.1 m)(23.1 rad/s?)
Solving, we find | Dy =275N, D, =236N.
Problem 18.23 The length of the slender bar is [ =
4 m and its mass is m = 30 kg. It is released from rest m sl
in the position shown. q &\
"

(& If x =1m, what is the bar's angular acceleration | i
at the instant it is released?

(b) \e/rv:tla(t)t}l/ ?v%iri)ftl‘):erlf;l |itSS rlgl ézgelda;g\;e\ﬁ];n IQSU:I?; ch(;eLlj: (b) To find the critical value for x we differentiate and set equal to
lar acceleration? zer0 to get

) do d 12gx 12 288gx2
Solution:  The moment of inertia about the fixed point is dr  dx \Z112:2) 12+ 12x2 (12 + 12x2)2
1= i mi? + mx?
T ' _ 122 —12¢%)
The angular acceleration can be found (1% + 12x2)2
m 12gx i (4 m)
5 Mixeg point s mgx = lo = D2+ 12%)a s o = =05 ¥=—— = =115m [y=115m |
12 12+ 12x J12 J12
(8 Using the given numbers we have The corresponding angular acceleration is

12(9.81 m/2)(1 m) 12(9.81 m/s?)(1.15 m)
T amZrizame? - = = = 4.25 rad/s?
Y= @mzramg 42 radls’ T @mZ 12115 m)? ' o = 425 rads’.
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Problem 18.24 Model the arm ABC as a single rigid
body. Its mass is 320 kg, and the moment of inertia
about its center of mass is I = 360 kg-m?. Point A is
stationary. If the hydraulic piston exerts a 14-kN force
on the arm at B what is the arm’s angular acceleration?

)

ey

Solution: The moment of inertia about the fixed point A is
14 = I + md® = (360 kg-m?) + (320 kg)([1.10 m]? + [1.80 m]?)

= 1780 kg-m?.

The angle between the force at B and the horizonta is
15m
0=tan 1> — ) =47.0°,
< 14 m)
The rotational equation of mation is now

XMy : (14 KN)sind(1.4 m) — (14 kN) cosf (0.8 m)

— (320 kg)(9.81 m/s?)(1.80 m) = (1780 kg-m?) .

Solving, wefind e = 0.581 rad/s’. | ¢ = 0.581 rad/s? counterclockwise.

Problem 18.25 The truck’s bed weighs 8000 N and
its moment of inertia about O is 400000 kg-m?. At the
instant shown, the coordinates of the center of mass of
the bed are (3, 4) m and the coordinates of point B
are (5, 3.5) m. If the bed has a counterclockwise angular
acceleration of 0.2 rad/s?, what is the magnitude of the
force exerted on the bed at B by the hydraulic cylin-
der AB?

Solution: The rotational equation of motion is
XMy : Fsin30°(5 m) + F cos30°(3.5 m) — (8000 N)(3 m)

= (400000 kg-m?)(0.2 rad/s?)

Solving for F we find |F=18,807 N.
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Problem 18.26 Arm BC has a mass of 12 kg and the
moment of inertia about its center of mass is 3 kg-m?.
Point B is stationary and arm BC has a constant coun-
terclockwise angular velocity of 2 rad/s. At the instant
shown, what are the couple and the components of force
exerted on arm BC a B?

700 mm

Solution:  Since the angular acceleration of arm BC is zero, the
sum of the moments about the fixed point B must be zero. Let Mz be
the couple exerted by the support at B. Then

i j k
Mg +rcup x mg=Mp + | 0.3cos40° 0.3sin40° 0 | =0.
0 —-117.7 O

Mp = 27.05k (N-m) | is the couple exerted at B. From Newton's
second law: By = ma,, By — mg = ma, where ay, a, are the accel-
erations of the center of mass. From kinematics:

a=aXxXrlcyjo — erCM/O
= —(2%)(i0.3c0s40° + j0.3sin40%)

= —0.919i — 0.771] (M/S),

where the angular acceleration is zero from the problem statement.
Substitute into Newton’s second law to obtain the reactions at B:

B, =-110N] ‘ By =1085N |
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Problem 18.27 Arm BC has amass of 12 kg and the
moment of inertia about its center of mass is 3 kg-m?.
At the instant shown, arm A B has a constant clockwise
angular velocity of 2 rad/s and aam BC has counter-
clockwise angular velocity of 2 rad/s and a clockwise
angular acceleration of 4 rad/s’>. What are the couple
and the components of force exerted on arm BC at B?

Solution: Because the point B is accelerating, the equations of
angular motion must be written about the center of mass of arm BC.
The vector distances from A to B and B to G, respectively, are

Fp/ja="Ip—"Ta = 0.7,

rg/p = 0.3c0s(40%)i + 0.3sin(40%)j

= 0.2298i 4 0.1928] (m).
The acceleration of point B is
ag =@ X [p/a — 2 gl p/a = —3 5 (0.71) (M/S?).
The acceleration of the center of massis
ag =ap +apc XIGg/B— w%CFG/B
i i k

ag = —2.8i + 0 0 —4 | —0.9193i — 0.7713
0.2298 0.1928 O

= —2.948i — 1.691j (M/S).

From Newton’s second law,

| B, = magy = (12)(—2.948) = —35.37 N |

By —mg = magy,

‘ B, = (12)(—1.691) + (12)(9.81) = 97.43 N ‘

From the equation of angular motion, M = lazc. The moment about
the center of mass is

i j k
Mg =Mp +rp/c xB=| -02298 -0.1928 0O
-3537 9743 O

= Mgk — 29.21k (N-m).

Note / = 3 kg-m? and apc = —4k (rad/s?), from which

Mp =29.21 + 3(—4) = 17.21 N-m|.

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

486




Problem 18.28 The space shuttle's attitude control
engines exert two forces Fy = 8 kN and F, = 2 kN. The
force vectors and the center of mass G lie in the x—y
plane of the inertial reference frame. The mass of the
shuttle is 54,000 kg, and its moment of inertia about the
axis through the center of mass that is parallel to the z
axis is 4.5 x 10° kg-m?. Determine the acceleration of
the center of mass and the angular acceleration. (You
can ignore the force on the shuttle due to its weight).

Solution: Newton's second law is
Z F = (Fy c0s5° — F, c0s6°)i — (F;Sin5° 4 F, sin6°)j = ma.
Setting Fr = 8000 N, F, = 2000 N and m = 54,000 kg and solving
for a, we obtain a = 0.1108i — 0.0168j (m/s%). The equation of angu-
lar motion is
> M = (18)(F; sin5°) — (2)(Fy cos5°)

— (12)(F, Sin6°) + (2)(F, cos6°) = Ia

where I = 4.5 x 10° kg-m?. Solving for « the counterclockwise angu-
lar acceleration is o = —0.000427 rad/s?.

2m
N
e

+ %o

12m l

Problem 18.29 In Problem 18.28, suppose that Fy =
4 kN and you want the shuttle’s angular acceleration
to be zero. Determine the necessary force F, and the
resulting acceleration of the center of mass.

Solution: The total moment about the center of mass must equal
zero:

> M = (18)(F; sin5°) — (2)(Fy cos5°)

— (12)(F, sin6°) + (2)(F, cos6°) = 0

Setting Fy = 4000 N and solving F, = 2306 N. From Newton's sec-
ond law

Z F = (Fy c0s5° — F, cos6)i

— (Fysin5° + F, sin6°)j = 54,000a,

we obtain a = 0.0313i — 0.0109j (M/S).
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Problem 18.30 Points B and C lie in the x—y plane. y
The y axis is vertical. The center of mass of the 18-
kg arm BC is at the midpoint of the line from B to
C, and the moment of inertia of the arm about the
axis through the center of mass that is paralel to the
z axis is 1.5 kg-m?. At the instant shown, the angular
velocity and angular acceleration vectors of aiam AB
are w,p = 0.6k (rad/s) and a4 = —0.3k (rad/s®). The
angular velocity and angular acceleration vectors of
am BC are wgc = 0.4k (rad/s) and apc = 2k (rad/s)?.
Determine the force and couple exerted on arm BC at B.

Solution: The acceleration of point B is ag = a4 +axp x
2
rA/B —wABrA/B or
i i K
ag = 0 0 -0.3
0.76cos15° —0.76sin15° 0

— (0.6)2(0.76cos15°i — 0.765in15°))

= —0.323i — 0.149] (M/s®)

The acceleration of the center of mass G of aim BC is
ac =ap tapc Xrg/p — w%CrG/B ag = —0.323i — 0.149j
i j k

+ 0 0 2
0.45c0s50° 0.45sin50° 0

— (0.4)%(0.45c0s50°1 + 0.45sin50%)),

or ag = —1.059i + 0.374j (m/s?). The free body diagram of arm BC
is:

Newton’s second law is
D _F = Bii + (By — mg)] = mag:

B.i+ By — (18)(9.81)]j = 18(—1.059i + 0.374)).
Solving, we obtain B, = —19.1 N, B, = 183.3 N.
The equation of angular motion is

Z Mg = Ipcapc:

or (0.45sin50%) B, — (0.45c0s50°) By + M = (1.5)(2)

Solving for Mg, we obtain Mg = 62.6 N-m.
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Problem 18.31 Points B and C lie in the x—y plane.
The y axis is vertical. The center of mass of the 18-
kg am BC is at the midpoint of the line from B
to C, and the moment of inertia of the arm about
the axis through the center of mass that is paralel
to the z axis is 1.5 kg-m?. At the instant shown, the
angular velocity and angular acceleration vectors of arm
AB are w,p = 0.6k (rad/s) and a4 = —0.3k (rad/s?).
The angular velocity vector of am BC iS wpc =
0.4k (rad/s). If you want to program the robot so that the
angular acceleration of arm BC is zero at this instant,
what couple must be exerted on aram BC at B?

Solution: From the solution of Problem 18.30, the acceleration of
point B isag = —0.323i — 0.149j (M/s). If agc = O, the acceleration
of the center of mass G of arm BC is
aG = ap — w3 I G/p = —0.323i — 0.149]
— (0.4)%(0.45c0s50°% + 0.45sin50%))
= —0.370i — 0.205] (M/s?).

From the free body diagram of aam BC in the solution of
Problem 18.30. Newton’'s second law is

ZF = B.i + (By —mg)j = mag:
Bi+[B, — (18)(9.81)]j = 18(—0.370i — 0.205)).

Solving, we obtain B, = —6.65 N, B, = 172.90 N. The equation of
angular motion is

ZMG = Igcapc =0:
(0.45sin50°) B, — (0.45005500)3)- + Mp =0.

Solving for Mg, we obtain Mg = 52.3 N-m.

Problem 18.32 The radius of the 2-kg disk is R =
80 mm. Its moment of inertia is 1 = 0.0064 kg-m?. It
rolls on the inclined surface. If the disk is released from
rest, what is the magnitude of the velocity of its center
two seconds later? (See Active Example 18.2).

Solution: There are four unknowns (N, f, a, «), three dynamic
equations, and one constraint equation. We have

XMg :—fr=—lao,

TF :mgsin30° — f =ma

a=ruoa

Solving, we find
_ mgr?sin30°
T I 4+mr2

_ (2kg)(9.81 m/s?)(0.08 m)?sin30°
"~ 0.0064 kg-m? + (2 kg)(0.08 m)2

=3.27 m/s.
From the kinematics we have

v=at = (3.27 M/s?)(2 5) = 6.54 ms,

-y
o
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Problem 18.33 The radius of the 2-kg disk is R =
80 mm. Its moment of inertiais I = 0.0064 kg-m?. What
minimum coefficient of static friction is necessary for the
disk to roll, instead of dlip, on the inclined surface? (See
Active Example 18.2.)

30°

Solution: Therearefive unknowns (N, £, a, «, i), three dynamic

equations, one constraint equation, and one friction equation. We have a
XMg:—fR=—Iaq,
/ v

SF, :mgsin30° — f = ma,

\ /
O mg
XF, .:N—mgcos30" =0, a
a = RO{, _ \
f=usN.
N/

Putting in the numbers and solving, we find

N=170N, f =3.27N, a =3.27 m/s?, « = 40.9 rad/s’, | p; = 0.192.

490

Problem 18.34 A thin ring and a homogeneous circu-
lar disk, each of massm and radius R, are released from
rest on an inclined surface. Determine the ratio vring/ vdisc
of the velocities of the their centers when they averolled
adistance D.

Solution: There are four unknowns (N, f, a, «), three dynamic
equations, and one constraint equation. We have

Mg :—fR=—-Ia,
TR :mgsind — f =ma,

a = Ra,

mgr?sing

Solving, we find a =
I+ mr?

For the ring fring = mr2 = daring = %sin@

" 1 2g .
For the disk Igisk = Emr2 = agigk = Eg sin@
The velocities are then

- |4 .
Vring = 1/ 2aringD = /gD SiN0, vgisk = / 2adisk D = égD sinf

Theratio is

Uring _ JgDsné :\/3/—4 Mzm

visk  [4 Vdisk
I égDSHQ l
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Problem 18.35 The stepped disk weighs 178 N and its
moment of inertia is I = 0.27 kg-m? If the disk is
released from rest, how long does it take its center to
fall 0.91 m? (Assume that the string remains vertical.)

Solution: The moment about the center of mass is M = —RT.
From the equation of angular motion: —RT = I«, from which T = T

1 )
- Fa. From the free body diagram and Newton's second law: " Fy =
T — W = ma,, where ay is the acceleration of the center of mass.
From kinematics: a, = —Ra. Substitute and solve:
w

.
(2 +m) "

The time required to fall adistance D is

,_ [2D _ [2DU + R?m)
“Voa RZW

For D=0.91 m, R=0102m, W =178 N, m = w = 18.1 kg,
8

ay =

I =0.27 kgm?, t = 0.676 s

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

491




Problem 18.36 The radius of the pulley is R =
100 mm and its moment of inertia is I = 0.1 kg-
m?. The mass m =5 kg. The spring constant is k =
135 N/m. The system is released from rest with the
spring unstretched. At the instant when the mass has
falen 0.2 m, determine (a) the angular acceleration of
the pulley, and (b) the tension in the rope between the
mass and the pulley.

Solution: The force in the spring is kx. There are five unknowns
(Ox, 0y, T, a, a), four dynamic equations, and one constraint equation.

XMoo : (kx)R—TR = —Ia,

XFy: T —mg = —ma,

a = Ra

Solving we find

@
_ R(mg — kx)
T I+mR2

(0.1 m)([5 kg][9.81 m/s’] — [135 N/m][0.2 m])
B 0.1 kg-m? + (5 kg)(0.1 m)2

o = 14.7 rad/<.

(b) mg
T = m(g — Ra) = (5 kg)(9.81 m/s> — [0.1 m][14.7 rad/s?])

T =41.7N.
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Problem 18.37 Theradiusof thepulleyis R = 100 mm
and its moment of inertia is / = 0.1 kg-m?. The mass

m =5 kg. The spring constantisk = 135 N/m. The sys-

tem is released from rest with the spring unstretched.

What maximum distance does the mass fall before re-

bounding?

Strategy: Assume that the mass has fallen an arbitrary
distance x. Write the equations of motion of the mass and
the pulley and use them to determine the acceleration a
of the mass as a function of x. Then apply the chain rule:

dv dvdx dv

— = —— = —u.

dr dx dr dx
Solution: The force in the spring is kx. There are five unknowns
(Ox, 0y, T, a, a), four dynamic equations, and one constraint equation.

YXMo : (kx)R—TR = —Ia,

XFy:T —mg = —ma,

a = Ru
Solving we find -
R%(mg —
_ Rmg —kx) _ dv T
I +mR? dx Joc

0 x RZ —k R2 x
/ vdv = / (mg = kx) dx = / (mg —kx)dx =0

0 0 I+ mR2 1+ mR2 0
Thus a

1 2
mgx—ékxzzo:xzoorx:7:lg

The maximum distance is

2mg  2(5kg)(9.81 m/s?)
_cms _ cORPEONS) = nm
x . 3 N 0.727m |x=0727m. g

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

493




Problem 18.38 The mass of the disk is 45 kg and its
radiusis R = 0.3 m. The spring constant isk = 60 N/m.
The disk is rolled to the left until the spring is com-
pressed 0.5 m and released from rest.

(a) If you assume that the disk rolls, what isits angular
acceleration at the instant it is released?

(b) What is the minimum coefficient of static friction
for which the disk will not slip when it is released?

Solution:
xo=—-05

k = 600 N/m
m = 45 kg
R=03m

Io = imR? = 2.025 N-m?, F, = kx

ZF": — Fs — f = maoy
ZF).: N—-mg=0

(ZMO: — fR= I
Rolling implies agy = —Ra
We have, at x = —0.5m

—kx — f = maqy

N-—-mg=0

— Rf = I

aogy = —Ra
Four egns, four unknowns (ao,, o, N, f)

(& Solving f =100 N, N =4415N

o = —14.81 rad/s (clockwise)

agy = 4.44 m/32
(b) for impending dip,
f = Ms N

us = fIN=100/441.5

ws = 0.227
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Problem 18.39 The disk weighs 12 N and its radius
is6cm. It is stationary on the surface when the force
F =10 N is applied.

(@) If the disk rolls on the surface, what is the accel- F
eration of its center?

(b) What minimum coefficient of static friction is nec-
essary for the disk to roll instead of dlipping when
the force is applied?

Solution: Therearefive unknowns (N, f, a, «, 1), three dynamic o

equations, one constraint equation, and one friction equation. L\
SF:F— f =ma,
XFy,:N—-mg=0, F a

=M : 7fr=7<%mr2) a, \ '
a=ra, \\ /
f=uwusN. f
Solving, we find

N

2F 2(10N
@ a= % = % = 5.45 m/s?. a=5.45m/s2.
*(garm?)

9.81 m/s?

F (10N)
b) = = =0278 |u, =0278.
O =5 =310
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Problem 18.40 A186.8N spherewithradiusR=101.6 mm )
is placed on a horizontal surface with initial angular
velocity wo = 40 rad/s. The coefficient of kinetic fric-
tion between the sphere and the surface is ux = 0.06.
What maximum velocity will the center of the sphere
attain, and how long does it take to reach that velocity?

Strategy: The friction force exerted on the spinning
sphere by the surface will cause the sphere to acceler-
ate to the right. The friction force will also cause the
sphere’s angular velocity to decrease. The center of the
sphere will accelerate until the sphere is rolling on the
surface instead of dlipping relative to it. Use the relation
between the velocity of the center and the angular veloc-
ity of the sphere when it is rolling to determine when
the sphere begins rolling.

Solution: Given

W=1868N, g =9.81m/s®, m =W/g, R=0.102 m, p;= 0.06
We have
ZF«‘ kN = ma

Fy:N— =0
25 e HRW

2 2
> Mg : uNR = zmR%a

Solving we find

5
«= "I’f — 1449 rad/®, a = g = 0.59 m/s?

From kinematics we learn that

o = 14.49 rad/s?, w = (14.49 rad/s®)r — (40 rad/s)

a =059 m/s?, v=(0.59 m/s)t

when we reach a steady motion we have N

v=—Rw = (0.59 m/s?)r = —(0.102 m)[(14.49 rad/s?)s — (40 rad/s)]

Solving for the time we find

t=197s = v =116 m/s|
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Problem 18.41 A soccer player kicks the ball to a

teammate 8 m away. The ball leaves the player’'s foot '
moving parallel to the ground a 6 m/s with no angu- ,
lar velocity. The coefficient of kinetic friction between A [

the ball and the grass is ux = 0.32. How long does it -

take the ball to reach his teammate? The radius of the : . L 78
ball is112 mm and its massis 0.4 kg. Estimate the ball’ s . - e
moment of inertia by using the equation for athin spher-

ical shell: 7 = 2mR2.

Solution: Given £ =032, r=0112m, g =981 m/s, vo=
6 m/s

The motion occurs in two phases.
(& Slipping.

ZFX . —uN =ma

UN

ZF),:N—mg:O

2 o2
ZMG I —uNR = §mR o
Solving we find

1
a=—ug = v =1uv— ugt, s:vot—éugtz

=-==y

2R PT7oR

3 3
3w g

When it stops slipping we have

3 2
v=—Rw = vg— ugt=-ugt = t:ﬂ:0.7655
2 5ug

v=36m/s, s=3.67m
(b) Rolling— Steady motion

a=0, v=36ms, s=(3.6m/s)(r—0.765s) + 3.67 m

When it reaches the teammate we have

8m=(36ms)(r —0.7655 +367m =
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Problem 18.42 The 100-kg cylindrical disk is at rest
when the force F is applied to a cord wrapped around

the disk and the surface equal 0.2. Determine the angular
acceleration of the disk if () F =500 N and (b) F =
1000 N.

Solution:  Choose a coordinate system with the origin at the center
of the disk in the at rest position, with the x axis parallel to the plane F
surface. The moment about the center of mass is M = —RF — Rf,
from which —RF — Rf = I«. From which

f=—% =T % N

From Newton's second law: F — f = may, Where a, is the accelera-
tion of the center of mass. Assume that the disk rolls. At the point of
contact ap = 0; fromwhichO=ag +a xrp/g — wer/G.

The static and kinetic coefficients of friction between

Strategy: First solve the problem by assuming that the
disk does not dlip, but rolls on the surface. Determine the
friction force, and find out whether it exceeds the product
of the coefficient of friction and the normal force. If it
does, you must rework the problem assuming that the
disk dips.

—RF — I« la £

(b) For F = 1000 N the acceleration is

_4F 4000

a4y = — = —— = 1333 m/s.
ag = a;i = & x Rj — w?Rj 3m 300
The friction force is
i j k
_ 2pi . 20
=|0 0 a|—-w°Rj=—-Rai—o°Rj, f = F — ma, = 1000 — 1333.3 = —333.3 N.
0O R O
The drum dlips. The moment equation for dlip is —RF +
from which a, = 0 and a, = —R«. Substitute for f and solve: Ryugm = Ia, from which
2F —RF + R 2F 2
ax:i]. QZM:—i—‘r ng=—53.6|'aj/52.
1 mR R
m+ F

For a disk, the moment of inertia about the polar axisis I = %mRZ,

from which
4F 2000
ax—3_m—%—6.67m/52.

(& For F =500 N, the friction force is

F 500
f=F—may=——=———

= —167 N.
3

Note: —uxW = —0.2 mg = —196.2 N, the disk does not dlip.
The angular velocity is

6.67
a=-2 = 220 2522 radiS.
R 03
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Problem 18.43 The ring gear is fixed. The mass and
moment of inertia of the sun gear are mg = 320 kg and
Is =40 kg-mz. The mass and moment of inertia of each
planet gear are mp = 38 kg and I, = 0.60 kg-m?. If a
couple M = 200 N-m is applied to the sun gear, what
is the latter’s angular acceleration?

Solution:

Mg = 200 N-m
Sun Gear:  » "Mo: Mg —3RF = Isas
Planet Gears: ZME: Gr — Fr = Ipap
ZF,: F+ G =mpay
From kinematics a.,; = —rap

20prp = —Rag

We have 5 egns in 5 unknowns. Solving, as = 3.95 rad/s® (counter-
clockwise)

3 smal disks /F

Problem 18.44 In Problem 18.43, what is the mag-
nitude of the tangential force exerted on the sun gear
by each planet gear at their point of contact when the
200 N-m couple is applied to the sun gear?

Solution:  See the solution to Problem 18.43. Solving the 5 egns
in 5 unknowns yields

as = 3.95 rad/s?,
G =9.63N,
ag; = 0.988 m/s,

ap = —5.49 rad/,

F=279N.

F is the required value.
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Problem 18.45 The 18-kg ladder is released from rest /
in the position shown. Moddl it as a slender bar and
neglect friction. At the instant of release, determine
(a) the angular acceleration of the ladder and (b) the
normal force exerted on the ladder by the floor. (See
Active Example 18.3.) 30°

4m

Solution: The vector location of the center of mass is rg =
(L/2)sin30°%i + (L/2) cos30°j = 1i + 1.732j (m). Denote the normal P B
forces at the top and bottom of the ladder by P and N. The vector
locationsof A and B arer, = L sin30°i = 2i (m), rp = L cos30°j =
3.46) (m). The vectors ryg =rs —rg =1 —1.732) (M), rg;g =
rg —rg = —1i + 1.732) (m). The moment about the center of mass is

M:rB/GXP+fA/GXN, mg

ik ik N
M=|-1 1732 0|+|1 -1732 0
P 0 O 0o N O©

= (=1.732P 4+ N)k (N-m).

From the equation of angular motion: (1) —1.732 P + N = I«. From
Newton's second law: (2) P = ma,, (3) N — mg = ma,, where ay,
a, are the accelerations of the center of mass.

From kinematics: ag = as + & x rg/a — @’rg/4. The angular veloc-
ity is zero since the system was released from rest,

i i k
ac =axi+| O 0 a | = aui — 1.732ai — «j
-1 1732 0

= (as — 1.7320)i — o (MIS),

from which a, = —a.
Similarly,

i j k
aG:aB-i-aer/B,anaB—i- 0 0 o
1 -1732 0

=apj +1.732ai + aj,

from which a, = 1.732«. Substitute into (1), (2) and (3) to obtain three
equations in three unknowns, —1.732P + N = la, P = m(1.732)a,
N —mg = —ma. Solve: (8) « = 1.84rad/s?>, P =573 N, (b) N =

143.47 N
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Problem 18.46 The 18-kg ladder is released from rest
in the position shown. Model it as a slender bar and
neglect friction. Determine its angular acceleration at the
instant of release.

Solution: Givenm =18kg, L=4m, g =981 m/&, w =0
First find the kinematic constraints. We have

as =ag t+a xXryg

L L
=a,i +a,j +ak x ([—5 sin30°] i+ [5 cos30°}j>

L 2\ . L . o\ .
:(ax—aECOSSO)|+<ay—aism30>]

ap =8¢ t+a Xrp/G

= a,i + ayj + ok x ([% sin30°] i+ [f% 00530°}j>

L . L . _.\. o
- (ax—t-az cos30°)|+<ay+a§ S|n30>1 Ng /20
The constraints are

L
ay i =ay fa5c0530° =0
ap - (sin20°i + cos20°j)

L L
= (ax + @y cos30°) sin20° + <ay + o > sin30°) cos20°
The dynamic equations:

D FciNa+ Npsin20® = ma,
> Fy: Npcos20° —mg = ma,

L o (L . 5
ZMG i —Ny <§ c0s30 > + N cos20 <E sin30 )

+ Npsin20° Lcos30° 1L L?
B 2 B

Solving five equations in five unknowns we have

‘ o =235radl CCW ‘

Also

ay = 407 s, a, = —5.31ft/s?, Ny =437 N, Np =862 N
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(b)

502

Problem 18.47 The 4-kg slender bar is released from
rest in the position shown. Determine its angular
acceleration at that instant if (a) the surface is rough
and the bar does not dlip, and (b) the surface is smooth.

Solution:

The surface is rough. The lower end of the bar is fixed, and the
bar rotates around that point.

L 1 2
XMp :ng cosf = 3 mL a

3 _3(9.81 m/s%)
=5 cos = —2am

o = 7.36 rad/s%.

The surface is smooth. There are four unknowns (N, a,, ay, @),
three dynamic equations, and one constraint equation (the y
component of the acceleration of the point in contact with the
ground is zero).

o c0s60°

YFy: Ozmax,

XFy: N —mg=may,

L 1 2
EMgiNECOSGZEmL o

L
ay +a5 cosf =0

Solving, we find

6g cosf 6(9.81 m/s?) cos60°

043020 ~ AmdT3corer) — 168 rals’

o = 16.8 rad/s.

60°

[
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Problem 18.48 The masses of the bar and disk are
14 kg and 9 kg, respectively. The system is released
from rest with the bar horizontal. Determine the bar's
angular acceleration at that instant if

(@) the bar and disk are welded together at A,

(b) the bar and disk are connected by a smooth pin
a A.

Strategy: In part (b), draw individua free-body
diagrams of the bar and disk.

Solution:

@ L=12m R=03m

O is afixed point
For the bar

1 1
Ig = —mpl? = 1—2(14>(1.2)2 = 1.68 N-m?

loy =1 +mp <£)2
2
I, = 6.72 N-m?
For the disk:
Iy = impR? = 3(9)(0.3)? = 0.405 N-m?

Iop = I4 +moL? = 13.37 N-n?

The total moment of inertia of the welded disk and bar about
Ois

It = Iop + Iop = 20.09 N-m?
ZFX:
2 Fy

ZMOZ — (%) mpg — Lmpg = Ira

We can solve the last equation for o without finding the location
and acceleration of the center of mass, G. Solving,

Oy = 0 = mag,

Oy —mpg —mpg = (mp +mp)ag,

o = —9.38 rad/s®>  (clockwise)

(b) In this case, only the moment of inertia changes. Since the disk
is on a smooth pin, it does not rotate. It acts only as a point mass
at adistance L from point O.
In this case, I,,,, = mpL? and I}, = Iop + I}, = 19.68 N-m?
We now have

L
ZMOZ - <§) mpg — Lmpg = I

Solving o' = —9.57 rad/s®  (clockwise)

— ‘
12m— Q\ /
R
\\/// 0.3m
C G A
* my9
Toy Mg "l
\
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Problem 18.49 The22.2 N horizontal bar is connected
to the 44.5 N disk by a smooth pin at A. The system is
released from rest in the position shown. What are the

A
angular accelerations of the bar and disk at that instant? oloJ ) \
- 0.9 m 74 031 m

Solution: Given A,
g2 =9.81 M/, Woar =22.2 N, Wgg =445 N, o A,

;)‘ N ,;_’

Whar Waisk T i i
Mpar = ———, Mdisk = ——
8 8 oy
W,

L=091m, R=031lm bar A Whisk
The FBDs

The dynamic equations

L 1 2
ZMO : 7mbarg§ —AyL = émbarL Opar

1
> Medisc : —AyR = EmdiskRZOldisk

Z Fy 1 Ay — mdisk§ = Mdisk Gydisk

Kinematic constraint

Apar L = aygisk — atdisk R

Solving we find

agisk = 3.58 rad/s?, apar = —12.5 rad/s?, aydisk = —34.0 m/s?,

A, = —0556 N

Thus | agig = 358 radls> CCW, apy = 125rad/® CW
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Problem 1850 The 0.1-kg dender bar and 0.2-kg
cylindrical disk are released from rest with the bar
horizontal. The disk rolls on the curved surface. What is 40 mm
the bar’ s angular acceleration at the instant it is released?
r§ D)

120 mm

Solution: The moment about the center of mass of the disk is B

M = fR, from the equation of angular motion, Rf = Iyay. From A By
Newton’s second law: f — B, — W, = mgaq,. Since the disk rolls, A N
the kinematic condition is as, = —Ray. Combine the expressions —
and rearrange: f = Iaq/R, Iag/R — By — Wy = mgagy, from which W, x
d

By + Wy = (Rmg + I4/R)aq. The moment about the center of mass
of the bar is

L L
My = — 5 Ay + 2 By,

from which

L L
- E A)+ E By = Ib(Xb.

From Newton's second law A, — W}, + B, = mya;,, Where ay, isthe
acceleration of the center of mass of the bar. The kinematic condition
for the bar is

e ()9~

from which

L
apy = E ap.

Similarly, ap = acy + o x ((L/2)i), from which a4, = La.

From which: «y = —Lay/R. Substitute to obtain three equations in
three unknowns:

) = myg + ap,
y d d R R b

L L
- E Ay + E By = Ipayp,

L
Ay =W+ By =my (E) op.

Substitute known numerical values. L =0.12 m, R =0.04 m, m;, =
0.1kg, Wy =mpg =0.98L N, mg =0.2kg, Wy = mgg = 1.962 N,
I = (1/12)mp(L?) = 1.2 x 1074 kg-m?, I; = (1/2)mqR? = 1.6 x
10~4 kg-m?. Solve:

ap = —61.3 rad/s?, A, = 0.368 N, By = 0.245 N.
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Problem 18.51 The mass of the suspended object A is
8 kg. The mass of the pulley is 5 kg, and its moment of
inertia is 0.036 kg-m?. If the force T = 70 N, what is 1T
the magnitude of the acceleration of A?

120 mm
A

Solution: Given T,
ma =8kg, my =5kg, Iy = 0036 kg-m? T
R=012m, g=981m/&, T=70N meg
The FBDs Y
The dynamic equations

\
ZF«"B To+T —mpg — By =mpapy

A 8

ZF;A P By —mag =mgpany

> Mp:—T2R+TR = Ipap
Kinematic constraints

agy = aay, apy = Rag

Solving we find | a4, = 0.805 m/s? WX 9

We aso have

apy = 0.805 m/s, ap = 6.70 rad/s, T> = 68.0 N, By =849 N
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Problem 18.52 The suspended object A weighs 89 N.
The pulleys are identical, each weighing 44.5 N and hav-
ing moment of inertia 0.03 kg-m2. If the force T =
66.7 N, what is the magnitude of the acceleration of A?

A

Solution: Given I, Wi
g=9.81m/s?, Wy=89 N, Wis = 445N, I =0.03 kg-m? T
=24 g = V9K R 0102 m, T = 66.7 N ' Z

g
The FBDs
The dynamic equations T Wiisk

Y

> FyiTa+T —T1— maiskg = maiska \A T,
Z Fy2: T4+ Th — T3 — mdiskg = Mmdiska2 V/

Z Fy3:T3—mag =mapaa

\/
ZMl:TR—TzR:Ial AT,

ZMZ “TiR — TuR = Iy

The kinematic constraints

a1 = Ray, a» = Rap, a1 = 2Rap, as = az

Solving we find | a4 = 0.96 m/& v

We aso have

a1 =1.93 m/s?, ap=0.96 m/s?, ay= 19.0 rad/s?, ap = 9.48 rad/s’

Ty=747N, L, =609N, BZ3=979N, I, =721 N
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Problem 18.53 The 2-kg dender bar and 5-kg block
are released from rest in the position shown. If fric- -

tion is negligible, what is the block’s acceleration at that
instant? (See Example 18.5.) im
Solution: L=1m, m=2kg M =5kg 25" \\\\>
NI

_ 1 .
Assume directions for By, By, Ig = EmBL2 Y Ll
ZF-": B, = mag, 1)
ZR By —mg = mgag, (2

L L
> Mg: (E cos9> B, + <E sm@) B, =Ica (3
D F = By = Mag, @

D> Fy: N—B,—Mg=0 5)
From kinematics, @ = O (initialy)

aozaG+Olero/G

L Y
where ro/g = 2 cosfi — 2 singj

From the diagram ag = aqy i

aoxy =dagx + (0{L/2)S|n0 (6)
0 =agy+ (@L/2)cosd (7)

v

We know 6 =55°, I =0.167kg-m?, L=1m, m=2kg, M= 1
5 kg. We have 7 egns in 7 unknowns

M ‘ By
(aG,‘»aGy»thav B.)CVB)'VN)ﬂ BX I 90
Solving, we get
B, = —5.77 N, (opposite the assumed direction)
B, = 13.97 N, N

ag, = —2.88 M/, ag, = —2.83 m/s?

o« =9.86rads’, N =630N

age = 1.15 m/s. (to the right)
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Problem 18.54 The 2-kg slender bar and 5-kg block
are released from rest in the position shown. What
minimum coefficient of static friction between the block
and the horizontal surface would be necessary for the
block not to move when the system is released? (See
Example 18.5.)

Solution: This solution is very similar to that of Problem 18.53.
We add a friction force f = uyN and set ag, = 0.

L=1m m=2kg

M =5kg
Ig = L or? = 0167 kg-m?
12
> F: By =mag, A
> Fy: By —mg=mag, %)

L L
ZMG: <§ cosG) B, + (5 sin@) By =Iga (3

(These are the same as in Problem 18.53)

Note: In Prob 18.53, B, = —5.77 N (it was in the opposite direction
to that assumed). This resulted in ag, to the right. Thus, friction must
be to the left

ZFx: — By — usN = mao, = 0 (4)

> Fy: N—By,—Mg=0 (5)
From kinematics,

ap=ac +axroc=0

O =agy + (eL/2)sing  (6)

O =agy + (aL/2)cosf (7)

Solving 7 egns in 7 unknowns, we get
By =—-691N, B,=1478N,

agy = —3.46 M, agy = —2.42 M/

N =638N, «==844rads

s = 0.108
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Problem 18.55 As a result of the constant couple M
applied to the 1-kg disk, the angular acceleration of the
0.4-kg slender bar is zero. Determine M and the coun-
terclockwise angular acceleration of the rolling disk.

Solution: There are seven unknowns (M, N, f, Ox, Oy, a, @), SiX
dynamic equations, and one constraint equation. We use the following
subset of those equations.

S Mg rod - — 0, (0.5 m) cos40’
— 0,(0.5m)sin40° =0,
ZF rod : —O0y = —(0.4 kg)a,
Fy rod 1 —O0y — (0.4 kg)(9.81 m/s) =0,

Mg disk : M — £(0.25 m)
1 2
= é(1 kg)(0.25 m)“«,

S Fdisk : Ox — f = —(1 kg)a,

a = (0.25 m)a.
Solving, we find

0,=329N, 0, =-3%2N,

f=115N, a =823 m/s,

o = 32.9 rad/s?, M = 3.91 N-m.

M =391 N-m, o = 32.9 rad/s%.
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Problem 18.56 The dender bar weighs 40 N and the
crate weighs 80 N. At the instant shown, the velocity of
the crate is zero and it has an acceleration of 14 m/s
toward the left. The horizontal surface is smooth. Deter-
mine the couple M and the tension in the rope.

Solution: There are six unknowns (M, T, N, Oy, Oy, @), five
dynamic eguations, and one constraint equation. We use the following
subset of the dynamic equations.

XMp : M — (40 N)(1.5 m)
— T cos45° (6 m)
— Tsn45°(3 m)
1 ( 40 N

P 2
=3 9.81m/32> (45 mer

9.81 m/s?
The constraint equation is derived from the triangle shown. We have

L=+45m, d=6v2m, 0 =63.4.

SF, 1 —Tcosd5’ = — (ﬂ> (14 m/s%)

x = LcosO ++vd? — L2sin?0

 _(_r4ne L2cosf sing P
x=|-Lsnp - ——_ I d

d? — L?sn?6

S'nce. the velocity x = 0, then we know that the angular velocity
o =6 = 0. Taking one more derivative and setting » = 0, we find

L?cosfsing |\ .
i=[-Ldno - ——— )0 = —(14 m/s?
d? — L?sin%0

, L?cosfsing
=|-Lsng - ——— |«
d? — L2sin%¢

Solving these equations, we find that

o = 1.56 rad/s?, | M = 1149 N-m, T = 1615 N.
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Problem 18.57 The dender bar weighs 40 N and the
crate weighs 80 N. At the instant shown, the veloc-
ity of the crate is zero and it has an acceleration of
14m/s? toward the left. The coefficient of kinetic friction
between the horizontal surface and the crateis uk = 0.2.
Determine the couple M and the tension in the rope.

Solution: There are seven unknowns (M, T, N, Oy, Oy, a, f),
five dynamic equations, one constraint equation, and one friction equa-
tion. We use the following subset of the dynamic equations.

SMo 1 M — (40 N)(1.5 m)
— T cos45°(6 m)

— Tsin45°(3m)

) (45 m?)a,

_1( 40N
~ 3\ 981 m/is?

80N
SF,: —Tcosd5 + (02N =— | ——— ) (14 m/s?
02 <9.81 m/sz> ( )

£F,:Tsin45’+ N — (80N) =0.
The constraint equation is derived from the triangle shown. We have

L=+45m,d=6v2m, 60 =634.

x = Lcost ++vd? — L2sin?6

I d

) . L? in .
X = —Lsne — M 0

d2 — L2sin’0
Since the velocity x = 0, then we know that the angular velocity w =
0 = 0. Taking one more derivative and setting » = 0, we find

. L?cosfsing |\ .. 0

¥=(-Lsing - —— )0 = —(14m/$d)

d2 — [2sn?0 ¥

. L2cos6 sing
=|-L9NO — ——

d?2— L2s€n?g

Solving these equations, we find that

« = 1.56 rad/s®, N = —28.5 N, | M = 1094 N-m, T = 152.8 N.
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Problem 18.58 Bar AB is rotating with a constant y
clockwise angular velocity of 10 rad/s. The 8-kg slender

bar BC dides on the horizontal surface. At the instant I Ef

shown, determine the total force (including its weight) T K

acting on bar BC and the total moment about its center 04m

of mass. ) c

Solution: Wefirst perform akinematic analysis to find the angular {JA: s = x
acceleration of bar BC and the acceleration of the center of mass of [Z8.

bar BC. First the velocity analysis: ‘_ﬂo,4 m—wle——08mM——

VB =Va +wap XTga =0+ (—10k) x (0.4i +0.4)) = (—4i + 4))
Vc =Vp +®pc XTc/p = (—4i +4]) + wpck x (0.8 — 04])

= (=44 0.4 wpc)i + (4+ 0.8 wpe)j

Since C stays in contact with the floor, we set the j component to zero
= wpc = —5 rad/s. Now the acceleration anaysis.

ap =84 +oap XIp/a— wABZrB/A
=0+ 0— (10)2(0.4i + 0.4j) = (—40i — 40))
ac =ap t+apc XIc/p — CUBCZrC/B
= (—40i — 40)) + apck x (0.8i — 0.4)) — (—5)%(0.8i — 0.4))

= (—60 4 0.4arpc)i + (—30 + 0.8pc)j

Since C stays in contact with the floor, we set the j component to zero
= agc = 37.5 rad/s®. Now we find the acceleration of the center of
mass G of bar BC.

ac =ap +apc XrIg/p — wBCZrG/B
= (—40i — 40j) + (37.5)k x (0.4i —0.2)) — (—5)2(0.4i -0.2)

= (—42.5i — 20)) m/s.

The total force and moment cause the accelerations that we just cal-
culated. Therefore

F = mag = (8 kg)(—42.5 — 20j) m/s? = (—340i — 160j) N,

M=Ia= le (8 kg)([0.8 m]? + [0.4 m]?)(37.5 rad/s?) = 20 N-m.

F = (—340i — 160j) N, M = 20 N-m counterclockwise. |

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

513




Problem 18.59 The masses of the Slender bars AB A B
and BC are 10 kg and 12 kg, respectively. The angular T s

velocities of the bars are zero at the instant shown
and the horizontal force F = 150 N. The horizontal
surface is smooth. Determine the angular accelerations

of the bars. 04m
C F
J S _
| 0.4m —02m—]
Solution: Given B,
map = 10 kg, mpc = 12 kg, g = 9.81 m/& A, l
LAB =04 m, LBC =/ 042 + 0.22m, F =150 N Ay mMasd By By
The FBDs
The dynamic equations
L 1 Mgcg F
ZMA : —mABg% + ByLap = 3 mapLag2oap <
-_B. —F = N
ZFBCx i =By — F =mpcapcx

Z Fgcy : =By —mpcg + N = mpcagcy

1
ZMBCG (By — F)(0.2m) + (By + N)(0.1m) = E mchBCZDIBC
The kinematic constraints

apcy = aapLap +apc(0.1 m)
agcx = apc(0.2m)

aapLlapg +apc(0.2m) =0

Solving we find a4p = 20.6 rad/s?, apc = —41.2 rad/s?

oaap =206 radls® CCW, apc =412radl® CW

We aso find
apcy = —823 MIS, apcy = 412 M/

N =244 N, B, =-512N, B, =765N,
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Problem 18.60 Let the total moment of inertia of the
car's two rear wheels and axle be Ir, and let the tota
moment of inertia of the two front wheels be Ir. The
radius of the tires is R, and the total mass of the car,
including the wheels, is m. If the car's engine exerts a
torque (couple) T on the rear wheels and the wheels do
not gslip, show that the car’s acceleration is

RT
a = —FF—————.
R?m + Ir + Ir

Strategy: Isolate the wheels and draw three free-body
diagrams.

Solution: The free body diagrams are as shown: We shall write
three equations of motion for each wheel and two eguations of motion
for the body of the car: We shall sum moments about the axles on
each wheel.
Rear Whesl :

ZFX:FX+f.R:n1Rav

Z Fy=Nr—mgrg—F, =0,

a
> Mrate = Rfig =T = Ira = Ir (— %)

Front Whed! :

ZEV = Gy + fr =mea,

ZFyZNF—mFg—GyZO,

ZMFBX'e =Rfr=Ira =I¢ (—%)
Car Body:

ZEV = —Fy — Gy = mga,

> Fy=Fy+Gy—mpg=0.

Summing the y equations for all three bodies, we get Nr + Np =
(mg + mr + mg)g = mg. Summing the equations for all three bodies
in the x direction, we get fr + fr = (mg + mr +mg)a = ma. (1)
From the moment equations for the wheels, we get fr = —Ira/R?
and fr = —Ira/R?+ T/R. Substituting these into Eq. (1), we get
a = RT/(mR? + Ig + I) as required.
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Problem 18.61 The combined mass of the motorcy-
cle and rider is 160 kg. Each 9-kg wheel has a 330-
mm radius and a moment of inertia I = 0.8 kg-m?. The
engine drives the rear wheel by exerting a couple on it.
If the rear wheel exerts a 400-N horizontal force on the
road and you do not neglect the horizontal force exerted
on the road by the front wheel, determine (a) the motor-
cycle' sacceleration and (b) the normal forces exerted on
the road by the rear and front wheels. (The location of
the center of mass of the motorcycle not including its
whesls, is shown.)

1500 mm

Solution: In the free-body diagrams shown, m,, = 9 kg and m =
160 — 18 = 142 Kkg. Let a be the motorcycle's acceleration to the right
and let « be the wheels' clockwise angular acceleration. Note that
a=033. (1

Front Wheel :

ZFx = By + fr = mya, ¥

> Fy=By+Ne—m,g=0, (3

DM =—fr(033) = L. @
Rear Whesel :
D Fe= A+ fr=mya, ®)

ZFy:A",.—‘,-]VR—mngO7 (6)

Y M=M-fr033) =1la. (7

Motorcycle:
> Fe=—Ac— B, =ma, ®
> Fy=-Ay—B,—mg=0, ©

D M =—M+ (A, + B)(0.723-033)
+ B,(1.5-0.649) — A4,(0.649) = 0. (10)
Solving Egs (1)—(10) with fr = 400 N, we obtain
(@) a = 2.39 rad/s?

and (b) Nr =455N, Ng=1115N.
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Problem 18.62 In Problem 18.61, if the front wheel
lifts dlightly off the road when the rider accelerates,
determine (a) the motorcycle's acceleration and (b) the
torque exerted by the engine on the rear wheel.

Solution: See the solution of Problem 18.61. We set Nk = 0 and
replace Eq. (4) by fe = 0. Then solving Egs. (1)—(10), we obtain

@ a =934ms,

(b) M =516 N-m.

Problem 18.63 The moment of inertia of the vertical
handle about O is 0.16 kg-m?. The object B weighs
66.7 N and rests on a smooth surface. The weight of the
bar AB is negligible (which means that you can treat the
bar as a two-force member). If the person exertsa0.89 N
horizontal force on the handle 15 cm above O, what is
the resulting angular acceleration of the handle?

Solution: Let « be the clockwise angular acceleration of the han-
dle. The acceleration of B is:

ap =aa +aap XIp/a:

i ik
api = (6/12)ai+|0 0  aap
1 -05 O

we see that asp = 0 and

ap = (6/12)a (1).

The free body diagrams of the handle and object B are as shown. Note
that B = arctan(6/12) = 26.6°. Newton's second law for the object
Bis

Ccosp = (0.15/9.81)ag, (2)

The equation of angular motion for the handle is

(15/12)F — (6/12)C cosp = (0.16)a  (3).

Solving Equations (1)—(3) with F = 0.89 N, we obtain o« = 6.8 rad/&

—_— F
| :
15cm T _i
l 6cm C
4
O
66.7 N
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Problem 18.64 The bars are each 1 m in length and 4rad/s
have amass of 2 kg. They rotate in the horizontal plane.

Bar AB rotates with a constant angular velocity of A@ OB

4 rad/s in the counterclockwise direction. At the instant 6 rad /s
shown, bar BC is rotating in the counterclockwise (\
direction at 6 rad/s. What is the angular acceleration of *BC
bar BC?

Solution: Givenm =2kg, L=1m, 0 =45
The FBD

The kinematics

2
ap =ag +oap XA —WAB“TB/A

=04 0— (4 rad/s)’(1 m)i = —(16 M/SD)i

ac =ap +apc Xrg/p — wBCZrG/B
= —(16 M/s?)i + apck x (0.5 m)(coshi — sindj)
— (6 rad/s)2(0.5 m)(cosi — sinéj)
= (=16 m/s® + [0.5 msin@]agc — [18 m/s?] cosh)i

+ ([0.5 mcosb]apc + [18 M/F] sing)j
Our kinematic constraints are

ay = —16 m/s® + [0.5 msinf]age — [18 m/s?] coso

ay = [05 mcost]apc + [18 m/s?] sino

The dynamic equations

ZFX . —B, = may
Z Fy : By = may

1
> Mg : B.(0.5 m)sind — B, (0.5 m) cost = "0 m)%agc

Solving we find | @pc = 17.0 rad'® CCW
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Problem 18.65 Bars OQ and PQ each weigh 6 N.
The weight of the collar P and friction between the
collar and the horizontal bar are negligible. If the system
is released from rest with = 45°, what are the angular
accelerations of the two bars?

Solution: Letapg andapg be the clockwise angular acceleration

y
of bar OQ and the counterclockwise angular acceleration of bar PQ. o
The acceleration of Q is o
i i k o A2 A

ag =ap+aop Xrgp= 0 0 —0oQ
2c0os45° 2sin45° 0

Q
Ao
G
.
Qy Q
= 200¢ Sin45°i — 2up g C0S45°j. 5
X
6N

Q
The acceleration of P is
6N
(6]
ap =389 +apg Xrp/o N
i j k From the diagrams:
api :2&0Q§ﬂ45°i—20{0Q COS45°j+ 0 0 oapQ |-
2cos45° 2sin45° 0 The equation of angular motion of bar OQ is Y~ Mg = Ioaog:

Equating i and j components, 0.(28in45°) — 0, (2c0845°) + 6c0s45° = £(6/9.81)(2) %00
ap =200 SN45° —2appsinds® (1) The equations of motion of bar PQ are
0= —20p¢ C0os45° + 20pp C0S45°  (2). Z F, = — 0, = (6/9.81)ag; ®)

The acceleration of the center of mass of bar PQ is
> Fy=N-0Q,—6=(6/9.81)ac, @)

ac =ag tapg Xrg/o = 20{()Q sin45°i
1
D M =N+ Qy+ 0.)(cosd5’) = 1—2(6/9.81)(2)2aPQ (®).

[ j k
— Z(IOQ cos45°j + 0 0 apg |-
c0sd5’ —sinds® 0 Solving Equations (1)—(8), we obtain apg = apo = 6.83 rad/s?

Hence,

agx =2a0Qsin45°+oszsin45° 3);

agy = —2010 00s45° + apg c0s45°  (4).

(5).
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Problem 18.66 In Problem 18.65, what are the angular
accelerations of the two bars if the collar P weighs2 N?

. 1
Solution: In the solution of Problem 18.65, the free body diagram Z M= (N—P+ Qy,+ Q,)(cosd5’) = E(G/Q.Sl)(Z)Zosz
of bar PQ has a horizontal component P to the left where P is the

force exerted on the bar by the collar. Equations (6) and (8) become and the equation of motion for the collar is P = (2/9.81)ap solving

equations (1-9), we obtain wpg = apg = 4.88 rad/s.
D Fe=-0.— P =(6/9.81)ac,

Problem 18.67 The 4-kg dender bar is pinned to 2-
kg dliders at A and B. If friction is negligible and the
system is released from rest in the position shown, what
is the angular acceleration of the bar at that instant?

Solution: Express the acceleration of B in terms of the accelera-
tion of A, ag = ay +aap X p/a:

i j k
ap c0s45°i — ap sin45°j =—aaj+| 0 0 AAB | »
05 -12 O
or apcosds’ = 12,5, D
and —apsind5® = —ay + 0.504p, 2.

We express the acceleration of G in terms of the acceleration of A,
ac =aa taap XIg/a:

aG = agxi +agyj = —aaj + (I) g) O:B ,
025 -06 O
or agy = 0.6aup, 3);
and  agy = —aa + 0.25045, (%;
The free body diagrams are as shown. The equations of motion are
Slider A:

Ay
N—-A,=0 ), A,
and (2)(9.81) + Ay = 2ay, (6); B
By
Slider B: P —[By + By + (2)(9.81)] cos45’ = 0, 7); (4)(9.81)
BX
and [(2)(9.81) — By + By] c0s45° = 2ap, 8); ry
Bar: Ay + Bx = 4agx 9); &.@-‘N
and A, + By — (4)(9.81) = 4dagy (10); (2)(9.8)
_ 1., B,
(L/2)[(Bx — Ay)cosp + (By — Ay)sSinp] = 5(4)L arp  (11), P
BX
where L =./(052+ (1.2)2m
(2)(9.81)

and B arctan(0.5/1.2) = 22.6°.

Solving Equations (1)—(11), we obtain a4 3 = 5.18 rad/s’.
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Problem 18.68 The mass of the slender bar is m and
the mass of the homogeneous disk is 4m. The system
is released form rest in the position shown. If the disk
rolls and the friction between the bar and the horizon-
tal surface is negligible, show that the disk’s angular
acceleration is o« = 6g/95R counterclockwise.

Solution: For the bar: The length of the bar is L = v/5R. Apply
Newton’s second law to the free body diagram of the bar: B, = magy,
By + Ny —mg = mag,, where ag,, ag, are the accelerations of the
center of mass of the bar. The moment about the bar center of mass is

R
— RNy — EBX = Ipaap.

RBy
For thedisk:  Apply Newton's second law and the equation of angular
motion to the free body diagram of the disk. f — B, = 4map,, Np —
4mg — By =0, RBy + Rf = Ipap

From kinematics: Since the system is released from rest, wap =
wp = 0. The acceleration of the center of the disk is ap = —Rapi.
The acceleration of point B in terms of the acceleration of the center
of the disk is

i j k
ap=ap+ap Xrgp=ap+ 0 O ap | =—Rapi— Rapj.
—-R 0 O

The acceleration of the center of mass of the bar in terms of the
acceleration of B is

i ] k
ac =ap +osp XTG/B—wf\BrG/B=aB+ 0 OR “aB

Raap. .
=ag + %I — Raap],

o . H
a6 :—R(aD— %)I—R(O{D +aap)j.

The acceleration of the center of mass of the bar in terms of the
acceleration of A is

i ]k
ag =ax+as xfga=as+| 0 g @AB
RS 0

RO{AB

=ay — i+ Roagj.

From the constraint on the motion, a4 = a,i. Equate the expressions

for ag, separate components and solve: aqp = —(%D. Substitute to
. 5R R
obtain ag, = _TQD’ agy = _EaD' Collect the results:
5Rm
(1) B.= —= b
Rm
(@ By+Na—mg= ——

| 2R |

By B,

Na By By

.....»f
mg No
R Ip
RB, — R — —B, =——ap,
(3) y NA 2 2 op

(4 f— B, =—4Rmap,
(5 Np—4mg—B,=0,
(6) RBy—i-Rf:IDOtD.

From (1), (2), and (3)

mg 9mR Ip
By="8 (2 4 By,
YT <16 +4R)°”’

From (1), (4) and (6),

B. — ID+21Rm
»E\R T T4 )

Equate the expressions for B, and reduce to obtain

O{D:(mg 1

7)(93Rm In 13>'

T T

For a homogenous cylinder of mass 4m, Ip = 2R?m. For a slender
bar of mass m about the center of mass,

1 5
Ig = —mL%? = —mR2.
B= 1M "

Substitute and reduce:

6g

0= 9R |

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

521



Problem 18.69 Bar AB rotates in the horizontal plane
with a constant angular velocity of 10 rad/s in the coun-
terclockwise direction. The masses of the slender bars
BC and CD are 3 kg and 4.5 kg, respectively. Deter-
mine the x and y components of the forces exerted on
bar BC by the pinsat B and C at the instant shown.

Solution: First let's do the kinematics

Velocity

Vp =Va +®ap XIp/A

=0+ (10 rad/s)k x (0.2 m)j

= —(2 m/)i
Vc =Vp +wpc XIc/p

= —(2 M9 + wpck x (0.2 M)i = —(2 M/ + (0.2 Mwpc]
Vp =Vc +w®cp XIp/c

= —(2 m/)i + (0.2 Mwpcj + wcpk x (0.2 m)(i —j)

= (=[2 m/g] 4 [0.2 m]wcp)i + (0.2 M) (wpc + wcp)j
Since D is pinned we find wcp = 10 rad/s, wpc = — 10 rad/s

Acceleration

ap =as +oap XIp/a— wABer/A
=0+ 0— (10 rad/s)2(0.2 m)j = — (20 m/S)j
ac =ap +opc XIc/p— wBCZrC/B
= —(20 M/S)j + apck x (0.2 m)i — (—10 rad/s)2(0.2 my)i
= —(20 m/sY)i + ([0.2 Mlagc — 20 M/S)j
ap =ac +acp XIp/c— wcnzfn/c
= —(20 M/s?)i + ([0.2 mlape — 20 MISP)j 4 acpk
x (0.2 m)(i —j) — (10 rad/s)?(0.2 m)(i — j)

= (=40 m/s? 4 [0.2 mlacp)i + ([0.2 M][apc + ascl)]
Since D is pinned we find agc = —200 rad/2, acp = 200 rad/s?

Now find the accelerations of the center of mass G.

2
ac =ap +apc Xrgiys —wpcrGlyB

= (—10i — 40j) m/s

= —(20 m/s?)j + (—200 rad/s)k x (0.1 m)i — (—10 rad/s)?(0.1 mi

<

10 rad/s

| 02m 02m |
0.2m
(@ D 0
B G C
0.2m
{ \ 10rad/s
N
0)# D
T77T7777 0.4m
C,
BX
5 S S
y
DX
Dy
The FBDs

The dynamics

> " Fpcx : By + Cx = (3kg)(—10 m/s?)

> " Fscy : By + Cy = (3 kg)(—40 mis’)
Z Mg1: (Cy — By)(0.1m) = %2(3 kg) (0.2 m)?(—200 rad/s®)

> Mp:C (02 m) +Cy(02m) = %(4.5 kg) (+/2[0.2 m])2(200 rad/s?)

Solving we find

B, = —220N, B, = —50 N
C. =19N, C, =-70N
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Problem 18.70 The 2-kg bar rotates in the horizontal
plane about the smooth pin. The 6-kg collar A dides on
the smooth bar. At the instant shown, »r =1.2m, w =
0.4 rad/s, and the collar is diding outward at 0.5 m/s
relative to the bar. If you neglect the moment of inertia
of the collar (that is, treat the collar as a particle), what
is the bar’s angular acceleration?

Strategy: Draw individual free-body diagrams of the
bar and collar and write Newton's second law for the
collar in terms of polar coordinates.

Solution: Diagrams of the bar and collar showing the force they
exert on each other in the horizontal plane are: the bar’'s equation of
angular motion is

Y Mo=1Ia: —Nr=322% (1)

In polar coordinates, Newton's second law for the collar is

Y F=ma N dr 2)e + +2dr
= ma: =m —s —FrW - ra - W .
& dr? ’ a®)®

Equating &5 components,

dr

N=m (rot +2-- w) = (B)[ra +2(0.5)(0.H] (2.

Solving Equations (1) and (2) with r = 1.2 mgivesa = —0.255 rad/s?

Problem 18.71 In Problem 18.70, the moment of iner-
tia of the collar about its center of mass is 0.2 kg-m?.
Determine the angular acceleration of the bar, and com-
pare your answer with the answer to Problem 18.70.

Solution: Let C be the couple the collar and bar exert on each
other: The bar’'s equation of angular motion is

Y Mo=Ia: —Nr—C=3Q2@?% (.
The collar’s equation of angular motion is
Y M=la: C=02x (2.

From the solution of Problem 18.70, the @ component of Newton's
second law for the collar is

N = (6)[ra +2(0.5)(0.4] ()

Solving Equations (1)—(3) with r = 1.2 m gives & = —0.250 rad/<.
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Problem 18.72 The axis L is perpendicular to both
segments of the L-shaped slender bar. The mass of the
bar is 6 kg and the materia is homogeneous. Use inte-

Solution: Divide the object into two pieces, each corresponding
to a slender bar of mass m; the first parallel to the y-axis, the second
to the x-axis. By definition

1
I:/rzdm+/r2dm.
0 m

For the first bar, the differential mass is dm = pA dr. Assume that
the second bar is very slender, so that the mass is concentrated at a
distance [ from O. Thusdm = pA dx, where x lies between the limits
—4 < x < 5. The distance to a differential dx is r = viZ + xZ. Thus
the definition becomes

1
. 1
2

I:pA/ r2dr+pA/ ; (12 + x%) dx
o L
2

gration to determine the moment of inertia of the bar im
about L.
Ly /
2m
Solution: Let A be the bar's cross-sectional area. The bar's mass dm I
ism =6Kkg=pA(3m), sopA=2Kkgm. ~— dy
T

For the horizontal part (Fig. a), dx r y

I/x —> < 4

2 L
Iy = /xzdm :/ x2pAdx = §pA = ES kg-m?. © ~dm Lo
m 0 3 3
For the vertical part (Fig. b), @ (0)
1
I, = /rzdm :/ (22 +y?)pAdy
m 0
_B B
=3 pA = 3 kg-m©.

Therefore Iy = I, + I, = 14 kg-m?.
Problem 18.73 Two homogenous slender bars, each of I
mass m and length [, are welded together to form the T-
shaped object. Use integration to determine the moment
of inertia of the object about the axis through point O
that is perpendicular to the bars. \
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Problem 18.74 The dlender bar liesin the x—y plane. y
Its mass is 6 kg and the material is homogeneous. Use
integration to determine its moment of inertia about the
7 axis.

50°

le——1m—

. 6k
Solution: The density is p — 3—g — 2 kg/m

o=
1m

I, =/ pxzdx
0

2m
+/ o[(1 m+ s cos50°)2 + (s in50°)?] ds
0

I. = 15.1 kg-m?

Problem 18.75 The slender bar liesin the x—y plane.
Its mass is 6 kg and the material is homogeneous. Use
integration to determine its moment of inertia about the
y axis.

. K
Solution: The density is p = % =2 kg/m

im
I, :/ px2dx
’ 0

2m
+/ o[(1 m+ s cos50°)?] ds
0

1, = 12,0 kg-m?
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Problem 18.76 The homogeneous thin plate has mass y
m=12kg and dimensions b=1m and 2 =2m.
Determine the mass moments of inertia of the plate about

the x, y, and z axes. /

Strategy: The mass moments of inertia of a thin plate a
of arbitrary shape are given by Egs. (18.37)—(18.39) in
terms of the moments of inertia of the cross-sectional
area of the plate. You can obtain the moments of inertia ! b
of the triangular area from Appendix B.

‘jog.‘

Solution:
m =12 kg
Area= 1bh

2

p = mass/Area

dm = pdA

From Appendix B,

12

-~ 3 } 3
%" =300

1 1 I, =pl,, =
IS %bh'& I, = %hlﬁ ! >A

1 I, = 0.667 kg-m?
Area= E(1)(2) =1m

IL=I1+I
o = 12 kgim?
I, = 2.667 + 0.667 kg-m?
— 2 = 2
1= [man=p [ ?as 1 =338 kg

I, = pIxA , Iy = pIyA

I, =12 <3%> (1)(2)® = 2.667 kg-n?
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Problem 18.77 The brass washer is of uniform thick- y
ness and mass m.

(@ Determine its moments of inertia about the x and R°
i\
X

(b) Let R, =0, and compare your results with the val- h
ues given in Appendix C for athin circular plate.

Solution:
R R
(@ The area moments of inertia for a circular area are
7 R*
L=1ly==—

For the plate with a circular cutout,

T
I = Z(R;f )

The area mass density is %, thus for the plate with a circular
cut,

m m

A" m(RZ—-R?’

from which the moments of inertia

m(R} — RY) B

I(x-axis) = = ﬂ(RZ + R?)
’ AR2-R» 477 i

m
Iz-axis) = 2l (x-axis) = E(Rf + Ri2)~

(b) Let R; =0, to obtain

m o2
Iy axis = ZRO’

m
I(z-axis) = ER(Z,’

which agrees with table entries.
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Problem 18.78 The homogenous thin plate is of uni- y
form thickness and weighs 20 N. Determine its moment y=4- %xz m
of inertia about the y axis.

Solution: The definition of the moment of inertia is

I:/ r2dm.
m

The distance from the y-axis is x, where x varies over the range
4<x<4lett=12
A
. w . . -
of an element ydx isdm = 17 dx. Substitute into the definition:
8

w4 x2
Iy-aXiS: g_A [4X2 <4— Z) dx

w
= be the area mass density. The mass
8

wad ST ow
= [L _ ’L] = = [68.2667].
gA | 3 20|, gA
The areais

4 42 w31
A:/ 4 Vax=|a— | =—21333m2
L 4 2],

The moment of inertia about the y-axis is

w 20
Iy-axis) = ?(3.2) = m(3.2) = 6.52 kg-m?.

Problem 18.79 Determine the moment of inertia of the
plate in Problem 18.78 about the x axis.

. ; . . w )
Solution: The differentiadl mass is dm = — dy dx. The distance
8
of a mass element from the x-axis is y, thus

w +4 47%
1=— dx/ yzdy
8A J 4 0

w +4 2
= 4-2 ) dx
3gA —4 4

W 3 7
= |64x — 44+ a5 —
3gA[ AT 448],4
W
= —[234.057].

3gA[ 7]

From the solution to Problem 18.78, A = 21.333 ft2. Thus the moment
of inertia about the x-axis is

L W@ W
;ST 30 (21.333)

= —(3.657) = 7.46 kg-m?.
8
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Problem 18.80 The mass of the object is 10 kg. Its
moment of inertia about L4 is 10 kg-mz. What is its
moment of inertia about L,? (The three axes are in the
same plane.)

0.6m 0.6m

Solution: The strategy is to use the data to find the moment of
inertia about L, from which the moment of inertia about L, can be
determined.

‘ I; = —(0.6)2(10) + 10 = 6.4 kg-n? ‘

from which

‘ I12 = (1.2)2(10) + 6.4 = 20.8 kg-n7? ‘

Problem 18.81 An engineer gathering data for the

design of a maneuvering unit determines that the Y Y
astronaut’s center of massisatx =1.01 m, y =0.16 m .
and that her moment of inertia about the z axis is > ,

105.6 kg-m?. The astronaut’s mass is 81.6 kg. What is e ——— ——
her moment of inertiaabout the z’ axis through her center |- =
of mass? -

Solution: The distance from the 7' axis to the z axis is d =
Vx2+ y2 = 1.02257 m. The moment of inertia about the 7’ axis is

L-ais = —d?m + I-ais
= —(1.0457)(81.6) + 105.6 = 20.27 kg-n?

Problem 18.82 Two homogenous slender bars, each of
mass m and length [, are welded together to form the
T-shaped object. Use the parallel-axis theorem to deter-
mine the moment of inertia of the object about the axis
through point O that is perpendicular to the bars. 7 !

to a bar of mass m. By definition 7 = fé r2dm. For the first bar, the axis theorem, the moment of inertia about O is
differential mass is dm = pAdr, from which the moment of inertia
about one end is

; mi? Py mi?2 17,
= — m+ —— = -—m
i °7 3 212

1 ,.3 m12
L= ,oA/é rdr = pPA [§j|0 =3

For the second bar

1

i
5 372 2
2 l
12=pA/lr2dr=pA|:r—] -
-2 -2

Solution: Divide the object into two pieces, each corresponding is the moment of inertia about the center of the bar. From the parallel
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Problem 18.83 Use the parallel-axis theorem to deter-
mine the moment of inertia of the T-shaped object in
Problem 18.98 about the axis through the center of mass
of the object that is perpendicular to the two bars.

Solution: The location of the center of mass of the object is

1
m(i) +Im §l

X=—m—— = .
2m 4

Use the results of Problem 18.98 for the moment of inertia of a bar
about its center. For the first bar,

1\? 2 7
IL = (Z) m+ K .
For the second bar,

. 1\? +m12 L
=| - m — = —mi-.
27 \4 12~ 48

The composite:

I.=h+1DL= ! 12
c =11 2—24m

Check: Use the results of Problem 18.98:

3\? 17,
I =— (Z) (2m) + Eml

-9 17 7
=(—+ = )mi?= —mi? check.
8 12 24

Problem 18.84 The mass of the homogeneous slender y’

bar is 30 kg. Determine its moment of inertia about the Yy

z axlIs. )
T ° .
0.8 m

.8
| :
‘«0.6 m } 2m }

. k
Solution: The density is p = % =10 kg/m

_1 2, 1 2
I, = 3(10 kg) (1.0 my? + 5 (20 kg)(2 m)

+ (20 kg)[(1.6 M)? + (0.8 m)?]

I, = 74 kg-m?
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Problem 18.85 The mass of the homogeneous slender
bar is 30 kg. Determine the moment of inertia of the bar
about the 7' axis through its center of mass.

Solution: First locate the center of mass

-_ (10kg©O3m +0kgL6m
30 kg

_ (10 kg)(0.4 m) + (20 kg)(0.8 m)
N 30 kg

Using the answer to 18.100

= 0.667 m

=

I, = (74 kg-m?) — (30 kg)(1.167% + 0.667%)m?

I, = 19.8 kg-m?

Problem 18.86 The homogeneous slender bar weighs
1.5 N. Determine its moment of inertia about the 7 axis.

4 cm

Solution: The Bar's mass is m = 0.155 kg. Itslength is L = } 8cm

Li+ Lo+ L3 =8++/8 + 8 + n(4) =31.9 cm. The masses of the
parts are therefore,

Ly 8
Lo J2(64)
= —“m= 0.155) = 0.
M> 7" ( 39 ) ( ) = 0.0551 kg,
L3 A

The center of mass of part 3 is located to the right of its center C a
distance 2R /7 = 2(4) /7 = 2.55 cm. The moment of inertia of part 3
about C is

/ r?dm = mar? = (0.0612)(4)2 = 0.979 kg-cm?.
ms3

The moment of inertia of part 3 about the center of mass of part 3 is
therefore I3 = 0.979 — m3(2.55)2 = 0.582 kg-cmz. The moment of
inertia of the bar about the z axisis

1 1
Iz aig = émlL]Z_ + émng + I3 + m3[(8 + 2.55)? + (4?]

= 11.6 kg-cm? = 0.00116 kg-m?.
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Problem 18.87 Determine the moment of inertia of the
bar in Problem 18.86 about the 7’ axis through its center
of mass.

Solution: In the solution of Problem 18.86, it is shown that the
moment of inertiaof the bar about the z axisis I; aisy = 11.6 kg-cm?.
The x and y coordinates of the center of mass coincide with the cen-
troid of the bar:

. X1L1 +XoLz +X3L3
Li+Lz+ L3

(H(®) + (HV8% + 8 + [8+ ?] 7 (4)

= =6.58 cm,
8+ V& +&+m(4)

_viLi+yela+ysls
L1+ L2+ L3

_ 0+ (V& + 8 + 1 (4)(4) —300cm

8+ V& +&+m(4)

The moment of inertia about the 7/ axis is

liyaxis = Iz axis) — %+ yz) (0.155) =3.44 kg-cmz.

Problem 18.88 The rocket is used for atmospheric
research. Its weight and its moment of inertia about
the z axis through its center of mass (including its
fuel) are 44480 N and 13826 kg-m2, respectively. The
rocket’s fuel weighs 26688 N, its center of massis loca-
tedat x = —0.91m, y = 0, and z = 0, and the moment
of inertia of the fuel about the axis through the fuel’s
center of mass parallel to z axis is 2983 kg-m?. When
the fuel is exhausted, what is the rocket's moment of
inertia about the axis through its new center of mass
parallel to z axis?

Solution:  Denote the moment of inertia of the empty rocket as I
about a center of mass xx, and the moment of inertia of the fuel as /5
about a mass center xr. Using the paralel axis theorem, the moment
of inertia of the filled rocket is

Ig = Ig + x2mg + I + x2mp,
about a mass center at the origin (xg = 0).

2 2

Solve: Ig = Ig — xg“mg — Ip — xp“mp.

The objective is to determine vaues for the terms on the right from

the data given. Since the filled rocket has a mass center at the origin,
the mass center of the empty rocket is found from

O=mgxg +mpxr,

from which

mp
xg=—|—)xr.
mg

Using avalue of g = 9.81 m/s?,

Wr 26688
=L o222 o720k
T T T Tesl 0 ke,
- 44480 — 2
mp = Wr—Wr) _ 44980~ 26688 _ \o155 N,

g N 9.81

2720

From which xp = — (m

) (=0.91) =1.37 m

is the new location of the center of mass.

Substitute:

Ig = I —xémE —Ir —x%mF
= 13826 — 3410 — 2983 — 2273
= 5151 kg-m?
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Problem 18.89 The mass of the homogeneousthin plate
is 36 kg. Determine the moment of inertia of the plate
about the x axis. ~—0.4 m—=~—04m—

3

3

SPEEE¢" N SV ¢ PN

Solution: Divide the plate into two areas: the rectangle 0.4 m by
0.6 m on the left, and the rectangle 0.4 m by 0.3 m on the right. The

. . m
mass density is p = I
The areais

A = (0.4)(0.6) + (0.4)(0.3) = 0.36 m?,

from which
6 2

The moment of inertia about the x-axis is

Li-axis = (%) (0.4)(0.6%) + p (%) (0.4)(0.3)° = 3.24 kg-m?

Problem 18.90 Determine the moment of inertia of the
36-kg plate in Problem 18.89 about the z axis.

Solution: Thebasic relation to useis L-as = Iv-axis + Iy-axis- The
value of I,-4is iS given in the solution of Problem 18.89. The moment

of inertia about the y-axis using the same divisions as in Problem 8.89
and the paralel axis theorem is

1 1
Iy-axis = p <§> 0.6)(0.4°%+p (E) (0.3)(0.4)°

+ (0.6)2p(0.3)(0.4) = 5.76 kg-n??,

from which

L-axis = Ly-axis + Iy-axis = 3.24+ 5.76 = 9 kg-n?
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Problem 18.91 The mass of the homogeneousthin plate y

is 20 kg. Determine its moment of inertia about the
x axis. 1000 mm —————~|
400 mm
400 mm
X
200 .. 200 |
mm mm
Solution: Break the plate into the three regions shown. y !
A = (0.2 m)(0.8 M) + (0.2 M) (0.4 m) ' 1000
1 L
+ 504 m)(©06 m) =0.36 m? l :
| |
| |
20 kg 5 I I
- = 55.6 kg/m ~
P= 03 me 9 800
Using the integral tables we have 200
1 1
Iy = 5(02m)(08 m)3 + (02 m)(0.4 m)3 + (0.2 m)(0.4 m)(0.6 m)2 400
200 5 X

+ 3—16(0.6 m)(0.4 m)® + %(0.6 m)(0.4 m)(0.667 m)?

=0.1184 m*

Iy_axis = (55.6 kg/m?)(0.1184 m*) = 6.58 kg-m?
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Problem 18.92 The mass of the homogeneousthin plate
is 20 kg. Determine its moment of inertia about the
y axis.

Solution:  See the solution to 18.91
1 1
Iy = 508 M(©02m)° + (0.4 M) (0.2 m)° + (0.2 m)(0.4 m)(0.3 m)?

+ 3—16(0.4 m) (0.6 m)3 + %(0.6 m) (0.4 m)(0.6 m)2

= 0.0552 m*

Iy—axis = (5.6 kg/m?)(0.0552 m) = 3.07 kg-m? ‘

Problem 18.93 Thethermal radiator (used to eliminate
excess heat from a satellite) can be modeled as a homo-
geneous thin rectangular plate. The mass of the radiator
is 5 kg. Determine its moments of inertia about the
x,y, and z axes.

Solution: The areais A = 9(3) = 27 m2.

The mass density is

_ 2 0.1852 kg/m?.

_m
P=A =27~

The moment of inertia about the centroid of the rectangle is

1
Lie=p <E> 9(33) = 3.75 kg-m?,

1
Iie =p | = ) 3(9%) = 33.75 kg-m?.
ye =P <12> (9°) g
Use the parallel axis theorem:
Li-axis = pA(2 + 1~5)2 + Iyc =65 kg-mz,

Iy-axis = pA(4.5 — 3)% + I, = 45 kg-m?.

I;-axis = Ix-axis + Iy-axis = 110 kg'mz
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Problem 18.94 The mass of the homogeneousthin plate - 1
is 2 kg. Determine the moment of inertia of the plate
about the axis through point O that is perpendicular to

the plate. 80 mm
10 mm
30 mm
{
(@)
.30 __
mm

‘ 130 mm

Solution: By determining the moments of inertia of the area about
the x and y axes, we will determine the moments of inertia of the plate
about the x and y axes, then sum them to obtain the moment of inertia
about the z axis, which is Ip.

The areas are
A; = 3(130 2
1= 5(130)(80) mm=, 0mm

Ap = 7(10)2 mm2,
Using Appendix B, |—-e————- 100mm  ———y

_ 1 3_[1 104 2
I, = 12(130)(80) [ 471(10) + (30) Az]

=5.26 x 106 mm?,

I = % (80)(130)° — [%n(lo)“ + (100)2A2]

= 40.79 x 10° mm*.
Therefore
m
I ¢ ais) = mll = 2150 kg-mmz,
Ity sy = — I, = 16700 kg-mm?
oady = L, T g .

Then
Iz axis = I(x axis) + I(y axisy = 18850 kg-mmz.

I(; axisy = 0.0188 kg-m?.
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Problem 18.95 The homogeneous cone is of mass m.
Determine its moment of inertia about the z axis, and
compare your result with the value given in Appendix C.
(See Example 18.10.) X

Strategy: Use the same approach we used in _—
Example 18.10 to obtain the moments of inertia of a
homogeneous cylinder.

Solution: The differential mass

3
dm = (%) arédz = R—Z;lrzdz.

1
The moment of inertia of this disk about the z-axis is Emrz' The

radius varies with z, r = (%) z, from which

3mR? /h 4, _ 3mR? |:25:|h _ 3mR?
0

Locoyic = — -
TS ons Jy 25 |5 10

Problem 18.96 Determine the moments of inertia of
the homogeneous cone in Problem 18.95 about the x
and y axes, and compare your results with the values
given in Appendix C. (See Example 18.10.)

. 3
Solution: The mass density is p = - = —>"_ The differentia
V.  wR2h

element of mass is dm = prr2dz.. The moment of inertia of this
elemental disk about an axis through its center of mass, parallel to the

. 1 )
x- and y-axes, isdI, = <Z) r2dm. Use the parallel axis theorem,

1
I, :/ <7>r2dm+/ 22dm.
m 4 m

R
Noting that r = P then

7 R?

and z2dm = p (TZ) Z4dz. Substitute:

7TR4 h 7TR2 h
IX:'O(W)_/O z4dz+p(7)./0 Z4dZ,

3mR2  3m\[57" 3 3
I, = =)z = —R24 Zh?) =1,.
: <4h5 +h3>[5]0 m(zo *5 ) y
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Problem 18.97 The homogeneous object has the shape y
of a truncated cone and consists of bronze with mass
density p = 8200 kg/m3. Determine the moment of
inertia of the object about the z axis.

Solution: Consider an element of the cone consisting of a disk v
of thickness dz We can express the radius as a linear function of
zr = az + b. Using the conditionsthat r =0at z =0and r = 0.06 m X
a z =0.36 m to evaluate a and b we find that » = 0.167 z. From i

Appendix C, the moment of inertia of the element about the z axis is

1, 1 5 , 1 4 z
(1) dement = Emr = E[p(nr )dz]re = 5pn(0.167z) dz. “L'h‘dz

We integrate this result to obtain the mass moment of inertia about the
z axis for the cone:

036 1 A8 0.36
I(z axis) = / 5,077(0167) |:€:|
0.18 0.18

1 5 0.36
=(8200)7(0.167)% [—]
2 5 0.18

= 0.0116 kg-m?.

Problem 18.98 Determine the moment of inertia of the
object in Problem 18.97 about the x axis.

Solution: Consider the disk element described in the solution
to Problem 18.97. The radius of the laminate is r = 0.167z. Using
Appendix C and the parallel axis theorem, the moment of inertia of
the element about the x axis is

1 1
(Iy)dement = Zlmr2 +mz? = Z{[p(ﬂrz)dz]r2 + [p(r?)dz]z?

1
=3 o (0.1672)*dz 4 pm(0.1672)%z%dz.

Integrating the result,

0.36

Adz + ,071(0.167)2/ dz

1 0.36
It ais = 370167 f »

0.18

= 0.844 kg-m?.

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

538




Problem 18.99 The homogeneous rectangular paral-
lelepiped is of mass m. Determine its moments of inertia
about the x, y, and z axes and compare your results with
the values given in Appendix C.

Solution: Consider a rectangular slice normal to the x-axis of

dimensions b by ¢ and mass dm. The area density of this diceis p =

d
b_m The moment of inertia about the y axis of the centroid of a thin

-

plate is the product of the area density and the area moment of inertia
1 1

of the plate: dI, = p (E) bc3, from which d1, = <E) c2dm. By

symmetry, the moment of inertia about the z axis is

1 2
dl. = <E> b2dm.

Since the labeling of the x- y- and z-axes is arbitrary,
dl, =dI, +dly,
where the x-axis is normal to the area of the plate. Thus
dl, = <i) (% + c?) dm,

12

from which

1 m
I = (E) b%*+c?) [ dm = 1—2(b2+c2) .

By symmetry, the argument can be repeated for each coordinate, to
obtain

I, = %(az 1

_moa2. 2
IZ_lZ(b + a®)

Problem 18.100 The sphere-capped cone consists of
material with density 7800 kg/m®. The radius R =
80 mm. Determine its moment of inertia about the
x axis.

Solution: Given p = 7800 kg/m®, R = 0.08 m

Using the tables we have

3.1 ., s 202 0\,
I, = — —mR[4R] | R — —mTR°) R
10 (ps’T [ ]> G <”3”

I, = 0.0535 kg-m?
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Problem 18.101 Determine the moment of inertia of
the sphere-capped cone described in Problem 18.100
about the y axis.

Solution:  The center of mass of a half-sphere is located a distance

3R . .
5 from the geometric center of the circle.

1 3 3 2/ 2
I, = (p=nRY4R] ) [ Z[4R1?+ —=R?) + = ( p=7R®) R?
= (ogram) (Zeani + Z22) + 2 (037

23\ (3R 2+ 2 23\ (ar 1. 3R 2
P37 8 P37 8
I, = 2.08 kg-m?

Problem 18.102 The circular cylinder is made of
aduminum (Al) with density 2700 kg/m® and iron (Fe)
with density 7860 kg/m®. Determine its moment of
inertia about the x’ axis.

Solution:

I, = %[(2700 kag/m?)7 (0.1 m)2(0.6 m)] (0.1 m)?

+ %[(7860 kg/m?) (0.1 m)%(0.6 m)] (0.1 m)?

I, = 0.995 kg-m?

Problem 18.103 Determine the moment of inertia of
the composite cylinder in Problem 18.102 about the y’
axis.

Solution: First locate the center of mass
[(2700 kg/m®)7 (0.1 m)2(0.6 m)](0.3 m)
+ [(7860 kg/m®)7 (0.1 m)2(0.6 m)] (0.9 m)
(2700 kg/m®)7 (0.1 m)2(0.6 m) + (7860 kg/m®)7 (0.1 m)2(0.6 m)

=
Il

¥ =0747m
3 2 1 2 1 2
I, =[(2700 kg/m>)7 (0.1 m)“(0.6 m)] [1—2(0.6 m)< + 4_1(0'1 m) }
+[(2700 kg/m®)7 (0.1 m)(0.6 m)](x — 0.3 m)?

+ [ (7680 kg/m®)7 (0.1 m)?(0.6 m)] [le(o'ﬁ m)? + %(0.1 m)2:|

+ [(7680 kg/m®)7 (0.1 m)?(0.6 m)] (0.9 m — x)?

I, = 20.1 kg-m?
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Problem 18.104 The homogeneous machine part is
made of auminum aloy with mass density p =
2800 kg/m?. Determine the moment of inertia of the part
about the z axis.

2o

mm

Solution:  We divide the machine part into the 3 parts shown: (The
dimension into the page is 0.04 m) The masses of the parts are Y o012 -
m

m1 = (2800)(0.12)(0.08)(0.04) = 1.075 kg,

35~
|

ma = (2800) 37(0.04)%(0.04) = 0.281 kg, *

cEa
— 2 _ X =
m3 = (2800)7r(0.02)<(0.04) = 0.141 kg. + ohllz.. 004m

012
m -4

0.02m

Using Appendix C and the parallel axis theorem the moment of inertia

of part 1 about the z axisis
1 2 2 2
I aisy, = Eml[(O.OS) + (0.12)7] + m1(0.06)

= 0.00573 kg-m?.
The moment of inertia of part 2 about the axis through the center C
that is paralel to the z axisis
%msz = %1112(0.04)2
The distance along the x axis from C to the center of mass of part 2 is
4(0.04)/(37) = 0.0170 m. Therefore, the moment of inertia of part 2
about the z axis through its center of mass that is paralel to the axis
is
$m2(0.04)2 — m2(0.0170)? = 0.000144 kg-m?.
Using this result, the moment of inertia of part 2 about the z axisis

I(; axis2 = 0.000144 + m(0.12 + 0.017)2 = 0.00544 kg-m?.

The moment of inertia of the material that would occupy the hole 3
about the z axisis

I aig3 = 3m3(0.02)% + m3(0.12)2 = 0.00205 kg-m?.

Therefore,

Iz axis) = Iz axisit + I(z axi2 — I(z axiz = 0.00911 kg'm2~
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Problem 18.105 Determine the moment of inertia of
the machine part in Problem 18.104 about the x axis.

Solution:  We divide the machine part into the 3 parts shown in the
solution to Problem 18.104. Using Appendix C and the parallel axis
theorem, the moments of inertia of the parts about the x axis are:

1
I axi9g = Eml[<0.08)2 +(0.04)%]
= 0.0007168 kg-m?
1 1
I(x axis), = m2 [5(004)2 + Z(O.O4){|
= 0.0001501 kg-m?
1 1
I(x axisy3 = m3 [E(O~O4)2 + 2(0.02)2:|

= 0.0000328 kg-m?.

Therefore,

Ieaxis) = I(x axio; + L(x axio, — L(x axio)s

= 0.000834 kg-m?.

Problem 18.106 The object shown consists of steel of
density p = 7800 kg/m?® of width w = 40 mm. Deter-
mine the moment of inertia about the axis L.

Solution: Divide the object into four parts:
Part (1): The semi-cylinder of radius R =0.02 m, height h; =
0.01 m.
Part (2): The rectangular solid L=0.1mby A, =001 mby w =
0.04 m.
Part (3): The semi-cylinder of radius R = 0.02 m, 7; = 0.01 m
Part (4): The cylinder of radius R = 0.02 m, height 2 = 0.03 m.
R2
Part (1) my = 2ZRML _ 6 049 kg,
R2
no="" _49x10° kg-m?,
Part (2) m2 = pwLhy = 0.312 kg,
I = (1/12)ma(L? + w?) + m2(L/2)?
= 0.00108 kg-n?.
Part (3) m3 = my = 0.049 kg,

4R\? 4R\?
I3 =—\5=) ma+Ii+m3|L— o
3 3

= 0.00041179 kg-m?.

20 mm
(0]
100 mm

b S
10mm | 30 mm

fooL 4

0

Part (4) mg4 = pmwR? h = 0.294 kg,

Is = (1) ma(R?) + maL? = 0.003 kg-m?.

The composite:

Iio=11+ b — I3+ I = 0.00367 kg-m2
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Problem 18.107 Determine the moment of inertia of
the object in Problem 18.106 about the axis through the
center of mass of the object parallel to L.

Solution: The center of mass is located relative to Lo is given by

4R 4R
my | ——=— ) +m2(0.05 —m3 (0.1 — — ) +mq(0.1)
3 3

mi1+mp —m3+ mgy

X =

= 0.066 m,

I, = —x2m + I, = —0.00265 + 0.00367 = 0.00102 kg-r? I

Problem 18.108 The thick plate consists of steel of
density p = 7729 kg/m3. Determine the moment of
inertia of the plate about the z axis.

N
o —»
3
N
o}
3

2cm) T

a »‘«
x
N

3
I
I
I

Solution: Divide the object into three parts: Part (1) the rectangle
8 cm by 16 cm, Parts (2) & (3) the cylindrical cut outs.

Part (1):  my = p8(16)(4) = 3.96 kg. “4cm 8cm 4cm’ “4cm’|

N

‘

L = (1/12)m1(16% + 82) = 105.6 kg-cm?.

Part (2):  ma = pm(2?)(4) = 0.388 kg,

2
L = m2(22 ) +m2(42) =7 kg-sz.

Part (3): m3 =my = 0.388 kg,

Is = I, =7 kg-cm?.

The composite:

I.axis = I1 — 21> = 91.6 kg-cm?

I,-axis = 0.00916 kg-m?

Problem 18.109 Determine the moment of inertia of
the object in Problem 18.108 about the x axis.

Solution: Usethe samedivisions of the object asin Problem 18.108.
) 1 2 a2 2
Part (1) : I1c-axis = I m1(8° + 4°) = 26.4 kg-cm*,

Part (2) : Ioy-axis = (1/12)m2(3(22) + 4%) = 0.91 kg-cm?.

The composite:

L-ais = Itx-axis — 2lox-axis = 24.6 kg-cm?

= 0.00246 kg-m? ‘
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Problem 18.110 The airplaneis at the beginning of its
takeoff run. Itsweight is4448 N and theinitial thrust T —_—
exerted by its engineis 1334 N. Assume that the thrust

is horizontal, and neglect the tangential forces exerted T l
on its wheels. A\ =
(a) If the acceleration of the airplane remains constant, T lf

how long will it take to reach its takeoff speed of I 1524 mm

128.7 kmvh ©
(b) Determine the normal force exerted on the forward ‘

landing gear at the beginning of the takeoff run. 0.31m— 213m |
Solution: The acceleration under constant thrust is

w
a= % = 7133";%81) =2.94 m/s%. |
-
The time required to reach 128.7 km/h = 35.8 m/sis é
= E = E =121s
a 294

The sum of the vertical forces: ZF). =R+ F — W = 0. The sum of T R T F

the moments: ZM =2.13F — 0.152T — 0.31R = 0. Solve: R =

3809 N, [F =639 N |
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Problem 18.111 The pulleys can turn freely on their
pin supports. Their moments of inertia are I, =
0.002 kg-m?, Iy = 0.036 kg-m?, and I = 0.032 kg-n?.
They are initialy stationary, and at + = 0 a constant
M =2 N-misapplied at pulley A. What is the angular
velocity of pulley C and how many revolutions has it
turned at t = 2 S?

Solution: Denote the upper and lower belts by the subscripts U
and L. Denote the difference in the tangential component of the ten-
sion in the belts by

ATy =Tpa —Tya,

ATg =Trp — Tys.

From the equation of angular motion: M + RAATs = [pa4,
—Rp1ATs + Rp2ATg = Ipap, —RcATg = Icac. From kinematics,
Raaa = Rpiap, Rprap = Rcoac, from which

_ RpiRc  (0.2)(0.2)

= = =dac,
T RaRp "¢ T QDO T O
Rc 0.2
=—Sac=—"Sac = 20c.
OB = R €T p1%C T e

Substitute and solve: a¢ = 38.5 rad/s?, from which

| wc =act =76.9 rad/s|

1
N=0(-) =% 22 =122 revolutions
2 A
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Problem 18.112 A 2 kg box is subjected to a 40-N 40N
horizontal force. Neglect friction.

(@ If the box remains on the floor, what is its accel-

C
eration? L
(b) Determine the range of values of ¢ for which the ®
box will remain on the floor when the force is

applied.
A B
‘«— 100 mm —»L— 100 mm —»‘
Solution:
(@ From Newton's second law, 40 = (2)a, from which 40N
c}
40 RN S
a=—=20 m/52 5
2 mg
(b) The sum of forces. )" F, = A+ B —mg=0. The sum of A ' ¥ B
the moments about the center of mass: - M = 0.1B — 0.1A — P, .-aw,w"g
40c = 0. Substitute the value of B from the first equation into AR A
the second equation and solve for c:

_ 0.)mg — (0.2)A
€= 40

The box leg at A will leave the floor as A < 0, from which

. < 0D@O8D

<0.0491 m
=< 20 =<

for valuesof A > 0.
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Problem 18.113 The dender, 2-kg bar AB is 3 m
long. It is pinned to the cart at A and leans against it
a B.

(@) If the acceleration of the cart is a = 20 m/s?, what
normal force is exerted on the bar by the cart at B?

(b) What isthe largest acceleration a for which the bar
will remain in contact with the surface at B?

Solution: Newton's second law applied to the center of mass of
the bar yields

— B+ Ay =magx, Ay — W = magy,

L cos6 Lsno
— Ay > +(B+Ay) > = Iga,

where ag,, ag, ae the accelerations of the center of mass. From
kinematics,

ac =as +a Xrg/a —w%Brg/A = 20i m/s?
where o = 0, wap = 0 s0 long as the bar is resting on the cart at B

and is pinned at A. Substitute the kinematic relations to obtain three
equations in three unknowns:

—B+Ay=ma, Ay —W =0,

L cos6 Lsno
AT ) B+ =0.

2
W cot6
Solve: B = —m—Z”. For W = mg = 19.62 N, 6 = 60°, m =

2 kg, and a = 20 m/s?, B = —14.34 N, from which the bar has moved
away fromthe cart at point B. (b) The acceleration that produces a zero
normal forceis

a=gcotd =5.66 m/s?|
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Problem 18.114 To determine a 4.5-kg tire's moment
of inertia, an engineer lets the tire roll down an inclined
surface. If it takes the tire 3.5 s to start from rest and
roll 3 m down the surface, what is the tire's moment of
inertia about its center of mass?

330 mm

15° /

Solution: From Newton's second law and the angular equation of a
motion, ‘\

mgsinl5’ — f = ma,
Rf = la.

From these equations and the relation @ = Ra, we obtain

sin15°
a = L. (8}
m+1/R?
We can determine the acceleration from

s = 5 atz :
1
3= 5a(3.5>2,

obtaining a = 0.490 m/s?. Then from Eq. (1) we obtain

I = 2.05 kg-m?.
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Problem 18.115 Pulley A weighs 17.8 N, I, = 0.081
kg-m? and Iz = 0.019 kg-m? If the system isreleased
from rest, what distance does the 71.2 N weight fal
in 0.5 s?

Solution: The strategy is to apply Newton's second law and the
equation of angular motion to the free body diagrams. Denote the
rightmost weight by Wg = 71.2 N, the mass by mg = 7.26 kg, and
the leftmost weight by W, = 17.8 4+ 35.6 = 53.4 N, and the mass
by m; = 1.66 kg. Rz = 0.203 m. is the radius of pulley B, Iz =
0.019 kg-m? and R4 = 0.305 m. is the radius of pulley A, and I, =
0.081 kg-m?. Choose a coordinate system with the y axis positive
upward.

The 71.2 N. weight: (1) Ty — Wg = MRARy.

Pulley B: The center of the pulley is constrained against motion, and
the acceleration of the rope is equal (except for direction) on each
side of the pulley. (2) —RpT1 + RpT> = Igap. From kinematics, (3)
ary = Rpag. Combine (1), (2) and (3) and reduce:

1
@ To=Wg + (—‘3 +mR) ary
RB

Pulley A: (5) T2 + T3 — W, = mpaa,, Where a,, is the acceleration
of the center of the pulley. (6) —RaT5+ RaT> = I4a 4. From the
kinematics of pulley A, the acceleration of the left side of the pulley
is zero, so that the acceleration of the right side relative to the left
sideis

Aright = —agy] = Aeft + a4 X (2R4l)
i ik
= 0 0 ag | =0+ 2R 04j,
2Ry 0 O
from which (7) agy = —2R 404, Where the change in direction of the
acceleration of the 71.2 N. weight across pulley B is taken into

account. Similarly, the acceleration of the right side relative to the
acceleration of the center of the pulley is

Aaright = —aRry] = aa + o4 X (Rai) = a4 + Raaaj,

fromwhich (8) aa, = —%. Combine (5), (6), (7) and (8) and reduce

. WA IA ma
toobtan () o= — — | — + — .

2

712N

WL Wr

The total system: Equate (4) and (9) (the two expressions for 7>) and
solve:

Substitute numerical values: ag, = —4.78 m/s%. The distance that the
71.2 N weight will fall in one-half second is

) —4.78
2&12272—0.6m

2

N
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Problem 18.116 Model the excavator’'s arm ABC as a
single rigid body. Its mass is 1200 kg, and the moment
of inertia about its center of mass is I = 3600 kg-m?. If
point A is stationary, the angular velocity of the arm is
zero, and the angular acceleration is 1.0 rad/s® counter-
clockwise, what force does the vertical hydraulic cylin-
der exert on the arm at B?

~=17m-—~17m—

Solution: The distance from A to the center of mass is

d=+(34?2+ (32=453m.

The moment of inertia about A is A B Img

Ip = I + d?m = 28,270 kg-m?.
From the equation of angular motion: 1.7B — 3.4mg = Isc.

Substitute o« = 1.0 rad/s?, to obtain B = 40,170 N.

Problem 18.117 Model the excavator'sarm ABC asa
singlerigid body. Itsmassis 1200 kg, and the moment of
inertia about its center of mass is I = 3600 kg-m?. The
angular velocity of the arm is 2 rad/s counterclockwise
and its angular acceleration is 1 rad/s? counterclockwise.
What are the components of the force exerted on the arm
a A?

Solution: The acceleration of the center of mass is

i ] ok
ag =a Xrg/a —wzrg/g =| 0 0 a]—w?B4i+3)
34 3 0

= —16.61 — 8.6] m/s%.

From Newton's second law:

Ay =magxy = —19,900 N, Ay + B — mg = magy.

From the solution to Problem 18.132, B = 40,170 N, from which
Ay =-38720 N
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Problem 18.118 To decrease the angle of elevation of
the stationary 200-kg ladder, the gears that raised it are
disengaged, and a fraction of a second later a second
set of gears that lower it are engaged. At the instant
the gears that raised the ladder are disengaged, what is
the ladder’s angular acceleration and what are the com-
ponents of force exerted on the ladder by its support
at O? The moment of inertia of the ladder about O is
Ip = 14,000 kg-m?, and the coordinates of its center of
mass at the instant the gears are disengaged arex = 3 m,
y=4m.

Solution: The moment about O, —mgx = I,a, from which

_ 0©8YE) _

The acceleration of the center of massis

i j k
aG:aer/o—wer/O: 0 0 « :—4(1i+30[j
340

ag = 1.68i — 1.26] (M/s?).

From Newton's second law: Fy = magx = 336 N, Fy, —mg = magy,
from which F, = 1710 N
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Problem 18.119 The dender bars each weigh 17.8 N
and are 254 mm. long. The homogenous plate weighs
44.5 N. If the system isreleased from rest in the posi-
tion shown, what is the angular acceleration of the bars g
at that instant?

e—— 1016 MM ———

Solution: From geometry, the system is a parallelogram, so that
the plate translates without rotating, so that the acceleration of every

point on the plate is the same. AlA B
Newton’'s second law and the equation of angular motion applied to B 1 B
theplate: —Fay — Fpy = mpapGy, Fay + Fpy — Wy = mpapgy. The FA>:(L?'8 N F 178N
motion about the center of mass: BX
FAy Fay
FAy FBy
— Fay(0.508) + Fay(0.102) + Fp, (0.102) FAX‘._, Fay
+ Fp,(0.508) = I,a = 0.

Newton's second law for the bars: —Fa, + A, — Wg = mpaggy, Substitute to obtain the nine equations in nine unknowns:

Fax+ Ay = mpagGx. —Fpy+ By — Wp =mpapcy. Fpx + Bx =
mpapGy. The angular acceleration about the center of mass:

(1) _FAX_FB)C: 0.254 m,,sin@a,
Fax (0.127) cos6 + Fay (0.127) sind — A, (0.127)
(2) Fay + Fpy — W, = —0.254 m,, cosfa,

cosf + A, (0.127) sinf = Ipa,

. (3) —0.508F4, +0.102F4, + 0.508F3, +0.102Fp, =0,
Fp, (0.127) coso + Fpy (0.127) sin6 — B, (0.127) ’ ’
cost + By (0.127) sinf = Ipa. (4) —Fay+ Ay, —Wp=—(0.127) mpcosba,
From kinematics. the acceleration of the center of mass of the bars in (5) Fax+ A, = (0.127) mp sinba,

terms of the acceleration at point A is

i j k (6) FaxsSin® 4 Fpycos0 — A, Sinf + A, cosé = (7.87) Ipa,
agG =a xXlg/a— wer/A = 0 0 o
—0.127 cosé —0.127sin6 0
(7) Fgy+ By = (0.127) mpsinfa,
= 0.127 sinfai — 0.127 cosaj (M/s?).
(8) _FBy+By_WB :—(0127) mp COSOu,
From which
9) FpycosO + Fpy,Sind — B, cosé + B, sing =(7.87) Iga. The
apex = (0.127)sinfa,  apgy = — (0.127)cosba, ©) Fh By * y (7.87) I
number of equations and number of unknowns can be reduced by
) combining equations, but here the choice is to solve the system
sincew =0 upon release. by iteration using TK Solver Plus. The results: F4, = —9.83 N,
The acceleration of the plate: Fay = 7.47N, Fg, = —14.77N, A, = 14.77N, A, = 20.37 N,
B, =19.7 N, B, = 25.3 N. o = 30.17 rad/s’.
i j k
ap :OLXFP/A—(UZFP/A: 0 0 o
—0.254 cosf —0.254sin6 O

= 0.254 sinfai — 0.254 cosfaj (M/?).

From which ap, = (0.254) sinfa, ap,

— (0.254) cosfa.
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Problem 18.120 A sSlender bar of mass m is released
from rest in the position shown. The static and kinetic
friction coefficients of friction at the floor and the wall
have the same value w. If the bar dips, what isits angu-
lar acceleration at the instant of release?

Solution:  Choose a coordinate system with the origin at the inter-
section of wall and floor, with the x axis parallel to the floor. Denote
the points of contact at wall and floor by P and N respectively, and
the center of mass of the bar by G. The vector locations are

L . L. . .
ry =iLsind,rp =jLcosO,rg = E(ISII’]G + j cosf).
From Newton’s second law:
P — uN =magx, N + uP —mg = magy,

where ag., ag, ae the accelerations of the center of mass. The
moment about the center of mass is

Mg =rp;G x (Pi+ puPj)+ryn/6 x (Nj —p Ni):
PL ' j K NL .i J K
Mg = > —sing cosf® O |+ > snd —cosé O
1 w 0 —u 1 0

PL . NL .
Mg = — - (cost + usind)k + - (sin® — ucos)k
From the equation of angular mation,
PL . NL .
-7 (cosf + using) + - (sinf — pncosh) = lpa

From kinematics: Assume that at the instant of slip the angular veloc-
ity w = 0. The acceleration of the center of mass in terms of the
acceleration at point N is

ac =ay t+a XIg/N — wer/N

i j k
. 0 0 o
=ayi
ant+ Lsn® Lcoso 0
2 2

_ aL cosé i+ aLsing .
ac = | an 2 2 Js

Lsing
2 .

from which agy = —

The acceleration of the center of mass in terms of the acceleration at
point Pisag =ap +a X rg/p.

ac =ap ta xXrg/p— wer/P

i j k
o 0 0 o
=arl T L sing L cosf ’
2 2
«aL cosd i+ +ostin9 .
= a 5
ac > P 2 J
L cosf
from which ag, = a

2

\_-

Substitute to obtain the three equations in three unknowns,

L cosé
(1) P —/LN = mTDI,
Lsing
) ,uP+N:—m o +mg.

PL . NL .
3 —T(cose + using) + 7(sm0 — ncosd) = Ipa.

Solve the first two equations for P and N:

ML cos0 — psing) + —FME_
=— o
201+ 12 ’ A+ud
N mL (sm@ + pcosh)a + ———- 78
= - o
21+ ’ L+ u?’

Substitute the first two equations into the third, and reduce to obtain

mL2 (1—p2 mgL (1— u?
allp+ 2 )T 5 2
4 1+ 2 1+p

Ccos6.
u2>

Sin0—mgL< e
1+

Substitute /5 = (5) mL?, reduce, and solve:

(31— p®)sing — 6 cos)g
- 2—-udL
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Problem 18.121 Each of the go-cart’s front wheels
weighs 22.2 N and has a moment of inertia of 0.014
kg-m?2. Thetwo rear wheels and rear axle form a single
rigid body weighing 177.9 N and having a moment of
inertia of 0.136 kg-m?2. The total weight of the go-cart
and driver is1067 N. (The location of the center of
mass of the go-cart and driver, not including the front
wheels or therear wheels and rear axle, is shown.) If
the engine exertsatorque of 16.3 N-m on the rear axle,
what is the go-cart’s acceleration?

406.4 mm
1524 mm

Solution: Let a be the cart's acceleration and a4 and «p the
wheels angular accelerations. Note that

a=(0152)as, (D

a=(0102)ap. (2)

Front wheel:

Y Fi =B, + fp = (445/9.8)a,  (3)
> Fy=B,+Ng—10=0, 4

> M = —£5(0.102) = (0.028) ap. ®)
Rear Whed!:
Z Fy = A, + fa = (177.9/9.81) a, (6)

> Fy=Ay+Ny—-177.9=0, @)

> M =16.3— f4(0.152) = (0.136)as. (8)

Cart:
> Fo=—A, — B, = (844.6/9.81)a, ©)
Y Fy=—A,—B,—844.6 =0, (10)

> M = B,[(0.381 — 0.102)] + B, [(1.524 —0.406)]

+ A,[(0.381—0.152)] — A,(0.406) — 16.3=0. (11)

Solving Egs. (1)—(11), we obtain

a=0.91 m/s%
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Problem 18.122 Bar AB rotates with a constant angu-
lar velocity of 10 rad/s in the counterclockwise direc-
tion. The masses of the dender bars BC and CDE are
2 kg and 3.6 kg, respectively. The y axis points upward.
Determine the components of the forces exerted on bar
BC by the pins at B and C at the instant shown. 400 rm

C D E
l A 10rad/s = I N x
- . 400_.|, N
‘ 700 mm mm % 700 mm

o) ——<

Solution: The velocity of point B is
ik

Vp =wpp XI'p = 0 0 10
0 04 O

= —0.4(10)i = —4i (M/s).

The velocity of point C is

CE

i j k
VC:VB+WBC><rC/B:—4i+|:O 0 wsc}

07 -04 O The acceleration of the center of mass of BC is
= —4i 4+ 0.4wpci + 0.7wpcj (MIs). [ j k
ag=-40j+| O 0 apc | —w2.(0.35 —0.2)),
From the constraint on the motion at point C, v¢ = v¢j. Equate 035 -02 O

components. 0 = —4 + 0.4wpc, ve = 0.7wpc, from which wpe =

10 rad/s, vc = 7 m/s. The velocity at C in terms of the angular velocity from which ag = 61.25i + 148.44j (m/s%)

WCDE,

The equations of motion: By + C; = mpcagx, By +Cy, —mpcg =
mpcagy, where the accelerations ag., ag, are known. The moment
equation, 0‘35Cy +0.2C, — 0.2B, — 0.353y = Igcapc, where apc,
is known, and

Ve =Vp +®cpe XTc/p

i j k
=0+ { 0 0 CUCDE:| = —0.4wcpEj,

1
-04 0 O Igc = <—) mpcL?- = 0.1083 kg-m?, 0.4C, — 0.15mcrg = Ipack,

12

7
from which wcpg = —— = —17.5 rad/s. 1 2 2 5
0.4 where Ip = (E) mceLgy + (0.15)°mcE = 0.444 kg-m*,

The acceleration of point B is
is the moment of inertia about the pivot point D, and 0.15 m is the

ap = —w? 41 5 = —(10%)(0.4)] = —40j misd). distance between the _point_ D and the center of_ mass of bar CDE.
Solve these four equations in four unknowns by iteration:

The acceleration at point C isac = ag +apc X c/p — a)%,cl'c/g.

B, = —1959 N,
ik
ac=-40+| 0 0 apc |- w207 —04)) (M), By =1238 N,
0.7 —04 0
C, = 2081 N,
ac = +(0.4apc — 0.703 )i + (=40 + 0.7apc + 0.403 )] (M/S?).
ne Be me 5c)) Cy=—922N.

The acceleration in terms of the acceleration at D is

i j k
ac=| 0 0 acpg |—w?p(—0.4)
-04 0 O

= —0.4acppj + 0.402 | .

Equate components and solve:

apc = 481.25 rad/sz, OCDE = —842.19 rad/52
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Problem 18.123 At the instant shown, the arms of the
robotic manipulator have the constant counterclockwise
angular velocities wap = —0.5radls, wgc = 2 radls,
and wcp = 4 rad/s. The mass of arm C D is 10 kg, and
the center of massis at its midpoint. At this instant, what
force and couple are exerted onarm CD at C?

Solution: The relative vector locations of B, C, and D are G,
A
rp/a = 0.3(cos30° +j sin30°) Cx
C—=", D
= 0.2598i + 0.150] (m), i —1 mg

ress = 0.25(i cos20° — j sin20°)
= 0.2349i — 0.08551j (m),
rp/c = 0.25 (m).
The acceleration of point B is
ap = —w’yrp/a = —(0.5%)(0.3¢c0s30° + 0.3sin30%),
ag = —0.065i — 0.0375] (M/S).
The acceleration at point C is
ac = ap — w3 Ic/p = ap — w5 (0.2349 — 0.08551)).
ac = —1.005i + 0.3045) (m/s?).
The acceleration of the center of mass of CD is
ag = ac — w2 ,(0.125i) (m/s),
from which
ag = —3.005i + 0.3045] (M/s?).
For the arm C D the three equations of motion in three unknowns are
Cy —mcpg = mepagy, Cx = mepagx, M —0.125C, = 0,

which have the direct solution:

Cy =10L15 N,
C, = —30.05N.
M = 12.64 N-m,

where the negative sign means a direction opposite to that shown in
the free body diagram.
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Problem 18.124 Each bar is 1 m in length and has
a mass of 4 kg. The inclined surface is smooth. If the
system is released from rest in the position shown, what
are the angular accelerations of the bars at that instant?

Solution: For convenience, denote 6 = 45°, 8 =30°, and L =
1 m. The acceleration of point A is

i i k
as =apa XTa0 = 0 0 QoA

Lcos® Lsng 0

aq = apa(—iLsing +jL cosh) (M/s).
The acceleration of A is aso given by
as =ap +aap Xa/B.

i j k

as =ag + 0 0 QAB
—Lcosf Lsnd O

aq =ag — il SiNO — joapL cosO (M/S).

From the constraint on the motion at B, Equate the expressions for
the acceleration of A to obtain the two equations:

() —apaLsind =apcosp —aspglsing,
and (2) apaL cos® =apsSnB —asplL coSH.
The acceleration of the center of mass of AB is
acAB = aa +aAB X IGAB/A

i i k

0 0 aAB
L cosf Lsng 0

2 2

=as +

L Lo L
Y4B dnpi T aAB

agap = as + cosbj (m/s?),

from which

Laap

(3) agapx = —apaL SiNO + sing (m/SZ)

Lo
AB Cos6.

(@) aGABy = apaL COSO +

A
45° B
© [°X 30°
Ay
Ac A
mg & mg

B
0°

The equations of motion for the bars: for the pin supported left bar:
. L
(5) AyLcosf — A Lsinf —mg (E) cosh = Ilpacpa,

2
where Ips = (%) = g kg-m?.

The equations of motion for the right bar:
(6) — Ay — Bsin =magagx,

7)) — Ay —mg+ Bcosp = MAaGABy,

L LY . LY .
(8 Ay 3 cost + A, 2 sinf + B 3 siné cos B

L :
— B (E) cosé)smﬂ = IcABUAB,

1 1
here Igap = | —= | mL? = Z ) kg-m?.
where Ilgag (12>m <3> g-m

These eight equations in eight unknowns are solved by iteration: A, =
—19.27 N, A, = 115N, aga = 0.425 rad/s?, asp = —1.59 rad/s,
B = 4543 N, agapx = —0.8610 m/s?, agapy, = —0.2601 m/s?
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Problem 18.125 Each bar is 1 m in length and has
a mass of 4 kg. The inclined surface is smoath. If the
system is released from rest in the position shown, what
is the magnitude of the force exerted on bar O A by the
support at O at that instant?

Solution: The acceleration of the center of mass of the bar O A is
i i K
0 0 QoA

= r —a

aGoA = 00A XTG/A A + Lcosd  Lsno o

2 2
Lsing cos6 .
aGoa = ————@oal 5 o4l (m/s?).

The equations of motion:

Fy + Ay =magoax, Fy + Ay —mg =maGgoAy-

Use the solution to Problem 18.140: 6 = 45°, ags = 0.425 rad/<,
A, =-1927N, m=4kg, from which F,=1867N, F,=

38.69 N, from which |F| = ,/F2 + Fy? =42.96 N

Problem 18.126 The fixed ring gear lies in the
horizontal plane. The hub and planet gears are bonded
together. The mass and moment of inertia of the
combined hub and planet gears are mpp = 130 kg and
Inp = 130 kg—mz. The moment of inertia of the sun gear
is I, =60 kg-mz. The mass of the connecting rod is
5 kg, and it can be modeled as a slender bar. If a 1 kN-
m counterclockwise couple is applied to the sun gear,
what is the resulting angular acceleration of the bonded
hub and planet gears?

Solution: The moment equation for the sun gear is

(1) M —0.24F = L.

For the hub and planet gears:
(2) (0.48)app = —0.24q;,
(3) F— Q — R =mpp(0.14)(—anp),

(4) (0.14)Q + 0.34F — Iyp(—app).

For the connecting rod:

(5) (0.58)R = Icrocr,
1
where Icg = <§> mgr(0.58%) = 0.561 kg-m?.

(6) (0.58)acr = —(0.14)anp.
These six equations in six unknowns are solved by iteration:

F =1482.7 N, oy = 10.74 rad/<?,

anp = —5.37 rad/s?, 0 = 1383.7 N,

R=125N, acg = 1.296 rad/s.

Hub & Planet Gears

Q
R

Sun Gear Connecting Rod
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Problem 18.127 The system is stationary at the instant
shown. The net force exerted on the piston by the
exploding fuel-air mixture and friction is 5 kN to the
left. A clockwise couple M = 200 N-m acts on the crank
AB. The moment of inertia of the crank about A is
0.0003 kg-m?. The mass of the connecting rod BC is
0.36 kg, and its center of mass is 40 mm from B on
the line from B to C. The connecting rod’s moment
of inertia about its center of mass is 0.0004 kg-m?.
The mass of the piston is 4.6 kg. What is the piston’s
acceleration? (Neglect the gravitational forces on the
crank and connecting rod.)

Solution:  From the law of sines: from which
QI’]J — sin40° (3) AGCRx = ac — 0.0850(3C sinﬂ (rr1/s2),
0.05 0.125°

from which g = 14.9°. The vectors (4) agcry = —0.085upc cosp (M/S”).

The equations of motion for the crank:
F5/4 = 0.05(i C0S40° +j SN40°)r 5,4 eq

— 0.0383i +0.0321j (m). (5) B(0.05c0s40°) — B,(0.05sin40°) — M = I 043

For the connecting rod:
rg/c = 0.125(—icosp +jsinB) (m).

. (6) — By + Cx = mcraccrx
rg/c = —0.121i +0.0321, (m).

) ) ) 7) —By+C,y =
The acceleration of point B is 0 y + €y = mcraccry

an — 2 (8) C,(0.085c0s8) + C,(0.085sinB) + B,(0.04sinp)
B = O0AB X Tg/A — WyplB/A,

+ B, (0.04cosB) = Igcrape

i i k
ag = 0 0 oAB For the piston:
0.0383 0.0321 O

(9) —C, —5000 =mpac.
— w% 5(0.0383i + 0.0321)) (M/sH).
These nine equations in nine unknowns are solved by iteration:
The acceleration of point B in terms of the acceleration of point C is

aap = 1255.7 rad/s?, apc = —398.2 rad/s?,

| | k
ap =ac +apc Xrg/c=aci+ 0 0 agc . = —44.45 m/$ , = 32.71 m/$?
{—0.121 00321 0 4GCRx . AGCRy ,

By, =12546 N, B, = —4739.5 N,
— 3(—0.121i + 0.0321)) (M/s?).

. . . Cy = —47555N, C, = 1266.3 N,
Equate the two expressions for the accel eration of point B, note wap = ’

= 0, and separate components:
vBC P P ac = —53.15 m/<.

(1) —0.05a4p5 sin40° =ac — 0.125a 3¢ sin/S,

(2) 005043 c0S40° = —0.125 ¢ COSf. B
0.05 0.125
The acceleration of the center of mass of the connecting rod is
40 B
5 A C

agcr =ac +opc X IGer/c — Wyl Ger/C

_ i i k C 5000 N
agcr = acl + 0 0 agc e

—0.085cosp 0.085sing8 O
. o Y
— w2 .(—0.085C0s Bi + 0.085sin Bj) (M/S?), G IN
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Problem 18.128 If the crank AB in Problem 18.127
has a counterclockwise angular velocity of 2000 rpm at
the instant shown, what is the piston’s acceleration?

Solution: The angular velocity of AB is

2
wap = 2000 <%> = 209.44 rad/s.

The angular velocity of the connecting rod BC is obtained from the
expressions for the velocity at point B and the known value of wap:

i j k
VB = wap X I'p/a = 0 0 WAB | -
0.05c0s40° 0.05sin40° 0
vp = —0.05sin40°w i + 0.05c0s840° w4 pj (MIS).
i i k
Vg = vci + 0 0 wpc |,
—0.125cosp 0.125snB8 O

Vg = vci — O.125$inﬂw3ci — 0.125COSﬂwB(;j (m/s).

From the j component, 0.05c0s40°wsp = —0.125c0sBwpc, from
which wpc = —66.4 rad/s. The nine equations in nine unknowns
obtained in the solution to Problem 18.127 are

(1) —0.05x4p sin40° — 0.050% ; cos40°

=ac — 0.125ap¢ sin + 0.12503 . cos B,
(2) 0.05¢4 5 COS40° — 0.0502 , sin40°

= —0.125a ¢ cosp — 0.12503 . sin B,
(3) agcry = ac — 0.085xpc sin B + 0.085w% - cosp (M/s?),
(4) agcry = —0.08505¢ cosp — 0.085w2 - sin B (M/s),
(5) By(0.05c0s40°) — B(0.05sin40°) — M = [saap,
(6) — By + Cyx = mcRraGcrx,
(") — By + Cy = mcRragcry-
(8) C,(0.085c0spB) + C,(0.085sin B)

+ B, (0.04sinB) + B,(0.04cosB) = Igcrasc.-

(9) - Cx — 5000 = mpac.

These nine equations in nine unknowns are solved by iteration:
asp = —39, 386.4 rad/Papc = 22,985.9 radis,
accrx = —348.34 M/s2, agcry = —1984.5 M/,
By =1626.7 N, B, = —3916.7 N,

C, =—40421N,C, =912.25 N,

a. = —208.25 (M/)
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