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COMMENT TO USERS

In the upper right-hand corner of each Mastery Test You will find the “pass”
and "recycle" terms a2nd a Tow of nusbers 1 2 3 ..." to facilitate the
grading of the tests. We iatend that you indicate the weakness of a student
who is asked to recycle on the test by putting a circie around the number of
the learning objective that the student did not satisfy. This procedure will
enable you easily to identify the learning objectives that are causing your
students difficulty.

COMMENT 70 USERS

It is conventional practice to provide several review modules per semester or
guarter, as confidence builders, learning opportunities, and to consolidate what
has been learned. You the instructor should write these mpdules yourseilf, in terms
of the particular yeaknesses snd needs of your students. Thus, we have not supplied
review modules as such with the CBP Modules. However, fifteen sample review tests
were written during the Workshop and are available for your use as guides. Please
send $1.00 to CBP Modules, Behlen lab of Physics, University of Nebraska - Lincoln,
Nebraska ©8588.

FINIS

This printing has completed the initial CBP project. W#e hope that you are finding
the materizls helpful in your teaching. Revisicn of the modules is being planned
for the Summer of 1976. We therefore solicit your comments, suggestions, and/or
corrections for the revised edition. Please write or call

CBP YORKSHOP

Behlen Laboratory of Physics
University of Nebraska
Lincoln, HE 68588

Phone (402) 472-2790
(402) 472-2742




Module 1
STUDY GUIDE

COLLISIONS

INTRODUCTION

If you have ever watched or played pool, football, baseball, soccer, hockey,
or been involved in an automobile accident you have some idea about the
results of a coliision. WHe are interested in studying collisions for a
variety of reasons. For example, you can determine the speed of a bullet
by making use of the physics of the collision process. You can also estimate
the speed of an automobile before the accident by knowing the physics of the
collision process and a few other physical principles. Physicists use
collisions to determine the properties of atomic and subatomic particles.
Essentially, a particle accelerator is a device that provides a controlled
collision process between subatomic particles so that, among other things,
some of the properties of the target parficle can be studied.

In addition the study of collisions is an example of the use of a fundamental
physical tool, i.e., a conservation law. A conservation law implies that
something remains the same, i.e., is conserved, as you have seen ih a
previous module, Conservation of Energy.

Conservation 1aws play an important role in physics. In the study of
collisions in this module we are interested in one of the fundamental
conservation laws, conservation of linear momentum. If the sum of the
external forces is zero, then the linear momentum iS censerved in the
collision. This is fortunate since it provides a way arcund the analysis

of the forces of interaction between two bodies as they collide, an otherwise
formidable task. Thus the conservation-of-linear-mementum law allows one: to
analyze the effects of a collision without a detailed knowledge of the forces
of interaction. One can deduce the converse also, as does the particle
physicist in accelerator experiments, for example ~ some of the properties
of the target particles may be deduced from the law of censervation of linear
momentum and other laws of physics.

PREREQUISITES

Before you begin this medule, Location of

you should be able to: _ Prerequisite Content

*Solve mechanical problems involving conserv- Conservation of
ative and nonconservative forces, by Energy Module

applying the conservation-of-total-energy
concept (needed for Objective 2 of this wmodule)

*Use the concepts of impulse and linear Impuise and
momentum to solve machanical problems {needed Momentum Module
for Objective 2 of this module)

5




STUDY GUIBE: Collisions

LEARNING OBJECTIVES

After you have mastered the content of this module, you will be able to:

1. Conservation of iinear momentum - Define or state: {a) elastic collision,
{b} inelastic collision, (c) perfectly or completely inelastic collision;
and (d) the law of conservation of linear momentum.

2. FCollisions - Solve problems involving collisions between two or more
bodies and/or the splitting up of a body into two or more fragments.

GENERAL COMMENTS

The important concepts presented in this module are

Elastic collision: a collision in which kinetic energy is conserved.

Inelastic collision: a collision in which kinetic energy is not conserved.
Note: Kinetic energy may be either gained or lost during a collision.

Perfectly inelastic collision: a collision in which the colliding objects
stick togetner after the collision.

Conservation of linear momentum: If the sum of the external forces acting on
a system is zero, then the total linear momentum of the system remains
constant. Or, during a collision, if the interaction impulsive force is
very large in comparison to the sum of all external forces such as gravity,
then it is a good approximation fo say that linear momentum is conserved.

Remember: Momentum is a VECTOR quantity and must be treated as such.




STUDY GUIDE:

TEXT:

(McGraw-Hill, New York, 1975), second edition

SUSGESTED STUBY PROCEDURE

Collisions

3(8 1)

frederick 3. Bueche, Introduction fto Physics for Scientists and Engin2ers

Read Sections 7.4, 7.5, and 9.3 through 9.6; work Problems 16 in Chapter 7,
15 in Chapter 9, and Problems A and 8 plus any two of the problems 1listed in

the table below; answer Question 7 in Chapter 9.

Also work the following problem:

A block of balsa wood whose mass is 0.60 kg is hung from a string of negligible

weight.

A bullet with @ mass of 2.00 g and a muzzle velocity of 160 m/s is

fired into this block at close range (horizontally) and becomes embedded in- the

block.

(a) Find the velocity of the block plus
the bullet just after the collision.
(b} Calculate how high the block will rise.

When you think that you know the material well enough to satisfy the objectives,

take the Practice Test.

=D

BUECHE
Objective ] Problems with Assigned Problems Additional
Number Readings Solutions Problems
Study Text rk
Study Guide Guide (wo ti0)
1(a) General _
Comments,
Sec. 9.3
1(b) General
Comments ,
Sec. 9.3
1{c) General
Comnents
1{d) General
Comments
2 Secs. 7.4, A, 8 A, 8 Chap. 7, Chap. 7, Quest.”
7.5, 9.3- Prob. 163 5, 7, 13,
9.6 Chap. 9, Probs. 4, 9-
Prob. 15 18; Chap. 9,

Quest. 4, 7,
10, Probs. 10-
17, 26, 28

*Quest. = Question(s).




STUDY GUIDE: Collisions 3{HR 1)

TEXT: David Halliday and Robert Resnick, Fundamentals of Physics (Hiley, New
York, 19705 revised printing, 1974)

SUGGESTED STUDY PROCEDURE

Read Chapter 9, Sections 9-1 and 9-3 through 9-5; answer Question 6; work
Problems 18, 22, 30, 40, plus Problems A and B.

Note: Definitions of elastic, inelastic, and completely inelastic collisions
given in Section 9-4 apply to all collisions, not just to one-dimensional
collisions.

When you think that you know the material well enough to satisfy the objectives,
take the Practice Test.

HALLIDAY ARD RESNICK

Objective ' Problems with  Assigned Problems  Additional
Number Readings Solutions Problems
Study Study Text* {Chap. 9)
Guide Guide (Chap. 9)
1{a) General
Comments,
Sec. 9-4
1(b) General
Conments,
Sec. 9-4
1{c) General
Comments,
Sec. 9-4
1(d) General
Comments,
Sec. 9-3
2 Secs. 9-1, A, B A, 8 Quest. 6, Quest. 1-8,
9-3 to 9-5 Probs. 18, Probs. 14-17,
22, 30, 40 21, 24, 28,

34, 37, 44

*Quest. = Question(s).




STUDY GUIBE: Collisions 3(s7 1)

TEXT: Francis ¥eston Sears and Mark M. Zemansky, University Physics (Addison-
Resley, Reading, Mass., 197D}, fourth edition

SUGGESTED STUDY PROCEDURE

Read Chapter 8, Sections 8-2 through 8-6; work Problems 8-6, 8-10, 8-20, 825,

8-37 plus Problems A and B. MNote: Conservation of linear momentum can be

used o a good approximation whien the external forces are small compared to the
interaction forces during the collision. For example: when a bat hits a ball,
the interaction forces are large (generally) compared to gravity and the force

exerted by the batter; therefore, in this case gravity and the force exerted

by the batter can be neglected during the interaction.

When you think that you know the material well enough to satisfy the objectives,
take the Practice Test.

SEARS AND ZEMARSKY

Objective Problems with Assigned Problems Additional
Number Readings Solutions Problems
Study Guide Study Text
Guide
1(a) General
Comments ,
Sec. 8-3
1(b) General
Comments,
Sec. 8-4
1{c) . General
Comments,
Sec. 8-3
1{(d) General
Coments
2 Secs. 8-2 A, B A, 8 8-6, 8-10, 8-5, 8-11,
to 8-6 8-20, 8-12, 8-16,
8"25, 8"23’ 8-28’
8-37 8-29, 8-30,
8-35




STUDY GUIDE: Collisions 3(¥s 1)

TEXT: Richard T. Weidner and Robert L. Sells, Elementary Classical Physics
{Al1lyn and Bacon, Boston, 1973), second edition, YoI. |

SUGGESTED STUDY PROCEDURE

Read Sections 5-5 through 5-7 in Chapter 5 and Section 10-6 in Chapter 10.
York Problems 5-1, 5-11, 5-12, and 10-32 in the text plus Problems A and 8.

ote: Even though the statement of the 1aw of conservation of linear momentum

was deduced for @ particular two-body collision, it is valid in general. Conser-
vation of 1inear momentum can be used to a good approximation when. the external
forces are small compared to the interaction forces during the interaction.

for example: when a bat hits a ball, the interaction forces are large {generally)
compared to gravity and the force exerted by the batter; therefore in this case
gravity and the force exerted by the batter can be neglected during the interaction.

Your text makes a distinction betwezn types of inelastic collisions that is not gen-
erally made, i.e., &K < 0 inelastic and AK > 0 explosive, where 4K is the change

in kinetic energy during the collision. Generally aK # 0 is classified as an
inelastic collision, as is done in the General Comments.

When you think that you know the material well enough to satisfy the objectives,
take the Practice Test.

WEIDNER AND SELLS

Dbjective Problems with Assigned Problems Additional
Number Readings Solutions Problems
Study Study Text
Guide Guide
1{a) General _ _
Comments,
Sec. 10-6
1(b) General
Comments ,
Sec. 10-6
1{c) General
Comments,
Sec. 10-6
1{d) General
Comments
2 Secs. 5-5 A, B A, B 5-1. 5-1, 5-2, 5-5
to 5-7, 5-11, to 5-12, 5-15
10-6 3-12, to 5-21, 10-1,
10-32 10-6, 10-8;

10-27 to 10-35

10




STUDY GQUIOE: Collisions 4

PROBLEM SET WITH SOLUTIONS

A(2). In the absence of -any external forces a-particie with mass m and speed
v is incident on a particle of mass M initially at rest (see Fig. 1).
After collision, particle m is observed to go off at an angle 8y with
respect” to the initial direction with speed v¢ (see Fig. 2). Mis
observed to go off at an angle 8y with respect to the initial direction
with spsed V.

(a) Find V in terms of all the other parameters except 8y

(b) Let each parameter in turn approach zero and comment on the
reasonableness of the answer. _

(¢} What is the maximum value for ¥? Is this reasonable?
(d) What happens as the magnitude of M -+ «?

A b
m v
M *
Figure 1 Figure 2~ Figure 3
Solution

(a) Given m, M, v, Ves and 8- Find V. Use moméntum conservation (see
Fig. 3). The x component of the linear-momentum-conservation equation is
mv = MV cos ) + mv. cos 6,. ()

The y component is
WV sin 6 = mv, sin- 6,. (2)
Rearranging Eq. (1) we have

il

W cos 67 = mlv - v, cos s,),

(3)
MV sin e] = mvf sin 92.

Squar{ng the above equations and adding we have

11




STUDY GUIDE: Collisions

szz(cos2 8y * sin2 91) = niz(v2 - Zvvf €os 8, + vfz cos2 92) + mzvfz sin2 8,.

Using the fact that sin2 e + cos2 8 = 1 and doing some rearranging we have

V = {m/M) J/E§§ - 2wV cos B, + vz).

{b) Now let
m-+ 0 and V + 0:

Reasonable - consider a ping-pong ball colliding with a bowling ball.
M+ 0, Vbecomes large:

Reasonable - consider a bowling ball colliding with a ping-pong ball.
Ve r 0, Vo mv/M:

Reasonable - all linear momentum transferred from m to M.
v+0, V= mvf/M:

Reasonable - explosion, total Tinear momentum zero.
6, +0, V=~ (m/M)(vf - v):

Reasonable - 1linear momentum lost by m given to M.

{c) Viay 3 8 = =

Reasonable - since m has maximum change in momentuni, i.e., it transfers
maximum momentum €o M.

Viax = (W/M){v + ve).

(d) AsM+ew, Va0

Reasonable - since as M goes to «», V¥ has to become smaller in order to
conserve linear momentum.

B(2). In the absence of external forces a particle of mass m collides
elastically with another particle of the same mass initially at rest.
Show that if the collision is not head-on the two particles go off
so that the angle between their directions is =/2.

12




STUDY GUIDE: Coliisions 6

(a) State what is given and what you are to find symbolically.
(b) Braw a diagram.

(c) ¥rite down the relevant equation or equations. In this case use the
laws of and .

(d) Solve the equations for the relevant unknown or unknowns.

Solution

(a) Given my =M, = m, show that 6, + 6, = x/2.

— ki v
(b} p m —>
M [ ]
Figure &
{c) Conservation of linear momentum:
B =B + Py (4)

" Conservation of kinetic energy:
K= K] + KZ’ (5)

where X stands for the kinetic energy of the incident particle before collision,
-etc.

(d) HNow
K = p’/2m. (5)
Squaring £q. (4) we have
o2 = o5 + 05+ 2y - By
Combining the above equation with Eq. (6} we have
o3 -
K = ZmK] + ZmKZ + Zp] * Pye

i3




STUDY GUIDE: Collisions 7

Combining the above equation with Eq. (5) we have

Assuming " 7 0; Py # 0 and m # <, all not very interesting cases, then

(5] y 32)/17! = (.
L 4

By By, which was to be shown.

PRACTICE TEST

1.

Define or state: {a) elastic coilision; (b) inelastic collision;
(c) perfectly inelastic collision; (d) the law of conservation of Jinear
mementum.

A hockey puck B rests on a smooth ice surface and is struck by an identical
puck A that was originally traveling at 60 -m/s and that is deflected 30°
from its original direction. Puck B acquires & veiocity at an angle of
45° to the original velocity of A.

(a; Compute the speed of each puck after collision.

(b) Is the collision perfactly eiastic? If not, what fraction of the
original kinetic energy of puck A is "ost"?

Figure 5

14




STUDY GUIDE: Collisions 8

Practice Test Answers

1.

@

(a) Elastic collision: a collision in which kinetic energy is conserved.
(b) Inelastic collisfon: a collision 1n which kinetic energy is not
conserved. Hote: kinetic energy may be either gained or lost during a
collision..

(c) Perfectly inelastic collision: a collision in which the colliding
objects stick together after the collision. ’

(d) Conservation of linzar momentum: If the sum of the external forces
acting on a system is Zero, then the total linear momentum of the system
remains constant. Or, during a collision, if the intéraction impulsive
force is very large in comparison fo the sum of all external forces such
as gravity, then it is a good approximation to say that linear momentum
is conservyed.

Note: If you missed any of these definitions, MEMORIZE the ones that you
missed.

(a) Vg = Vyi/lsin ¢, cot 6 + cos 6,).

Check this answer for dimensions and reasonableness [see parts (b}, (c),
and {(d) in the solution of Problem A for reasonableness check].

Vop = 3Vm/se - o o e

VAF = Vp5 sin szgsin 8, cos 8; + sin 8, cos 8y) -

Check this answer for dimensions and reasonableness.
VAF = 44 mfs.
(b) 8K/K; = 6.20, or the collision is inelastic.
Hote: If you missed this problem, work some more of the optional problems
in the text until you feel that you undersiand. the material. W¥hen you under-

stand the material, then ask for a Mastery Test. If you answered this
Practice Test correctly, ask for a Mastery Test now.




ONLLISTONS Bate
Hastery Test Form A pass recycle

Hame _ . Tutor

1. Define or state:
(a) elastic collision;

{b) inelastic collision;
___{c) perfectly inelastic collision;

(d) the 1aw of conservation of linear momentum.

2. Consider the collision as shown in the figure below. The colliding
particiles are identical and initially have a speed of 10.0 m/s. After
the collision particle 2 moves as shown.

_ (a) Frind the veloc*iy of particle 1 after_collision.. = . . .. . ..

(b) 1s this an elastic collision?

Before After
A
]‘\ﬁu y J$y
M.
N\
45°
N |
> X 2
//45°
/ H Iz
-= 5.0 mfs
24y

16




COLLISIONS Date

Hastery Test Form B pass recycle

Hame _ Tutor

1. Dafine or state:

(a) elastic collision;

(b} inelastic collision;

{c)} perfectly inelastic collision;

(d) the 1aw of conservation of linear momentum.

A cannon mounted on a stationary railroad car fires a 100-kg projectile

so the latter moves horizontally with a speed of 600 m/s at a sideways
angle of 30.0° to the track. The car plus the cannon have a mass of

- 10 000 kg. .. ... e e Ll

{(a) Make a sketch and describe in what way momenium conservation can be
used to solve this problem, or explain why this is not the case.

(b} At what speed will the railroad car recoil along the track?
(Neglect friction with the track.)

17




COLLISIONS Date

Mastery Test form € pass recycle
1 2 ’

Hame Jutor

1. Define or state:

2.

{(a) elastic collisions.

(b} inelastic collision;

(c) perfectly inelastic collision;

(d) the law of conservation of 1inear momentum:

As you stand 3t a lightly traveled street intersection, you are startled
to observe the Collision of a fire engine (mass = 6000.kg), a house
trailer (mass = 25 000 kg), a steam calliope (mass = 4000 kg), and a
dump truck {mass = 8000 kg}. The four vehicles are, respectively,

traveling northeast -at 30.0 m/s; west at 10.0-m/s; south at 20.0'm/s, -
and east at 25.0 m/s.

(a) Make a diagram of the vehicles inmediateiy before the collision,

and indicate their masses and vector velocities.
(b} If the entire junk pile sticks together after the collision, what is
its velocity before it has been slowed down by friction?

{c} Is this collision eiastic?

18




COLLISIONS Date

Hastery Test Form D pass recycle
1 2

Hame _ Tutor

1. Define or state:

(a) elastic collision;

(b} inelastic collision;

{c) perfectly inelastic collision;

(d} the law of conservation of linear momentum.

A radioactive nucleus, initially at rest, decays by émitting an electron
and an electron antineutrino at right angles to one another. The

momentum of the electron is 1.20 x 10722 kg m/s and that of the electron
antineutrino is 6.4 x 10723 kg a/s.

- {a) Find the momentum-of the recoiling nucleus.

(b) If the mass of the recoiling residual nucleus is 5.8 x ]0-25 kg,
what is its kinetic energy of recoil?

19




COLLISIONS Date

Mastery Test form E pass recycile

Name . Tutor

1. Define or state:
{a} elastic collisions
Ab) imelastic collision;
{c} perfectly inelastic collision;

(8} the law of conservation of 1linear momentum.

2. A body of mass m = 10.0 kg moves to the right along a frictionless table
top at a speed of 50 m/s and makes a head-on collision with another body
whose mass m, is unknown, but which is originally moving to the left at
a speed of 30.0 m/s. If the bodies stick together after the collision
and move to the right at a speed of 20.0 m/s, what is the value of m,?

Is the collision elastic?

20




COLLISIONS Date

Mastery Test Form F pass recycle

fName _ _ Tutor

1. Define or state:
{a) -elastic collision;

(b} inelastic collision;

{c) perfectly inelastic collision;

{d} the law of conservation of 1inear momentum.

2. A ball with speed 3.00 m/5 and mass. 1.00 kg strikes off~-center a second
ball of mass 3.00 kg initially at rest. The incident ball is deflected
90° frop its incident direction, and the collision is completely elastic.
In what direction, relative to that of the incident ball before the
-collision; -does the second ball 1eave the collision?

21




COLLISIONS A-1
MASTERY TEST GRADING KEY - Form A

What To Look For Spiutians

1.(a) 8X = 0. 1.{a) Elastic collision - a collision in which
kinetic energy is conserved.

{b) 2K # 0. {b) Inelastic collision - a collision in which
kinetic energy is not conserved.

{c) Objects stick (c) Perfectly inelastic collision ~ a collision

together after in which the colliding objects stick together

collision. after the collision.

(d) oF =0 if Z?Ext = 0. (d) Conservation of linear momentum: If the sum of
the external forces acting on a system is zero,
then the total linear momentum of the system
remains constant.

2. AP = 0. 2.(a) 3' = 2mvi: total momentum of particles 1 and 2
befbre co111510n
/23 momentum of particie 2 after co]iision.

il

Vector nature of P pz

Is answer dimensionally 3} = 3' - Eé
correct? - -

= 2mvi + (mv/2)3.
Is the answer = 2vi + (v12)5 = (14.0% + 5.03) afs.
reasonable?

(b) K = mvz,
(,_.)(—) + @+ p = mll+ D
Ty R I 10
= mv (8 8) mv ( g’
Ki # Kf.

Thus the collision is not elastic. Also, since
v]-has a j component it cannot be I to Vo3
therefore collision is inelastic.
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COLLISIONS 8-1
MASTERY TEST GRADING KEY - Form B

What To Look For Solutions

1.(a) ax = 0; 1.{(a) Elastic collision - a collision in which kinetic
energy is conserved.

(b) zK # 0; (b} Inelastic collision - a collision in which
kinetic energy is not conserved.

{c) Objects stick {c) Perfectly inelastic collision - a collision

together after in which the colliding objects stick together

collision. after the collision.

(g) bﬁ = 0 if (d) Conservation of linear momentum: If the sum of

oxt = 0. the external forces acting on a system is zero,

then the total 1inear momentum of the system

remains constant.

2.(a) P conserved only 2.{(a) Momentum not conserved in direction % to track.
in direction defined by

track.
rac (Top view)
\‘30° - T
—_ —--——---)Track
X
(b} P used is total P =0=(P) + (P )
times cos 30°. Answer x’proj X car
dimensionally correct? =-[(100)(600) cos 30.0°] m/s + {10 000)}v,
Units correct? Answer ]
reasonable? v-= -[{100){600)} cos 30.0°/10 000] m/s
= -(6-cos 30.0°) m/s = -5.2 m/s.
! ﬂ_’- .
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COLLISIONS C-1
MASTERY TEST GRADING KEY - Form C

What To Look For Solutions _

1.(a) &K = 0. 1.{a) Elastic collision - a collision in which kinetic
energy is conserved.

{b) aK # 0. {b) Inelastic collision - a collision in which
kinetic energy is not conserved.

(c) Objects stick {c) Perfectly inelastic collision - a collision

together after in which the col1iding objects stick together

collision after the coliision. '

il

0. (d) Conservation of linear momentum: if the sum of
the external forces acting on a system is zero,
then the total linear wmomentum-of the system
remains constant.

(d) aF = 0 if z'?ext

2.(a) Make sure diagram 2.(a)
is clear!
4000 kg
EXT VA ML
5000 g 7 257000 kg
30.0 m/g”
6000 kg
(b) aP = 0. Vector {b) Momentum is conserved, junk pile moves with 3; -
nature of p. Answep - 2 . 2
dimensionally correct? - 3 (6000)(15.Oy2i + 15.0v23) + {25 000)(-10i)
Units correct? Vem. “H° ¢ 6000 + 25000 + 4000 + 8000

Answer reasonable?

& (4000)(-205) + (8000)(251),
5000 + 25000 + 4000 + 8000 -

= (773 + 473)/(43) w/s = (1.87 + 1.13) w/s.

{c) recognize perfectly (c) No - perfectly inelastic.
jnelastic collision




COLLISIONS p-1
MASTERY TEST GRADING KEY - Form D

Hhat To Look For . Solutions _ _ _
1.{(a) 2 = 0. 1.(a) Elastic collision - a coliision in which kinetic
energy is conserved.
(b) &K # 0. (b) Inelastic collision - a collision in which
kinetic energy is not conserved.
(c) Dbjects stick (c) Perfectly inelastic collision - a collision
together after in-which the colliding objects stick together
collision. after the coliision. '
(d) oF = 0 if (d) Conservation of linear momentum: If the sum of
£ =0 the external forces acting on- a. system is zero,
ext then the total linear momentum of the sysiem
remains constant.
2, &P = 0., Yector 2. y
nature of p. Answer
dimensionally corvect? A
Units correct? Answer _
reasonable? . . .. . . ML'/_’_/E]ECWM S —
_ P (electron antineutrino)

nucleus

(a) ¢ = 0,

B = ~(0.68 + 1.205) x 10722 g ws.

p® _1.81 x 1074 2,2
2m - N -26 kg- w /s 2

K=1.6x1012 4.

(b) K=




COLLISIONS

E-1

MASTERY TEST GRADING KEY - Form E

What 7o Lock For

Solutions

1.{a) &K = 0. 1.{(3) Elastic collision - a collision in which kinetic

{b) &K # 0.

{c) Objects stick
together after
collision.

(d) &P = 0 if

£ ext = 0.

2. aF = 0. Vector 2.
nature of p? Answer
dimensionally correct?
Units correct?

Ansver reasonabie?

(b)

(d)

energy is conseryed.

Inelastic collision - a collision in which
kinetic energy is not conserved.

Perfectly inelastic collision - a collision

in which the colliding objects stick together
after the collision.

Conservation of Tinear momentum: If the sum of
the external forces acting on a system is zero,
then the total 1inear momentum of the system
remains constant.

_L',

s .;(m;Mjmm_
8p = 0. Py = MV~ MpVpy T Pg T UMy F My MV

mv,. - v.)
. R i g 50 - 20.0) _

Collision is inelastic since objects stick
together; therefore it is not elastic!

, 26
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COLLISIONS

MASTERY TEST GRADING KEY - Form F

F-1

What To Look For

Solutions

1.(a) &K = 0.
(b} &K # 0.

(c) Objects stick

‘together after

collision.
(d) &7 = 0 if
ZFext = 0.

2. aP=0. Vector
nature of P? Answer

-dimensionally correct? -

Units correct?
Answer reasonable?

1.{a) Elastic collision - a co111510n in which kinetic

energy is conserved.

(b) Inelastic -collision - a collision in which
kinetic energy is not conserved.

(¢} Perfectly inelastic collision - 2 collision
in which the colliding objects stick together
after the collision.

(d) Conservation- of linear momentum: If the sum of
the external forces acting on a system is zero,

then the total linear momentum of the system
remains -constant.

Before. . ... .. After. . . . . -
1y 2 P |
L 4

-

- -
Py = Pyj = Pygo

2 g2 2
Bre = mvo.i El—-2 b —jL-
Pii T MYt e T Zm zm2
-+ % m% m%v% m2
Pie = Mgl Ty T zm2 (v + Vie)

By = mlugd - g = vip s m/m ¢ i),

Vig = Viglmg - m)/(my + m),

Vg = i /(g - m)/(mg * my),

tan 6 = / (m, - m)/(m, + m,) = /' (2/4) = Y 22.
o = tan” (/2/2),

See- diagram for definition of 6.
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Module 1
STUDY eYIDE

EQUILIBRIUM OF RIGID BODIES

INTROBUCTION

Most of the objects that one sees are in a state of equilibrium, that is, at
rest or in a state of uniform motion. Many man-made structures are designed to
achieve and sustain a state of equilibrium, and this, in turn, sets require-
ments to the saterials (their sizes and Shapes) that can be used. This module
will give you some practice in analyzing the forces that result in egquilibrium.
from this analysis; if you are given the values of an appropriate set of forces
you can find the remaining ones. On the other hand. in designing a stable
system you can find the requirements of materials and dimensions that will
ensure equilibrium.

PREREQUISITES

Before you begin this module, Location of
you should be able to: Prerequisite Content
*Apply Newton's second law for the solution Newtons Laws
of problems involving frictional forces Module-
{needed for -Objectives 2 and 3 of this
module)
*Locate the center of mass of a uniform Impulse and Momentum
rigid body (needed for Objective 1 Hodule
of this module)
*Define and use the definition of torque Rotational Motion
{needed for Objectives 1 and 3 of this Module
module)

LEARNING OBJECTIVES

After you have mastered the content of this module, you will be able to:

1. Equilibrium - Define the following terms and describe the application of
each to a physical object or system: first condition of equilibrium
(translational); second condition of equilibrium (rotational); center of

gravity.

2. Translational equilibrium - Analyze translational equilibrium problems by
identifying a1l forces, making a free-body diagram, and applying the first
condition of e?ui1ibrium to solve for the unknown parameters. These problems
may involve weight acting at the center of gravity, tensions in ropes or
wires, compressional forces on rods or hinges, and frictional forces.
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STUDY GUIDE: Egquilibrium of Rigid Bodies 2

3. Rotational equilibrium - Analyze problems involving both the first and
second conditions of equilibrium. These problems will involve torques as
well as the forces referred to in Objective 2.

GENERAL COMMENTS

The solutions to the problemns of this module are rather formal; that is, all
problem solutions follow a regular procedure, which if done carefully will
almost always produce the desired result. By learning the generg®procedures
cud practicing on a few examples you should find no difficulty in solv’xg any
problem in this module.

Since your text may not delineate these steps clearly, they are summarized
here:

1. Draw an imaginary boundary separating the system under consideration from
its surroundings.

2. Draw vectors representing sagnitude, direction, and point of application of
all external forces. to the system. {(This is a free-body diagram.)

3. Choose a convenient reference frame, resolve all of the external forces
along these axes, and then apply the first condition of equilibrium.

4, Choose a convenient axis, evaluate all of the external torques around it,
and apply the second condition of equilibrium. -

The resulting simultaneous equations can then be solved for the desired
quantities.
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STUDY GUIDE: Equilibrium of Rigid Bodies 3(8 1)

TEXT: Frederick 3. Bueche, Introduction to Physics for Scientists and Engineers
(¥cCraw-Hi11, New York, 1975), second edition

SUGGESTED STUDY PRGUEDURE

Study the text Sections 3.1 through 3.4 in Chapter 3 and Section 11.9 in
Chapter 11. Hext study the Problem Set in this module, and work text problems,
remenbering to use the rules given in General Comments, until you are satisfied
that you have met Objectives 1 to 3.

Try the Practice Test before attempting a Mastery Test.

BUECHE
Objective Problems with  Assigned Problems  Additional
Humber Readings Selutions - Probiems
Study  Text*  Study Text (Chap. 3)
Guide Guide {Chap. 3}
1 Secs. 3.1,
3.%,
3.4, 11.9
2 Sec. 3.1 A, B I1lus. E 3-5, 8, 1, 2,6, 7,
3.1 to 10 9
3.3
3 Sec. 3.2 C,D  Ilus. F 18-21 22-25
3.4 to
3.7

*I11lus. = Illustration(s).
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STUDY GUIDE: Equilibrium of Rigid Bodies 3(HR 1)

TEXT: ODavid Halliday and Robert Resnick, fundementals of Physics (Wiley, New
York, 1970; revised printing, ]974)

SUGEESTED STUBY PROCEDURE

Study text Sections 12-1 through 12-3 in Chapter 12. Then study the Problem
Set in this module, remembering to use the rules given in General Comments.
Work text problems until you are satisfied that you have met Objectives 1 to 3.

Try the Practice Test before attempting a Mastery Test.
HALLIDAY AND RESNICK _
Objective Problems with Assighed Problens Additional

Rumber Readings Solutions ) Problems
Study  Text*  Study Text (Chap. 12)
Guide Guide (Chap. 12)
1 Secs. 12-1,
12-2
2 Sec. 12-3 A, B Chap. 5, E 7,15, 22,
Ex. 3, 4 - 26
3 Sec. 12-3 c, D Chap. 12, F 6, 10, 12, 8, 9, 11, 13,
Ex. 1, 2 20, 29 14, 16-21,
27-29
*Ex. = Example.
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STUDY GUIDE: Equilibrium of Rigid Bodies 3(sZ 1)

TEXT: Francis Westen Sears and Mark Y. Zemansky, University Physics (Addison-
Wesley, Reading, Mass., 1970), fourth edition

SUGGESTED STUDY PROCEDURE

Study the text Sections 2-1 through 2-7 of Chapter 2 and 3-1 through 3-4 of
Chapter 3. HNote that most of Chapter 2 was covered in your study of Newton's
laws. Review it now from the viewpoint of statics.

Study the Problem Set in this module; work Problems E and- F, remembering to
use the rules of General Comments. Work text problems until you are satisfied
that you have met Objectives 1 to 3.

Try the Practice Test before attempting a Mastery Test.

SEARS AND ZEMANSKY ‘

Cbjective Problems with Assigned Problems Additional
Humber Readings Solutions Problems
© Study Text* Study Text
Guide Guide
1 Secs. 2-2,
2-6, 3-2,
3-4
2 Secs. 2-6, A, B Sec. E 2-9, 2-3 to 2-8,
2-7 2-6, 2-10, 2-11, 2=12,
Ex. 2 2-18, 2-14, 2-16,
to 5; ' 2-21 2-19, 2-20,
Sec. 2-22 to 2-25
2-7,
Ex. 1,
3,4
3 Secs. 3-2, C(, D Sec. F 3-4, 3-3, 3-6 to
3-3 3-2, 3-12, 3-11, 3-13,
Ex. 1 3-17, 3-15, 3-16,
to 3 3-19 3-18, 3-20

*Ex. = Example{s).
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STUDY GUIDE: Equilibrium of Rigid Bodies 3(ws 1)

TEXT: Richard T. Heidner and Robert L. Sells, Elementary Classical Physics
(A11yn and Bacon, Boston, 1973), second edition, Vol. 1 '

SUGGESTED STUDY PROCEDURE

Study the text Sections 12-5 and 12-6 in Chapter 12. Also review Sections 8-1
and 8-2 of Chapter 8 vhere equilibrium is treated as a special case of Newton's
laws.

Study the Problem Set and work Problems E and F. Work text preblems, remembering
to use the rules from Genaral Comments, until you are satisfied that you have
met Objectives 1 to 3.
Try the Practice Test before attempting a Mastery Test.

HEIDNER AND SELLS

Objective Problems with Assignad Problems Additional

Number Readings Solutions _ Problems
Study Text* Study Text
- Guide Guide
1 Secs. 12-5,
12-6
2 Sec. 12-6 A, B Ex. E - 8-1,
8-2 8-2,
8-4,
8-12
3 Sec. 12-6 C, D Ex. F 12-31, 12-29, 12-30,
12-10 12-32, 12-33, 12-37
]2"34,
12-35

*£x, = Example(s).
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STUDY GUIDE: Equilibrium of Rigid Bodies 4

PROBLEM SET WITd SOLUTIONS

A{2). A block of mass 12.0 kg slides at constant velocity when pushed by a
force of 50 N applied at 30.0° as shown in Figure 1. Find the coefficient
of sliding friction between the block and fioor.

y
-> +
__Bh_ 3
" 2k N — X
Fiqure 1 N
1gure Figure 2
Y [
W=mg

Selution
[ 1

The -expression “at constant velocity" suggests that this is a translational
equilibrium problem. First isolate the system, which in this case is just the
block M. Then adentify all forces and draw a. free-body diagram showing all forces.
See Figure 2: i5 the weight of the biock,,ﬁ“is the normal force of the flgor

on the block, F is the applied force, and ?k is the kinetic frictional force

for which we assume Ty = ;M. Since nothing is said in the problem about the
points of application of forces we assume we shall not need to apply the second
condition of equilibrium. Thus, applying the first condition of equilibrium:.

sz =N-W-Fsine =0, zFx =F cos 8 - fk = 0,

and also f, = N. Note that in this case the nommal force ¥ is not simply the
weight. We can combine the last two -equations to eliminate the frictional force:

F cos o - pl = 0.

This equation can- then be combined with the first equation to eliminate the
normal force N and we then solye for L

N=(F cos B)/uk, (F cos ﬂ)fyk -W-Fsine =0, y = (F cos 8)}/{W + F sin 8).

This result is cerfainly plausible since it i5 a dimensionless ratio of forces

that is expected, and if we let 8 = 0 it reduces to the defining equation. for the . . ...

coefficient of friction (with W = N).
Substituting in the numbers from the problem we get the answer
w = (50} (cos 30.0°)/[(12.0)(9.8) + 50 sin 30.0°] =-0.300.
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STUDY GUIDE: Equilibrium of Rigid Bodies 5

B(2). A weight ¥ is hung from the middle of a tight clothesline 20.0 m long
(see Fig. 3). The weight causes the center to drop 0.50 m below the
horizontal {assume the line stretches slightly). Find the tension in
the 1ine in terms of W.

200 m —

Figure 3 X
Figure 4

Solution

We assume a first condition of equilibrium and isolate the point of application
of W on the 1ine as the object in equilibrium, resulting in Figure 4.
"Clothesline" implies flexibility, which implies that T must be along the "line,”
and hence the force diagram will have the same angles as the line itself. Thus

tan o = 0.50/10.0 = 0.050.
xe = Tz cos 8 - Ti cos = 0,
hence,

'I'.I = TZ’ ny = ZT] sine ~-W=0, 'I'-I = W/(2 sin 0} = 10.0U.

C{3}). A uniform beam 5.0 m long with mass 10.0 kg is hinged at a wall. The
outer end is supported by a guy wire making an angle of 30.0° with the
horizontal beam, and an object of mass 20.0 kg is hung on the beam at a
point 4.5 m from the wall. See Figure 5. Find the tension in the guy
wire and the vertical and horizontal .components of the force on- the beam
hinge by the wall.

Figure 5

: Figure 6 J
._ . - 2 - -
v 4 i

‘; —
— —Y £ L "I
b Fd
4.5 m [(Jo.50m L 4
20.0 kg W=  F=nd




STUDY GUIDE: Equilibrium of Rigid Bodies 6

Solution

For the free~body diagram, see Figure 6. The first condition of equilibrium
results in the following equations:

Efy =¥+ Tsine-W-F=0, EFx =H-Tcos 9§ =0.

The second condition of equilibrium applied to an axis perpendicular to the paper
at the hinge gives

zt = T(sin 9} L -(HW}{L/2) - F{6.90)L = 0,

Solution of this last equation for T using the values of L, W, F, and 8 from
tlile problem gives T = 450 N. The first two equations can then be solved to
give

H =390 N, V=069 N,

D(3). Physics teachers can be very devious.

One such teacher drilled several
holes in an otherwise good wooden -
meterstick and filled the holes M3
with lead. He then gave the
meterstick, a knife edge, and a
hanging 0.100-kg mass to a ¢ 'fc

student and asked him to find 3
the mass and center of gravity a\l, + l
of the modified meterstick. The W g
student found that the stick
Ea]anced at 0.280mégith the :

anging mass at 0.66 m and also
balanced at 0.73 m with the Figure 7
hanging mass at 0.93 ft. Find the
mass and the center of gravity.

Solution
Assume the meterstick weight W to act at X and write two equations for r = 0

around the 0.0 end. The upward force at the knife edge can be found from the
first condition of equilibrium:

W + (0.100)(9.8)1(0.58) - %X - (0.100)(9.8)(0.66) = O,

f¥ + {0.100){9.8)](0.73) - uX - {0.100){9.8}{0.93} = 0.
Simultaneous solution of these equations gives

X =0.48 m, W=0.78N, m = 0.080 kqg.
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STUDY GUIDE: Equilibrium of Rigid Bodies 7

Problems

£(2). A 2.50-kg mass is hung from the ceiling b} a long rope. It is pulled to
the side by 2 horizontal force of 10.0 H. Find the tension in the long
rope and the angle it will make with the vertical.

F(3). A uniform ladder 10.0 m long, with a mass of 20.0 kg, rests against a
smooth. wall and on 2 very rough floor, with the base of the ladder
6.0 m from the wall. An 80-kg man has climbed the ladder to 8.0-m
along the ladder from the bottom. Find the horizontal force that the
floor must supply to keep the 1adder from slipping.

Solutions

E(2). Draw a free-body diagram of the forces on the 2.50-kg mass, apply the
first condition of equilibrium to the forces, and solve for the desired quantities:
T=26.0 N, 8 =22.0°.

F(3). Draw a free-body diagram showing all forces on the ladder (Fig. 8). HNote
that “smooth wall” implies no friction, which implies that F is perpendicular

to the wall. Notice the general similarity of this diagram to the free-body
diagram of Problem € (except for orientation, direction, and magnitude of forces)
and solve in a similar fashion.

sz =V-d-4,=0 (this equation is not necessary),

g, =H-F=0, 2rp=10.0Fsinb- 500 cose- (8.0)(,) cose=0.

B
The result is H = 540 N.

Y
rd
F
i
Figure 8 &
7 A
13<::’ i? g
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STUDY GUIDE: Equilibrium of Rigid Bodies 8

PRACTICE TEST

1. Describe how to- find the center of gravity of an irregularly shaped planar
object.

2. An object with a weight of 15.0 H is hung from two points as shown in
;iguresg. -Draw a free-body diagram and find the tension in the two ropes
and B.

LO0O m
0.8 m
o6
il ik 2
3%,
IS N
Figure 9
.9
v W

Figure 10

3. A uniform gate of weight W is hung from two hinges as shown in Figure 10,
but to relieve the strain on the hinges a guy wire is installed as shown
and tightened until there is no horizontal force on the lower hinge. Draw
a free-body diagram and find the horizontal force on the top hinge, in
terms of W.
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STUDY GUIDE: Equilibrium of Rigid Bodies 9

Practice Test Answers

1. -Assuming a plane object, suspend the object from a point on an edge and mark
the vertical line {plumb Tine}; then suspend the object from a different point
and again mark the vertical line. The center of gravity is at the intersection
of these lines.

2. C(Choose the point of application of the 15.0-N force as the point in

equilibrium and draw .a free-body diagram {Fig. 11)}. Apply the first .condition
of equilibrium: )

zFy = Tg cos 37° - T, cos 53 =0, zEy = T, sin 53° + TB sin 37° - 15 = 0-
Simultaneous solution of these equations gives us
Tg=9.0N, Ty= 12.0 N.
3. Draw the free-body diagram as in Figure 12. Then
= ° = = i ¢ . =
EFx =H -Tcos 37 0, EFy V] ¥ vz + T sin 37 W=20,

Tr = 0= LT sin 37° - W{L/2) = 0  {taking torques about the top hinge),
(/2
T =
sin 37
From the first equation

= 0.83 W.

H=Tcos 37 = 0.83 cos 37° = 0.67U.

Figure 1

Figure 12
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Date _

EQUILIBRIUM OF RIGID BODIES
pass recycle

Mastery Test Form A ' 1 2 3

Name . _ . _ Tutor

1. Describe what is meant by the "center of gravity" of an.object.

2; A block of mass 6.0 kg is pyliled up an incline at a constant velocity as
shown in Figure 1. If the coefficient of sliding friction is 0.300, how
large a force F is required?

3. A weight of 2.00 x 104 N is supported by a beam-and-guy-wire arrangement
as shown in Figure 2. Tie beam is uniform-and has a mass of 400 kg. ODraw
2 free-body diagram and find the vertical and horizontal components of
the forces on the hinge at A.

37

Figure 1 Figure 2
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Date

EQUILIBRIUM OF RIGID BODIES
- pass recycle

Hastery Test Form B 1 2 3

-flame Tutor

1. State the first condition of equilibrium {translational) and describe how
it differs from the second condition of equilibrium {rotational}.

2. Two weights of 17.0 N each are suspended by cords 2.00 m long and attached
to the ceiling at points 4.0 m apart. The weights are then connected with
a cord that is 2.00 m long as shown in Figure 1. Draw a free-body diagram
and find the tension in the connecting cord.

3. A playground seesaw, made from a plank 4.0 m-long with 2 uniformly distributed
mass-of 50 kg, is to be used by two children with masses 60 kg and 40 kg.
If the children are to sit at the ends of the plank, where should the
fulcrum be placed for a balance?

1 ")
/'/)// /4"?_/ et 2227 Y/

Figure 1
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Date .

EQUILIBRIUM OF RIGID BODIES

pass recycle

Mastery Test Form € 1 2 3

Hame Tutor

1. State the second condition of equilibrium (rotational), and describe how it
differs from the first condition of equiiibrium (translational).

2. A rope of tensile sirength 4500 N is tied to two sturdy posts 40 m apart.
The rope is broken by applying a transverse force at the center. If the
rope broke when the center was displaced by 1.00 m, how large was the
transverse force?

3. A vnonuniform rod of -ength L is attached fo a wall by a hinge A as shown

in Figure 1. The lower end rests on a frictionless flocor. The center of
gravity is (1/3)L from the lower end. Oraw a free-body dizgram, and find
the force on the hinge.

Figure 1




£QUILIBRIUM OF RIGID BODIES
MASTERY TEST GRADING KEY - Form A

What To Look For

1.

Solutions

{a) Be sure the student has made

the concise statement asked for
in the question.

{(b) Ask the student for the
meaning of one or two key words
in ‘his answer.

(a) Check for a free-body diagram
showing only directions and mag-
nitudes of all external forces
{not wrong,. but explain to
student). )

(b) Check for a correct state-
ment of ZF% = 0 and SF& = 0.

(c) Be sure that he has obtained
the correct answer, including
magnitude, direction, and units.

(a) Check for a free-body diagram
showing only directions, magnitudes,
and points of application of all
external forces.

{b) Check for a correct statement
of SFk =0, ZE& =0, and Zt = 0.
(Be sure an explicit choice of
axis has been made for caicuiaticn
of torques.)

(c) Be sure student has obtained
the requested answer, including
magnitude, direction, and units.

1. Center of gravity - That point
" about which the resultant of
the gravitational torques on all
the particles composing the
rigid body is zerec.

2. 49 N up the incline.

3. V=240 x10% § up,
i =2.20 * 16* ¥ to right.
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EQUILIBRIUM OF RIGID BODIES B-1
HASTERY TEST GRADING KEY - Form 8

tihat To Look For . Solutions

1. (@) Be sure that the student has 1. First condition of equilibrium
made the concise statement asked (translational) - The vector sum
for in the question. of the forces acting on the
(b) Ask the student for the mean- object equals zero, i.e., the
ing of one or two key words in object has @ constant velocity.
his answer.

2. {(a) Check for a free-body diagram 2. 9.8 N along horizontal cord.
showing only directions and magni-
tudes of all external forces.
(b) Check for @ correct statement
of Fx =0 and Fy = 0.
{c) Be sure that student has obtained
the correct answer including magni-
tude, direction and units.

3. (a) Check for a free-body diagram 3. 1.70 m from the 60-kg child.
showing only directions and magni-
tude, and points of application of
all external forces (if missing,
not wrong).
(b) Check for a correct statement of  _
EFx =0; EFy = 0; ZT = 0.
{Be sure an explicit choice of axis
has been made for calculation of
torques. )
{c) Be sure that student has obtained
the requested answer including mag-
nitude, direction, and units.




EQUILIBRIUM OF RIGID BODIES C-1
MASTERY TEST GRADING KEY - Form €

What To Look For : Solutions

1. (a) Be sure that the student has 1. Second condition of equilibrium
made the concise statement acked (rotational) - The sum of thé
for in the question. torques at a chosen pivot point
(b) Ask the student for the mean- equals zero, i.e., the object
ing of one or iwo key words in his will not rotate.
answer.

2. {a) Check for a free-body diagram 2. 400 N.
showing only directions and magni-
tudes of external forces (not
wrong if missing).
(b) Check for a correct statement
of ZFx = 0 and EFy = 0.
{c) Be sure that student has ob~-
tained the requested answer, in-~
cluding magnitude and units.

3. {a) Check for a free-body diagram 3. F = W/3 upwards with no horizontal
showing only directions, magni- component.
tudes, and points of application
of all external forces.

(b) Check for a correct statement
of If, = 03 IF, =0; L1 = 0.

(Be sure an- explicit choice of
axis has been made for calcu-
lation of torques.)

(c) Be sure that student has
obtained the requested answer
including magnitude, and direction.




Module
STUDY GUIDE

ROTATIONAL DYNAMICS

INTRODUCT IO

A diver, in making several turns in the air, grabs his knees to achieve a
high-rate-of rotation, and a skater does much the same thing when she goes
into a spin with arms and legs extended but brings them in close to her

body for the extremely rapid part of this motion.

This module considers the

physics describing these motions, and those of other rotational systems -
starting or stopping a record turntable {or a washing-machine tub), unwinding

of winch cord as a bucket is dropped into-a well, ete.

‘PREREQUISITES

Before you begin this module,
you should be abje to:

lLocation of

*State Newton's second law for 1inear
motion {needed for Objective 2 of this
module)

*Ainalyze and soive problems involving
conservation of energy (needed for
Objective 2 of this module)

*Relate work and energy {needed for
Objective 3 of this module)

*Define the center of mass {needed
for Objective 1 of this medule)

*Define angular momentum and relate

angular momentum t0 torque for a point-mass
particle (needed for Objective 4 of this
module)

*Relate angle, angular velocity, and
angular acceleration {needed for
Objectives 2 and 3 of this module)

Prerequisite Content

Hewton's Laws
Module

Conservation of
Energy Module

Work and Energy
Hodule

Impuise and Momentum
Module

Rotational Motion
Module

Rotational Motion
Module
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STUDY GUIDE: Rotational Dynamics

LEARNING OBJECTIYES
After you have mastered the content of this modile, you will be able to:

1. Momwent of inertia - (a) Apply the definition of moment of inertia, and
the paraliel-axis theorem-where needed, to calculation of moments of
inertia of simple extended bodies (not requiring integration), or
demonstrate general understanding of the concept of moment of inertia
by ranking several regular and irregular bodies according fo their
roments of inertia.

{b) Write down the moments of inertia of a circular hoop (identical
to that for an ofl drum without ends), a circular disk {identical to
that for a solid cylinder), and a long thin rod about an axis through
the center of mass, and perpendicular to the plane of hoop or disk,
or perpendicular to the length of the rod.

2. Rotation about fixed axis -~ In cases of rotation about a fixed axis,
solve problems using Hewton's second 1aw of motion for rotation, or by
using conservation of energy.

3. System of objects ~ For a system of objects rotating about a fixed
axis where some of the following quantities are given, find others:
moment of inertia, angular momentum, angular velocity, rotational
kKinetic energy, work, and power.

4. Conservation of andular momentum - For a system of objects rotating
about a fixed axis, solve problems where angular momentum s conserved
about some axis, but .where -angular velocity changes because the system
changes size or shape; be able to recognize those groups of objects
for which angular momentum will be conserved about a given axis.

GENERAL COMMENTS

You have seen conservation of energy in an earlier module {Conservation-.of
Energy), but in this module it -is broadened to include cases that have ~
kinetic energy of rotation. Systems to which we may. apply -conservation of
enerdy are those where only conservative forces act (gravity, spring, etc.):

or else those where "other” forces are not doing any work on the system.
Forces acting at the fixed axis of rotation of some body, for instance,
are not acting through any distance, and thus do po work. Hhan you get to
Problems C and H, you will see that they each involve 2 body rotating
about a fixed axiss thus energy conservation applies to- their motions.

When you Took for conservation of -angular momentum, you must find a system
of objects on which all torques that come from forces acting- THROUGH the
“plastic bag" around the system add vectorially to zero. You should study
Problem E, which looks carefully at this situation.
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STUDY GUIDE: Rotational Dynamics 3(8 1)

TEXT: Frederick J. Bueche, Introduction to Physics for Scientists and
Engineers (McGraw-Hill, New York, 1975), second edition

SUGGESTED STUDY PROCEDURE

Read Chapter 11, Sections 11.3 to 11.7, for Objectives 1. In particular,
study Figure 11.11. Study Problems A and B in the Problem Set, and work
Probleme F and G. For Objectives 2 and 3, read the text Chapter 12,
Sections 12.1 through 12.8. Study Problems B, C, and D and work Problem H.
Sections 12.6 {0 12.8 also apply to Objective 4. Study Problem E and work
Problems I, J, and K. If you need more practice, try the Additional
Problems in the text.

Take the Practice Test before trying a Mastery Test.

BUECHE
Objective Readings Problems with Solutions Assigned Additional
Kumber _ B Problems Problems
Study Text* Study
Guide Guide
1 Secs. 11.3 A, B B Fy G Chap. 11,
) to 11.7 ;robs. 5, 6,
2 Secs. 12.2, B, C, E IMus. H, K Chap. 11,
12.8 12.8 Probs. 12,
13, 143
Chap. 12,
Prob. 18
3 Secs. 12.1 C, D, E, H, J5 K Chap. 12,
to 12.3, Probs. 1, 3,
12.7 4
4 Secs. 12.6 E I,d Chap. 12,
to ]2.8 PrObS- 23 ]5s
12

*I1lus. = Dlustration(s).
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STUDY GUIDE; Rotational Dynamics 3(HR 1)

TEXT: David Halliday and Robert Resnick, Fundamentals of Physics (Wiley,
. Hew York, 1970; revised printing, 1974}

SUGGESTED STUDY PROCEDURE

Read Chapter 11, Section 11-4 for background, and then Sections 11-5 through 11-7.
Example 5 can be omitted, since this module does not require the calculation

of rope tensions. fiote also that the text has very few energy-conservation
examples, which are called for in Objective 2. To prepare for Objective 1, study
Problems A and B, then work Problems F and G. For (bjectives 2 through 4, study
Problems C, D, and E before working Problems F through K. If you need more
practice, try the Additional Problems in the text.

Take the Practice Test before attempting a Mastery Test.

HALLIDAY AND RESNICK

Objective Problems with Assigned Problems Additional
Humber Readings Solutions Problems
Study Guide Study Guide {Chap. 11)
1 Sec. 11-5 A, B F, G Quest.* 4,
63 Probs. 15,
19(b)
2 Sec. 11-6 B, C, E H, K 17, 18, 23,
46
3 Sec. 11-6 C, D, E H, d, K 25, 27, 31,
32
4 Sec. 11-7 E I, d 35, 37, 39,
41, 43, 45

*Quest. = Question(s).




STUDY GUIDE: Rotational Dymamics 3{sz 1)

TEXT: Francis Weston Sears and Mark W. Zemansky, University Physics (Addison-
¥esley, Reading, #ass., 1970}, fourth edition

SUGGESTED STUDY PROCEDURE

Read Chapter 9, Sections 9-6 and 9-7 for Objectives 1 and 2. You may skim Section
9-7, but should study Section 9-6 more carefully, noting in particular Figure 9-13
on p. 137. How read Sections 9-8 and 9-9 for Objectives 3 and 4. Study Problems

A through E before working Problems F through K. Work some of the Additional
Problems from the text if you are unsure of your mastery, before faking the Practice
Test. Then try a Mastery Test.

Your text does not cover the parallel-axis theorem, which is called for in Objective
1. Briefly, the theorem states that if you know the moment of inertia IA about
axis A through the center of mass, you can calculate tha moment of inertia about
an axis B that is paraliel to axis A and distant from it by D, using the formula
IB = IA + MDZ, where M is the mass of the object. A text where this is proved and
discussed is Fundamentals of Physics,* Chapter 11, Section 11-5. HNote that Problem
A is a good example of how to use this theorem, as is the following problem.

Figure 1

Problem: Calculate the moment of inertia about axis A
of a cylinder (mass M) with a small mass m attached as
shown in Figure 1.

Solution: Moments of inertia are additive: A o
By * L=, LA+ m(2R)2,  and since I for cylinder

is the same as that for a disk, Iycpo ooy MR /2. '\
By the parallel-axis theorem, IMA = IH + MRZ, IMA = %MRZ, M
and the total moment of inertia is I = (3/2)MRZ + 4miC.

SEARS AND ZEMANSKY

Objective Readings Problems with Assigned Additional
Number Solutions Prodiems Problems
Study Guide Study Guide
1 Sec. 9-7 A8 F,6 9-15, 9-14(a), (b), 9-16, 9-18
2 Sec. 2-6 8,¢C, E i, K 9-23, 9-24{a}), 9-26(b), 9-34,

9-38. 9-39(a)
3 Secs. 9-8, €, 0D,E H, d, K 9-28(b), 9-29(b), gc) (d), 9-31,
. b}, (c), (d

9-9 9-35, 9-37, 9-39(
9-41, 9-43, 9-49

4 Sec. 9-9 E I, J 9-41, 9-43, 9-49, 9-51

iEl{fC‘ *David Hailiday and Robert Resnick (Wiley, New York, 1970; revised printing, 1974).
20. L




STUDY GUIDE: Rotational Dynamics 3(HS 1)

TEXT: Richard T. Heidner and Robert L. Sells, Elementary Classical Physics
{A1lyn and Bacon, Boston, 1973}, second edition, Vol. 1

SUGEESTED STUDY PROCEDURE

Read Chapter 11, Sections 11-5 through 11-7 and Chapter 12, Sections 12-2
through 12-5. Study Figure 12-1. iHote that Examples 12-5 to 12-8 involve
more complex situations then called for in the objectives - either due to a
moving axis of rotation or because Newton's second law for linear motion is
used together with the second law for rotation.

HEIDNER AND SELLS

Cbjective Problems with Assigned Problems Additional
Number Readings Solutions Problems
Study Guide Study Buide
1 Secs. 12-2, A, B F, G 12-27{a})
12-7
2 Secs, 12-3, B, C, E H, K 12-14, 12:17,
12-4 12-26, 12-27{b),
(¢}, 12-28
3 Secs. 12-3, C, D, E H, J, K 12-19, 12-27{e),
12-4 ()
4 Sec. 11-7 E I, d 11-14, 11-18,

S N B |- PO | B &

51




STUDY GUIDE: Rotational Dynamics 4

PROBLEM SET WITH SOLUTIONS

A(1}. Calculate the moment of inertia of four equal masses M at the corners of
a square of side L as shown in Figure 2, with respect to axis A and also
with respect to axis B, both axes perpendicular to the paper.

Solution
Axis A is at the center of mass:
i=4
3 oL 2 _ 2 2 2 2
= B o Mra s Mgt g * rgn + v

where rip is the distance from axis A to first mASSS rog is the distance from
axis A to second mass, etc. Convince yourself that A 28 = T34 = r4A_==L(J§?2),
and 1, = 2u.2.

To calculate I about axis B, we can use the parallel-axis theorem, or we can
calculate

R R 3 . 2
I =1 Wyryp = Mlryp * o8 * Tap * Tag)-

Using this last method first, we find that rip = 0, ryp = L, rag = LYZ, rgp = L»
and we get Iy = H(0% + L%+ 212 + 1%) < 4.2 Now, using the paraliel-axis
theorem, we have

IB =1+ (total mass)(distance between axes A and B)zr
1 =22+ (L2217 = m2,

and both methods AQree. . . o . o e e e e e

2L/3

L/3

Il
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STUDY GUIDE: Rotational Dynamics : 5

B(1,2). Consider a rod of mass M and length t., frictionlessly pivoted apout
axis A (out of the page) with masses m and 2m at L/3 and 2L/3 as shown
in Figure 3. The moment of inertia of this rod about A is

1=#2%3+m2 (The student should work this out!).

Calculate the angular acceleration of the rod and masses if just
released under gravity.

Solution
Calculate total torques about A:

1 =mg(L/3), 1, = (mlg(2/3), 13 = (MgL)/2,
It = +(MgL}/2 + (5/3)mgL = I, = (ML2/3 + mLz)a (into the paper),
thus _

(5/3lmgL + Mgl/2 _ g 5/3 + W/2m .
as= (into the paper).
w3 +m? LTFW3m

C{(2,3). Calculate the angular velocity of the rod in Problem B when it reaches
a vertical position, after having rotated through 90°.

Solution

We apply conservation of energy: Ki + Uj = Kf + Uf. We take a .PE reference

height equal to 0 where the rod starts, and we note that the center of mass -of

the rod will have a height at the end of -L/2, m will have a height -L/3, and

2m will have height -2L/3.

$=0, U =0, Kf_=xm2/2

e A A e - —-

= Mg(-L/2) + mg(-L/3) + 2n(-2L/3),

Wl = % (QL)(; + 50 - 20L (W; * 7%%3)""),

= angular velacity = (%931/2 i 2 + >/3 "91,2 (into. the paper).

D(3,4). A disk of mass M and radius R rotates frictionlessly with angular speed
Wy about an axis through jts center. At its center is a cricket of
mass m. Since the disk is isolated, no torques exist external to the
(M + m) system. -




STUDY GUIDE: Rotational Bynamics 6

(a) Calculate the final angular velocity w., after the cricket jumps
from the center to a point R/2 from the ceﬁfer as shown in Figure 4,
where he holds fast, rotating with the disk.

{b)} Calculate XE before and after. Why is it not the same?

Solution
{(a) Angular momentum is conserved, thus

L= Igg = lop,  Ig= MRE/2, T = MR%/2 + m(R/2)°

and

MRE %9

I
0y _ . .
0 = 6y (1) = uf = (in same direction as w,).
f 0\ 0 HRZ + m(RZIZ)J 1+ m/2H 0

(b) K = Io?/2, L = I = Iyugs thus
Y 12
Ke = L5721, K = L5721,
The L is the same, but I's are different. Thus_Kf < Ki' We may regard the
cricket's landing as an inelastic collision with the disk, in which some energy

was converted into heat. ]
BEFOKE AFTER
$A

v v/3
cricket * . < .
m Zm 3m

& S~e.

Figure 4 Figure 5

E(2,3,4). A massless rod of length 2L is free to rotate about -axis A as shown
in Figure 5, with two masses m attached. Along comes mass 2m and
"captures” one of the masses as shown. Find the height to which. the
remaining mass will rise. '

Solution

First we notice that angular momentum about A is conserved for the system of
{rod + all three masses?.befbre and after the collision. This is because the
torques that act on the system (rod + three masses} just before and after the-
collision are zero about A. There are four forces e%terna1 to the system:
gravity acting on the three masses and the force :of the support on the rod at
A. Every one of these forces exerts zero torque about point A, because alil
forces pass through A. Notice that once the collisfon is over and the (rod +
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STUDY GUIDE: Rotational Dynamics 7

mass) starts o rotate, there will be a torque from the gravity on the mass, and
angular momentum of (rod + mass) wiil not be conserved after the collision.
Conserving angular momentum about A we get

2wk = (Gav/3)L + Io, Ie = mvb = o[m(2.)2], = v/4L.

Energy is not conserved in this collision (inelastic collision), as the student

may check (mv2 # mv2/6 + mv2/8). Mechanical energy will be conserved, though,

for the (vod + mass) system after the collision. MNo further collisions are

ngoived, g;avity is a conservative force, and the force on the rod at the pivot
es no work:

Ky + 0 =Ko+ U 1b°/2 + 0 = 0 + mgh,

f f

h =.(E£E£Elg(!_§2(1_g =¥
2 4L’ ‘mg 8g °
Problems
F{(1). Calculate the moment of inertia of three masses at the corners of an

equilateral triangle of side L about axes A and B, perpendicular to
the page, see Figure 6.

A
2\ AR

Figure 6 Figure 7

6(1). Put the masses of Figure 7 in order of decreasing moments of inertia
about an axis perpendicular to the paper through the center of mass.
A1l systems (I, II and III) have the same mass and uniform density.

H(2,3). Calculate the angular velocity of the disk in Figure 8 in position 2
released from the position 1.

' D1
) 'Pos'l‘!'iﬂ"'i' A o
PadFion &
: A\. O A e L i Hoﬂ.“- ——— A’

Figure 8 Figure 9




STUOY GUIDE: Rotational Bynemics 8

I(4).  Consider disk D1 in Figure 9 of mass M and radius R rotating with angular
velocity wy about axis AA™, while disk D2 is not in motion. (Its mass
is 2M and 1ts radius is R.i Suppose that disks D1 and DZ suddenly
become attached without external intervention. talculate the final
common angular velocity of the combined disks.

J(3,4). Suppose two 60-kg skaters are going in a circle, with angular speed
1.60 rad/s, each holding on to a 2.00-m (massless}) broom handle.
Combined, they are able to “power" themseives at the rate of 400 .
How Tong will it take them to pull on the broom and get within 1.00 m
of each other?

K(2,3). Block A (mass = 10.0 kg) rests on 2 frictionless surface in Figure 10.
The pulley is a disk of mass 20.0 kg, radius 0.50 m, and is free to
rotate without friction about an axis at its center. A massless rope that
is tied from block A passes without slipping over the pulley, and is
tied to block B {mass = 30.0 kg}. This system is released from rest.
Find the angular velocity of the pulley disk when the block A has
moved 4.0 m. Hint: The new element in this problem is the mixing of
angular motion of the disk with the linear motion of the blocks. The
velocity of block A must also be the velocity of the rope. The rape
rmust have the same speed as the tangential velocity of the pulley where
they meet {no slipping)}; this gives a relation between w of the pulley
and Y of the block {w = V/R). Use energy conservation and solve for
w, after £liminating V.

10 kg

~

Figure 10

B 30 kg

Solutions

_ o 2. = om 2
F{1). Iy = g I I rdy: R

6{1). In each case, we estimate the position of the centér of mass, and judge
in which case there is more mass "away from the center": for which one is

ziMirg the largest. In Figure 7, Case II_cleariy has most mass furthest from

the center of mass, and Case III has the least. Therefare, III > II > IIII'
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STUDY GUIDE: Rotaticenal Dynamics g
H(2,3). w» = /{&/3){c/R) (into the paper).
1{4). we = u0/3.

J(3,4). Angular momentum is conserved:
Igg = Ly =L, Ip=2(60 ka)(1 ), I, = 2(60 kg) (1/2 m)?,

2 2
Loy Iaw 2 2 I Iaon I
cameo® _To%g 2 2 Ao o I fo .
Work needed = AKE = > 7 —-Z-TT- 210- (Kt)o(I] ]) =5 (-IT- ])
60 kg x 2 x 1.00 o’ 2 7o 12
= 5 - x (].00 rad/s) (-?-' ]) =(5OJ)(W- 1]
r /2
1

= 180 J.

g =¥ork 1803 _1.80
power 400%¥ 4

X(2,3). 13.7 rad/s.

s = 0,45 s,
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STUDY GUIDE: Rotational Dynamics . ' 10

PRACTICE TEST

1. A rod of mass M and length L is suspended to rotate freely about axis A
coming out of the page. It is struck by a bullet of mass m and speed v,
which becopes imbedded in the rod after impact. The rod-plus-bullet has
rotated but is brought to rest after 90° of rotation by gravity as shown
in Figure 11. {a) What is the angular velocity of the rod-plus-billet
Just after the bullet 1s imbedded? {(b) What value must the bullet speed
have for this to happen?

2. A uniform disk of radius 0.200 m and mass 5.C kg is rotating at an angular

speed of 2.50 rad/s about a fixed axis through its center. It is brought
to rest in 5.0 s by a uniform torgue. Find the value of this toraue.

l:bi"-————f A
L

M

Figure 11 L

AFTER BEFORE

]
L

N 050°0 = (,S/pea 05-0) (1 6% 0gL*0) = ®I
pA pA

" 6y 00L°0 = 2/5(u 002°0){64 0°g) = 2/ = 1

eh . SO'S S
‘zs/pl?.l 05°0 = 35 ool 0573 ° 0 90 = Ym - g

._I.I.I + I.I.I_/ + Bzr = A ‘(I.I.Ig/n + l)(mz/u + l)’-!ﬁz = ZA
« TEEM+ W . 2 _ 2 2%
A CH G W =1 e o+ ueu
- - 2uoLsL] 10D 42348 ABABua SALasU0) ()
— T M ELw
LA A

"o, + €/, TH) = 71 = A 3y SIXR Jnoqe wnjuaol 42 tnbue asaasue) (e) “L
SIoksUy 353] 92130849
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Date

ROTATIOHAL DYRAMICS
pass recycle

Mastery Test Fom A 1 2 3 4

Hame _ _ Tutor

1« A thin cord is wrapped around a disk of mass 10.0. kg and radius 0.100 m,
which is free to rotate about a fixed axis at its center. See FEigure 1.
The end of this cord is tied to a 10.0-kg mass that is released from rest
and ﬂi".ra;e'lﬁ 0.50 m vertically. At this point, what is the angular velecity
of -the disk?

2. A merry-go-round of radius 4.0 m and mass 220 kg in the shape-of a-disk is
rotating at 1.00 rad/s. A 70-kg man standing next to the merry-go-round
runs direcfly teward the center at 3.00 m/s, jumps and lands on the edge,
turning-with the merry-co-round after he lands. What is the angular speed
of the merry-go-round after this maneuver?

3. In Figure 2 there are three objects of equal mass- and uniform density.
Rumber them 1, 2, 3; assidning 1 to the object with the largest moment of
inertia, 2 to tt'e mdd'le, and 3 to the object with the smallest moment of
inertia about an axis through the center of mass and perpendicular to :.he

paper.
Figure 1
0.5 m
9
|
Figure 2 I

HE

P
- a




ROTATIOHAL DYHAMICS Date

_ pass recycle
Hastery Test Form B 1 2 3 4
Hame . Tutor

1.

{a) ¥hile running through the forest at 12.0 -m/s chased by a rampaging rhino-
cerous, Tarzan grabs on to a tree 1imb dangling by a strong bark strip at
its upper end (see Fig. 1}). 1If the lipb has a mass of 50 kg, and a length
of 5.0 m, what is the angular velocity just after Tarzan grabs on? Treat
the 1imb as a uniform rod. Tarzan's mass is 80 kg.

{b) How high does Tarzan swing if the bark holds?

In Figure 2 there are three objects of e ual ma mni

ree q ss and uniform density.
Husber them 1, 2, 3, assigning 1 to the object with the largest momet‘r}l't of
inertia, 2 to the middle, and 3 to the object with the smallest moment of

;gsgia about an axis through the center of mass and perpendicular to the

]

Figure 1

50
kg

I 11 111




ROTATIONAL DYRAMICS Date

: pass recycle
Mastery Test Form C 1 2 3 4
Hame Tutor

1. TwWo unifTorm bars (one bar having mass H and the other having mass 2M) of

length { are located side by side and each js pivoted about one end, as

shown in Figure 1., The two are initially at rest in a horizontal orientation
and released in such a way that they reach the vertical simultaneously.

{a) Find the angular velocity of each bar immediately before impact.

(b) Find the angular momentum of each bar immediately before impact.

(c) After impact, the 2M bar rebounds at one-third of its preimpact angular
velocity. What is the angular velocity of the M bar immediately after impact?

(d) Compare the kinetic energy of the system immediately before collision
with the kinetic energy immediately after collision.

2. In Figure 2 there are three objects of equal mass and uniform - density. Humber

them 1, 2, 3, assigning 1 to the object with the largest moment of inertia,

2 to the middle, and 3 to the object with the smallest moment of inertia
about an axis through the center of mass and perpendicular to the paper.
—1 —3 &—1 —3}

| - »E___ - |

AN
Figure 1 Figure 2

| ~

/
e 0 =0

II II
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ROTATIONAL DYNAMICS Date

pass recycle
Mastery Test Form D 1 2 3 4
Hame _ . Tutor

1. An 80-kg astronaut is in a rotating simulator (mass of 40 kg concentrated
at outer rim) with a frictionless center axle. The simulator is rotating
at 1.00 rad/s. See Figure 1.

(a) An alarm bell rings, and the astronaut is told he has 80 s to reach
the escape door at the center of the simulator. If his power output is
200 W, will he escape in time? Start by calculating initial and final

moments of inertia. '

(b). The motor used to start the simulator spinning delivers a constant torque
of 100 H m. What is the angular acceleration? With. the astronaut inside,
at the outer edge, how long does it take to reach the speed above?

2. In Figure 2 there are three objects of egual mass and uniform density.
Number them 1, 2, 3, assigning 1 to the object with the largest moment of
inertia, 2 to the middle, and 3 to the object with the smallest moment of
inertia about an axis through the center of mass and perpendicular to the paper.

k—"zom'_"‘
escape

LU hatch

(LTSS

astronaut
inside
Figure T Figure 2
I I
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ROTATIONAL DYHAMICS A-1
MASTERY TEST GRADING KEY - Form A

What To Look For _ Solutions _ _
reference for gravitational PE at final
position of falling mass:

0 + mgh = mv2/2 + Iw’/2 + 0,
I=mRe/2, . w=vyR, mgh = (3/4) MR&S,
_ /B gy 1/2 _ .4 (9.8 m/s°){0.50 m),\1/2
o= (B2 (4
3 f? 3 (o.00m?
= 25.6 rad/s {into the paper).

« _ 245 2 2
2. Note that radial 2. 1 = MR™/2, I . = MR™/2 + MR".
velocity of 3.00 m/s empty with man
has no effect on the Conserve angular momentum:
probiem.

2.0 = 2 2

e = wo(—]-—) =220 . 0.61 rad/s.
1 + 2m/M

" 360

3. 0Object III is 3.
cleariy the greatest.

Ask student to explain
reasoning if I and I

are interchanged.

I 1 144
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~ROTATIONAL DYNAMICS

B-1

JASTERY TEST GRADING KEY - Form B

-,
Hhat To Look for

Solutions i

2. Object III is clearly
the smallest. Ask
student to explain if
Objects I and II are
interchanged.

1. {(a) Cbnserve angular momentum about point
where tree 1imb swings for system of (Tarzan
+ 1imb): My = Tarzan mass, M, = mass of Timb,
L = length of 1imb.

VL= I, I = ML(L-zzz) + MTLZ,

MTV il h{ 1} = 2.00 rad/
+ = - - -_—} = - ‘rad/s.
HLL /3 M'L CNELYES

{b)} Tarzan gains height h and tree 1imb center
of mass gains h/2. Conservation of energy

gives us v
MTgh + Mgp = 1(MT Ly,

(zg)mm
(12.0 n/s)? : 4.6 m
" 209.8 ws2)(1 + 5.0/28)(1 + 5.0/16.0)

I 111
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ROTATIONAL DYNAMICS ¢-1
MASTERY TEST GRADING KEY - Form C

Hha; To Lopk For . So]ution
2 w22
1. Ask student about 1. (a) I% = mg(_%) = (-M%)(g-- B w% = 3(%)
@, § directions, if for each bar.
he doesn't show them. oy into paper for 2M bar, out of paper for M bar.

(b) Angular momentum = Iw. M bar has angular
momentum (ML2/3)(3QIL)]/2 out of the paper
and 2M bar has twice this, into the paper.

2 .
(c) £before-= (m%_a(%ga]jz’

ol _
_ 2y MLy 30,152
Lafter - "(3') (T) (tg') /24 har

2
. - 5yt 3 1/2
g‘before B g‘afte'r’ thus g‘bar - (3)( 3 )(L )
= -II-I”M;
ty = (5/3)ww into the paper.
I]w‘;e I

KE = PR 1 B

before 2 2 2

e (542 L2 _27 .2
KEarter = 2t1{3 )" * 23773 = §g Ty,

Since the kinetic energies are the same,- the
i : collision is elastic. ’

2. I=1, II=2, III =3,

I I
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b1

MASTERY TEST GRADING KEY - Form D

¥hat To Look For

. Soiytiqns

2. I=1, 11=2, HI=3,

1. (a) Iy = (10 % 10% + 80 x 10%) kg # = 12 000 kg 77,

I, = 4000 kg m.

Angular-momentum conservation gives I w] Igwg =

Wy = 1.00 rad/sf L=12 OOO-kg m/s.

- L L2 (Io .
initial 211 21O 2 O

KEginal =

Work needed = AKE = (6000 3){32 00074000 - 1).
To expend 12 000 J in 80 s we need

12 000-3/80 s = 150 W, thus astronaut will escape.
At 200 W he escapes. in 60 s.

{b) e =% 100 N m 5 —m-rad/s >
(30 kg + 40 kg)(10 0 m)
.= 3:1“ 100 rad/s 120 s.

1120 rad/s’

111
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Module _ 1
STUDY GUIDE

FLYID MECHANICS

INTRODUCTION

An invigorating shower in the moraing is usually a pleasant experiénce except
for the pesky shower curtain slapping your legs and allowing water to run on

the floor. You would think that the downward stream of water would be enough

to keep the curtain back even without water striking the curtain. But not so:
fast-moving fluids (water spray causing a downdraft -of air) contain a low-
pressure region. Thus the pressure outside ithe shower is greater than the
press¥re inside - with the result that the curtain is blown in and flops against
your legs.

More technical applications of fluid mechanics include airplane flight, stream-
lining of boats and cars, blood circulation, water towers, -and weather fore-
casting. Even such mundane phenomena as the pressure of your water faucet. and
*curves™ thrown by pitchars in baseball illustrate the ideas of fluid mechanics.

In this module conservation of energy will be ,2cast into a form that is more
suitable for application to fluids. No new fundamental -physical laws will be
introduced. The concepts of energy, work, and the conservation .of matter will
be used to study fluids at rest and in motion (statics and dynamics).

PREREQUISITES

Before you begin this module, R . - Location of )

you- should be able to: Prerequisite Content

*Relate the resultant force on a particile to ' Newfoﬁ'é-Lawsf
all forces of interaction of that particle Module:

and distinguish bétween weight and mass
(needed for Objectives 1 and 2 of this

module)

*Relate the work done on a particle to its Work and Energy
changé in kinetic energy (needéd for Module
Objective 3 -of this module)

*Define potential energy and apply the law Conservation of
of conservation of energy to mechanical Energy Module:

systems (needed for Objective 3 of this module)

67
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STUBY GUIBE: Fluid Mechanics 2

LEARNING OBJECTIVES

After you have mastered the content of this module, you will be able to:

1. Pressure - State Pascal's principie and use it to soive probiems invelving
fﬁg]igsolute or relative pressure, density, relative density, or depth of
a fluid at rest.

2. Buoyancy - State Archimedes' principle and use it to find the pressure,
density, relative density (specific gravity), or amount submerged for
stationary objects floating in fluids.

3. Fluid flow - Describe various types of fluid flow: steady versus nonsteady,
rotational versus irrotational, compressible versus incompressible, or
viscous versus nonviscous, and give an example of each.

4, Hydrodynamics - State the equation of continuity and Bernoulli's principle,
and use them to solve problems concerning the pressure, velocity, or
height above some arbitrary reference level of incompressible, steady,
nonviscous, irrotational fluid flow.
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STUDY GUYIDE: Fluid Kechanics 3(8 1)

TEXT: Frederick J. Bueche, Introduction to. Physics for Scientists and Engineers.
(McGraw-Hill, New York, 1975), second edition

SUGGESTED STUDY PROCEDURE

The reading includes all of Chapter 14 except Sections 14.3 and 14.4. Study the
Problems with Solutions carefully, and solve the Assigned Probiems before
attempting the Practice Test. Begin by reading the material relative to
Objective 1, that is, General Comment 1 and Sections 14.1, 14.2, and 14.5.

To supplement the text, read General Comment 2, where the characteristics of
fluid flow are described more clearly. Pay particular attention to the treatment
of fluid particles as in Figures 14.7, 14.10, and 14.12.

BUECHE _
Objective ) Problems with  Assigned Problems  Additional
Humber Readings Sq_'l utions . . Problems
Study Text  Study Text
Guide (Ilus.*) Geide  (Chap. 14) (Chap. 14)
1 General A,B 142 G, H 10 8,9, 1
Comment 1, -
SeTsT147TS
14.2, 14.5
2 Sec. 14.6 C,dD 143 1,4 18 15, 17, 19,
2
3 Sec. 14.7,
General
Comment 2
4 Secs. 14.8 €, F K L 26 23, 24, 25,
to 14.11, 97
General
Commgnt 3

*I11us. = Illustration(s).
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STUDY GUIDE: Fluid #echanics 3{HR 1)

TEXT: David Halliday and Robert Resrick, Fundamentals of Physics {Wiiey, Hew
EEma— York, 1970; revised printing, 1974)

SUGGESTED STUDY PROCEDURE

The reading includes all of Chapter 15. Study the Problens with Solutions
carefully, and solve the Assigned Problems before attempting the Practice Test.
Begin by reading the material relative to Objective 1, that is, General Comment
1 and Sections 15-1 through 15-6.

In Sections 15-2, 15-3, and 15-4 the concepts of pressure and density, Pascal’s
principle, and Archimedes’ principle are explained. Before these itwo principles
are introduced, there is a treatment of the variation of pressure in a fluid at
rest, which provides a theoretical basis for them. Equation (15-4) is a special
case of the pressure variation in a moving fluid that you will encounter in
Section 15-8 (Bernoulli's principle).

Pay particular attention to the treatment of Tluid particles as in Figures 15-2,
15-11, and 15-13. See Section 15-7, Egs. (15-5) and (15-6). The phrase “along
any tube of flow" must be understood to follow these equations.

In Section 15-8, Bernoulli's equation has been derived for 2 pipeline, but can
equally well be applied along any streamline. The necessity of keeping to a
streamline was forgotten in the subsequent diagram of a Pitot tube (Fig. 15-15};

HALLIDAY AND RESNICK i
Objective Problems with  Assigned Problems  Additional

Number Readings So!u;ions Problems
Study Text Study Text {Chap. 15)
Guide (Chap. 15) Guide {Chap. 15)
1 General A, R Ex.*1, G6,H 8 7, 12
Comment 1,
Secs. 15-1
to 15-6
2 Sec. 15-4 C.D Ex 2 1,4 19 135345517
20
3 Sec. 15-6,
General
Comment 2
4 Secs. 15-7 E, F Sec. K, L 29 26,. 30, 31,
to 15-9, 15-9, 39, 42
General 1, 2, 3 '
Comment 3
*Ex. ~ Example(s).
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STUDY GUIDE: Fluid Mechanics 3{HR 2)

point b should be at the tip of the Pitot tube, so that the same streamline
passes through poinis a and b. If we could neglect this condition, then we
could move point a just inside the Pitot tube, where the velocity is zero - and
thereupon find no pressure difference at all!

In Section 15-9, 3: Dynamic Lift, what Bernoulli’s equation really does is to
relate the pressure to the speed along each of two streamlines, one of which
goes through point 1 (above the ball or wing)}. while the other goes through
point 2 {below). But this makes no difference to the arithmetic, since p and
v become the same for all streamlines if we follow them back sufficiently far
in front of the ball or wing. It's important to note that v must be measured
in the reference frame in which the streamlines are at rest. {Remember that
the pipeline was at rest in the derivation of Bernoulli's equation.) Had we
measured v in the rest frame of the ambient air, the ball would seem to be
pulled down! Finaily, note these are pxamples - don't try to remember the
resultant equations® '

-
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STUDY GUIDE: Fluid Fechanics 3(SZ 1)

TEXT: Francis Heston Sears and dark W. Zemansky, University Physics {Addison-
s * ¥esley, Reading, Hass., 1970), fourth edition

SUGGESTED STUDY PROCEDURE

The reading includes all of Chapter 12 except Section 12-7 and all of Sections 14-1
to 14-4 of Chapter 14, except for the rocket example on p. 201 in Section 14-4.
Study the Problems with Solutions carefully, and selve the Assigned Problems before-
attempting the Practice Test. Begin by reading the materia? relative to Objective
1, that is, General Comment i and Sections 12-1 through 12-5.

In Sections 12-1 to 12-6, the concepts of pressure and density, Pascal’s principle,
and Archimedes’ principle are explained. Befora these two principles are intro-
duced, there is a treatment of the variation of pressure in a fluid at rest that
provides a theoretical basis for them. Equation {12-4) is a special case of the
pressure variation in a moving fluid you will encounter in Section 14-3 {Bernoulli‘<
principle). Pay particular attention to the treatment of fluid particles as in
Figures 12-1; 14-3, and 14-4. In Section 14-4, 5 and 6, what Bernoulli’s equation
really does for us is to relate the pressure to the speed along each of two stream-
lines, one of which goes through point 1 (above the ball or wing), whiie the other
goes through point 2 {below). But this makes no difference to the arithmetic,

since p and v become the same for a1l streamlines if we follow them back sufficiently
far in front of the ball or wing. It's important to note that v must be measured

in the reference frame in which the streamlines are at rest. (Remember that the
pipeline was at rest in the derivation of Bernoulii's equation.) Had we measured

v in the rest frame of the ambient air, the ball would seem to be pulled down!
Finally, note that these are examples - don*t try to remember the resultant equations!

SEARS AND ZEMANSKY

Objective _ Problems with Assigned Problems Additional
Number Readings Solutions _ Problems
Study Text Study Text
Guide Guide _
1 Secs. 12-1 A, B  Ex.* G, H 12-5  12-1 to 12-4,
to 12-5, {Sec. 12-6
General 12-8)
o Comment 1
‘ 2 Sec. 12-6 €, 0  Ex. I, 12-13  12-11, 12-19,
(Sec. 12-21, 12-33
12-6) e e
3 Sec.. 14-1,
General
— Comment 2
: Ta Secs. 141 E, F Sec. K, L 14-19  14-9, 14-1,
ENE———— to 14-4, 14-4, 1317, 13-21
General Ttob
Comment 3
o *£x. = Example(s). 79




STHDY GUIDE: Fluid Hechanics 3{(¥5 1)

TEXT: Richard T. ¥eidner and Robert L. Sells, Elementary C13551ca1 Physics
{A11yn and Bacon, Boston, 1973), second edition, ¥Yol. 1

SUGGESTEQ STUDY PROCEDURE

The reading includes all of Chapter 15 except Sections 15-1 and 15-2. Study
the Problems with Solutions €arefujly, and solve the Assigned Problems before
attempting the Practice Test. Hote that the text covers the material in reverse
order from this study guide. You may want to skim through the sections of the
text and then decide whether to follow the table in order as suggestad below

or start with Gbjectives 3 and 4 and do Objectives 1 and 2 last. Either way

is good.

Pay particular attention to the treatment of fluid particles as in Figures 15-5,
15-7, and 15-8. There will not be any problems 1ike Example 15-4 on the
Mastery Tests, where an integral of dF myst be done. However, note that at

the end of the example the difference in forces acting on the dam is not
(1/2)gLH2.  What should it be? (Try dimensional analysis.)

WEIONER AND SELLS

Objective Problems with Assigned Problems Additional

Number Readings Solutions Problems
Study Text Study Text
_ Guide Guide
1 Secs. 15-3, A, B Ex.* G, H 15214
15-7, 15-1
General
Comment 1
2 Sec. 15-8 c, D Ex. I, d 15-17 15-15, 15-9
15-5 : to 15-21
3 SEC. ]5"4’
General
Comment 2
4 Secs. 15-5, E, F EX. K. L 15-9 15-10 to
15-6, General 15-2, 1512
Comment 3 15-3

*£x, = Example(s).
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STUDY 6UIDE: Fluid Mechanics I}

GEHERAL COMAEHTS

1. Pascal's Law

A fluid is a substance that does not maintain ifs shape ag#inst external
distorting forces, or, more simply, a fluid is something thit can flow. In
fluid mechanics the basic laws of particle physics apply, but special
formulations are needed. Instsad of forces we often speak of pressure. (force
per unit area, in newtons per meter squaréd or pasca1sg, instead of mass we
often use density (mass per unit volume, in kilograms ger meter cubed). Keep
this in mind when reading your text and doing the probiems.

With pressure we sometimes use gauge pressure, i.e., pressure above atmospheric
pressure. For example, if the gauge pressure in your car tires is 25.0 1E, _
this means that the pressure is 25.0 1b/in.2 above the atmospheric pressure of
14.7 1b/in.2. The absolcte pressure is 39.7 1b/in.2 in your tires, but the
pressure difference between the insidz and outside of the tire is 25.0 1b/in.2.
Density is often stated relative to water, thus it is called specific gravity.
For instance, the specific gravity of mercury is 13.6. This means that the
density of mercury is 13.6 timés that of water, or 13.6 g/cmd.

Pascal’s 1aw may be stated as follows: ™A pressure change in one portion of

an incompressible 1iguid in a closed container is transmitted to all parts of
the tiquid." The liquid gust remain at rest for fhis to be true. For a
definition of incompressible, see General Comment 2. The hydraulic brake system
of a car is a good example of Pascal's principle. The small force of the brake
pedal on the small piston of the master cylinder produces a pressure in the
brake fiuid, which produces a l1arge force on the correspondingly large piston

at the vheel.

2. Characteristics of Fluid Flow

As is customary in physics, fiuid motion will be idealized in order to obtain-
workable problems. You will recall that "frictionless” surfaces and bearings

were much used in your studies of particle motion; for fluid motion, the
corresponding adjectives aré "steady, irrotational, ircompressible, and nonviscous"
- truly a frightening 1ist! Yet the resulting idealized fluid motion is close
enough to reality to have practical applications. The folldwing summary defines
these terms and gives an example of them.

Steady versus nonsteady flow: Fluid motion is steady if the velocity v of alil
particles passing any given point does not change with time. An example of steady
flow is a -gently flowing stream or flow of fiuid in a pipe. Nonsteady motion is
more common: the chaotic, turbulent motion of rapids, or the pounding waves. at
the seashore.

Incompressible versus -compressible flow: Even though gases are highly compressibie,
sometimes the changes in density are unimportant. For example, the air around
airplane wings at low speeds is nearly incompressible, and the mathematical

analysis is much simpler. Liquids can usually be considered as incompressibie,
i.e., they do not change density. ’
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STUDY GUIBE: Fluid Mechanics 5

Irrotatiocnal versus rotational flow: If a fluid e€lement at a point has a net
angular velocity about that point, the fluid flow is rotational. It is probably
best illustrated by a small paddie wheel. In Figure 1 the paddie wheel does

not turn, thus the motion is irrotational (as in a straight pipe}. In Figure 2
the paddle does spin, thus the motion is rotational (as in a whirlpool).

i > A
o %/*35

Figure 2

Figure 1

Nonviscous versus viscous flow: Viscosity is the intermal friction of a fluid
between individual tayers of the fluid and between a layer of the fluid and the
constraining tube through which it flows. Viscosity introduces retarding forces
between layers of fluid in relative motion and dissipates mechanical energy.

Air has very little viscosity, whereas thick syrup is very viscous. Nonviscous
fluids have no velocity discontinuities in the fluid, but a complete discontinuity
between the liquid and the wall of the pipe.

Streamlines: In steady flow a streamline is the path that a particle %fraces

out as time passes. At each point the streamline (or path) is tangent to the
velocity v of the particle. Thus the streamlines indicate the direction of the
fluid's velocity at each point. A high velocity may be indicated by the stream-
lines being close together. Thus the direction of streamlines and the number
of them per unit area give the direction and speed of the fluid's flow.

3. Hydrodynamics

A11 applications of Bernoulli’s equation and the equation of continuity in this
module concern nonviscous flow, in which mechanical energy of the fluid is
conserved. HNotice that the fluid pressure, which has the dimensions of force
per area or energy per volume, plays the role of a potential energy per unit
volume in Bernoulli'‘s equation. That's a helpful idea when solving problems.

Note how the derivations of pressure dependence on depth in a fluid, the
equation of continuity, and Bernoulli's equation employ either the technique
of considering a small bit of fluid as though it were a particle or otherwise
artificially isolating a region of fluid for purposes of the analysis. This is
also a useful technique for solving problems, and I recommend that you keep it
in mind. to guide your work and to help you check your ra2sults in terms of your
knowledge of particle mechanics.
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PROBLEM SET WITH SOLUTIONS

A(1). Two hemispheres are put together as shown in Figure 3 and then evacuated
to 0.100 atmospheric pressure. (1 atm = 1.013 = 10° H/i° or Pa.*)
(a) What is the minimim radius of the hemispheres if a force of
1.00 x 10° N cannot pull them apart?
(b} If the hemisbheres were moved to the Moon (no atmosphere) what force
would be required to hold them together?

Figure 3 Figure 4

Solution

{a) See Figure 4, The pressure difference between the inside and the -outside
is {(1.00 - 0.100) atm = 0.90 atm = 9.1 x 104 Pa. The atmospheric force on each
element of area is dirédted radially inward. Considering one hemisphere-only,
we see that the vertical components cancel and the horiZontal components add
together te yield a total forcé equal to the pressuré difference (ap) times

the area (A) of a circle of radius R. Therefore if we pull -on the hemisphéres.
with a total force of F = ApA they will just come apart: '

F = apA = Apﬂﬁz;
R = (F/mp) /2 = 10%73(9.1 % 10H)71/2 = 0.59 n.

(b} In empﬁ;*Spaée, the smallest external force, now directed inward, that
will hold the hemispheres together is F = aphA = (PA-t/'IO)A = 1.100 x 10% N.

B(1). A simple, uniform U-tube, open. on both sides, contains mercury as in
Figure 5. If water is poured into the Teft. side.until the column of
vater is 28.0: cm high, how high on the right does. the mercury rise above
its initidl level? The density of mercury is 1.40 x 10% kg/m3. Water
and mercury do not mix {p for water eguals 103 kg/m3).

*The pascal (Pa) is the SI unit for pressure used in this module. 1 Pa =1 H/mz
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=> i
8 = Buoyant force

T

hy  He BTh

'LB A"Lm
;

*a'm'ﬂﬂ- Yo

a
5>
5

mercury

Figure 6

Figure 5 +

Solution

Consider first the mercury below D and A in the tube. If the pressure at b
and A were nof equal, the water would flow. Since it does not, we conclude
that the pressure at D.equals the pressure at A (Pasca] S princip]e) The-
pressure at a height h below the surface of a liquid is pgh, thus

Pg = °w9hw and PA =-pmghm. Equating these, we find

oty = Opfis = (o, /o0, = [10%/(1.40 x 10%)128.0 m = 2.00 cn.

Before the water was added, D and B-were at the same height. The 1eft side fell
by the same amount the right sjde rose up, thus the right side has risen
2.00 cm/2 = 1.00 cm above its original position.

C{2). The density of ice is 92% that of fresh water. What fractional volume
of an iceberg on a lake floats on top of the water?

Solution

The weight of the ice is q= p1V]§; where Ps is the density and'Vi js the
volume of the ice. The weight of the vo]ume V of water d15p]aced is the
buoyant force, B = o,V g. Since the iceberg 1s in equilibrium,

B = W}, o5%9 = o, ¥,8, and VIV, = pi/p, = 0.92 fo, = 925.
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STUDY GUIDE: Fluid Mechanics 8

The volume of the submerged portion of iceberg is V,, = 92% of the total volume.
So only 8.0% of the iceberg is exposed.

D(2). A beaker partly filled with water has a_mass of 300 g (See Fig. 7).
A piece of metal with density 3.00 g/cm3 and volume 100 cm® is. suspended
by a spring scale B, so that the metal piece is submerged in water but
does not rest on the bottom. What scale readings on A and B will be
nbhserved with the metal piece suspended in the water?

B
figure 7
v 3
e
A Figure 8
 E—— —J
Solution

A free-body diagram of %he metal piece is shown in Figure 8. 3 is the tension
from the spring scale; B is the buoyant force from the displaced water; and ¥
is the weight from gravity. Since the metal is in equilibrium,

=B+73.

By Newton's third law the buoyant force of the water on the metal is egual
and opposite in direction fto the force exerted on the water by the metal. This
force on the water is the extra amount that the beaker and water weigh owing
to the metal. The buoyant force is equal to thé weight of the water displaced.

Since the volume of the piece of metal is 100 cm3, the weight of the water dis-
placed is (0.100 kg){9.8 m/s2) = 0.98 N. The weight of the metal piece is

mg = pVg = (3000 kg/m3)(10~% m3)9.8 = 2.94 N = ¥,

$=%-B=2.940~0.98N=1.9N,
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and scale B reads 200 g. The beaker now weighs its origina] weight plus an
amount equal to the buoyant force or (0.300 kg)(9.8 m/s¢) + 0.98 N = 3.94 N,
and scale A reads 400 g.

£(3,4). A water pipe having a 2.00-cm inside diameter carries water into the
basement of a house at a velocity of 1.00 m/s at a pressure of
2.00 x 10% pa. If the pipe tapers to 1.00 cm inside diameter and rises
to the second floor 10.0 m above the input point, what are the (a)
velocity and (b) water pressure there?

Solution

{a) By the equation of co;tinui:y A]v] = AV,
Yy = Rywy/hy = sRyv /TRy, (1)
Ry = 2Ry, thus v, = (2R)2v /R0 = v, = 4(1.00 w/s) = 4.0 ws.

{b) Bernoulli's equation is

Py +pghy + (1/2)pvf = Py + pghy + (1/z)pv§. (2)

. P _ - 5

vy = 4.0 m/s, we can solve for Pyt
0, = by - palhy - hy) = (1/2)o(v5 - v3)
5

Pa, p = 1000 ka/m>, v; = 1.00 w/s; and

- 1000(9.8)10.0 - (1/2)(1000’)[(4.0)2 - (1.00)%]
4

= 2.00 x 10

= (2.00 x 10°) - (0.98 x 10°) - (0.075 x 10°) = 9.5 x 10° pa.

Note the use of the two relationships (1) and (2) in combination.

F(3,4). Each wing of an airplane has an area of 10.O-m2. At a certain air speed

in level flight air flows over the upper wing surface at 50 m/s and 3
over the lower wing surface at 40 m/s. The density of air is 1.29 kg/m".
Assume that 1ift effects associated with the fuselage and tail are
negligible. What is the weight of the plane?

Solution

The region above the wing is one of higher velocity and lower pressure than.
that beloW the-wing. It is this pressure difference that gives rise to the 1ift
on the wing. On streamlines connecting the upper and lower wing surfaces and

a point far from the wing, Bernoulli's equation tells us that

Py * pohy + (1/2)9\'5 =p +ohy + (1/2)\{-

The difference in height will contribute a very small amount to the pressure
difference. (Try it, assuming a difference of, say, 1.00 m.)
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P - Py = (1/2)p(wﬁ_— vf).

The total force for each wing is F = ApA. The weight of the plane in level
flight is then equal to the total force upon both wings:

24pA = 2(1/2)p(vﬁ - vgiﬁ, weight = (1.29)(50° - 40%)10.0 = 1.16 x 10%
(1180 kg mass).

Problems

6(1). In a car brake system the small piston at the brake pedal (or master
cylinder) has a cross-sectional .area of 2.00 cm, and the wheel cyclinder
has a cross-séctiondl area.of 40 cm?. What is the force applied -at
the wheel cylinder if a force of 400 N is applied at the brake pedal?

H(1). A tube O.’O'IOO-m2 in cross~-sectional area is attached to the top of a2
container 0.100 m high and of cross-sectional area 1.00 n¢ as in Figure
9. MWater is poured into the system filling it to a depth of 1.00'm above
the bottom of the vessel. )
(a) What is the force exerted against the bottom of the vessel by the
water (excluding atmospheric pressure}?
(b;-ﬁhat is the weight of the water in the system?
(c) Explain why (a) and (b} aré not equal.

1(2). An iron casting weighs 1000. N in -air and 600 N in water. What is the
volume of the cavities in the casting? The density of iron is 7.8 times
that of water. (Hint: find the volume of the iron in the casting and
the volume of the displaced water.).

J(2). WHhat is the minimum mass of wood (density = 0.80 times the density of
water) necessary to support a 70-kg man standing- on a block of wood
floating on water?

Mercury U-tube
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K(3,4). A tank is filled with water to a depth H. A hole is made in one of the
vertical walls at a depth h below the water surface.
{a) Apply Bernoulli's equation to a streamline connecting the water
surface and the hole to fifid the horizontal speed of water coming. out
of the hole. (The area of the hole is much less than the cross-sectional
area of the tank.)
(b) If the hole has a bent pipe attached to it so that the water shoots
directly upward, how high will the water rise?
(c) If the water is flowing horizontally out of the hole, how far from
the foot of the tank will the stream strike the floor? fThe bottom of
the tank is at the same level as the floor.)

L{3,4). The section of pipe shown in Figure 10 has a cross-sectional area of
30.0 cmZ at the wider portion and 10.0 cm? at the constriction. 3.00 2
of water is discharded from the pipe in 1.00 s.
(a) Find the velocities at the wide and the narrow portions.
(b) Find the pressure difference between these portions.
{c) Find the difference in height between the mercury columns in the
U-tube (density of mercury = 1.4C x 104 kg/m3).

Solutions

6(1). ¥ = 8.0 x 10° .

B). (a) F=9.8x10°N. (b) W=1.07 x10° N. (c) There is also an upward
force on the top of the 1.00-m2 container.

I1(2): Volume of cavities = 2.8 x 1072 md.
32). m g F 280 ka.

K(3,4). (a) v.= v2gh. (b) To the top of the water surface in the tank if
viscous cnergy losses are neglected. {c) Horizontal distance = 2vh(F - h).

L(3,4). (a) 3.00 m/s; 1.00 m/s. (b) 4.0 x 10° Pa. (c) 2.90 cm.
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STUDY GUIOE: Fluid Mechanics 12

- PRACTICE TEST

1. The large piston of a hydraulic .automobile Tift is 40 cm in diameter.
(a) What pressure is required te 1ift a car weighing 1000 kg? (b) If the
fluid js forced into the main chamber by a small piston with an area of
5.0 cm; what force must be apnlied to this small piston to 1ift the
1000-kg car? ' ) :

2. A 1.00-kg block of iron is floating on mercury as in Figure 71. How much
lead would have to be placed on top of the ironr in order that the iron might
float barely below the surface as pictured? ({The density of mercury is
13.6 g/cid; the density of iron is 7.9 g/cm3; and the densify of lead is
11.3 g/cmd.)

3. Briefly describe what is meant by steady versus nonsteady flow; illustrate
each with an -example.

4, The water level in a tank of large cross-sectional .area on the top of a
building is 40 m above the ground. The tank is open to the atmosphere,
and supplies water to the various apartments through pipes of 10.0 cwl cross-
sectional area. Each faucet through which the wate® gmerges has an. orifice
of 2.00.cm? effective area. (a) What is the gauge pressure in a water
pipe at ground level when the faucet is closed? Recall that gauges read
the pressure in .excess. of atmospheric pressure. {b) How long will it take
to fill a 20.0-2 pail in an apartmént 30.0-m above the ground? (c) With
what speed is the water flowing in the pips {of cross-sectional area 10.0 cmzl
leading to this faucet?

i} Figure N
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FLUID MECHANICS Date

pass recycle

Mastery Test Form A

Hame _ - Tutor_

1.

2.

4.

1 2 3 4

The expansion fank .of - LJusehold hot-water-heating system is open to. air,
and the water level is 10.0 m above a pressuré gauge attached to the furnace.
(a) What is the gauge pressure at the furnace? Recall that gauges read

the pressure in excess of atmospheric pressure. The density of water is
1000 kg/m3. '

(b) If the gauge is removed and the hole is filled with a plug having an
area of 1.00 cm?, what is the resultant force on the plug?

_ ) . ) _ 3
A 300 000-kg iceberg is Tloating on salty water (psa1t water = 1030 kg/m™).
This iceberg has a relative dengity {or specific gravity) of 0.92.
{(a) What volume of the iceberg is below the 5ur%ace of the water?
(b) What volume of it is above the water surface?

Briefly describe what is meant by viscous versus nonviscous fluid flow and
illustrate each with an example.

Point A in Figure 1 is 20.0 m above ground level; points B and € are 3.00 m
above ground level. The cross-sectional areas at points B and € are 0.200 e
and -0.100 ‘mZ, respectively. The surface area at point A is much larger than
that at B or C. '

(a; Compute the discharge rate in cubic meters per second.

(b) Find the gauge pressure at point B. 0
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pass recycle

1 2 3 4

Hastery Test form B

Hame _ _ Tutor

i. In a hydraulic press, the small piston has an area of 2.00 cm?, and the large
piston an area of 72 cm*. What weight can be 1ifted if a force of 5.0 A
is applied to the small piston? ' _

2. A rait is made from four Jogs, held together by 1ignt, thin ropes. Each
log has a diameter of 40 cm.and a length of 2.00 m. The raft floats in
fresh water (p = 1000 kg/m3) with the logs exactly half submerged. When
the River Riders climb on board thé raft floats with the logs just barely
submerged. If there are six River Riders, what is the average weight of
each?

3. Briefly describe what is meant by rotational versus irrotational flow and
give an example of each. )

4. {a) You are designing an airplane to have a 1ift of 1.00 x 103 N per square
meter of wing area. Hake the usual assumpiions of smooth flow, negligibie
viscosity, etc. If the air fiows under the wing at 180 2/s, how fast rust
it fiow over the top surface? (At the specified altitude, Paip = 1.25 kg/m3.)
(b) A fluid of density 0.60 g/cm® flows through a horizontal pipe whose area
at the inlet is 25.0 cw?, inlet speed is 2.00 cm/s, and outlet speed is
5.0 cm/s. Find the area of the outlet.
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Mastery Test Form C

1 2 3 4

Hame Tutor

1.

A simple U-tube manometer contains water as in Figure 1. If 2.50 cm of oil
having a relative density (specific gravity) of 7.80 is poured into the tube
on the right, how high does the water in the 1eft arm rise above its initial
level?

A swimmer (volume = v, = 0.070 ri) is floating with Just her nose and chin
(volume = V. =140 cm ) out of the water. The water in the swimming pool

has a density p,, = 1000 kg/m . What is her specific gravity? Express your

answer first in terms of the symbois 'Vs, Vc, and/or o, and then numerically.

Briefly describe what is meant by compressible versus incompressible flow,
and illustrate each with an exampie.

0i1 of specific gravity of 0.80 flows through a pipe as shown in Figure 2,
emerging from the lower end of the pipe “into the atmosphere.

Ay = 8.0 cmz, AZ = 2.00 cmz,

V.I = 6.0 cm/s, ah = 50 cm,

Py

(a) Find the speed at which the oil emerges.
(b) Find the absolute pressure at point 1 in the pipe.

1.01 x 10° Pa.

Figure 2

——- S ey _f'_-__—
Figure 1
water fe :
\ U Point 2




FLUID- MECHANICS A

MASTERY TEST GRADING KEY - Form A

.".'J e

1.

What To Look For:

{a) %hat is Paéca]'s principle? What does it apply to here? (pg = atmos-
pheric pressure is traasmitted from top to. furnace.) (b) ¥ky should. we
use gauge pressurs?

Solution:

() p = py + gh, gauge pressure = p - py = pgh = (1000)(9.8}(10.0)
= 9.8 x 10% pa.

(b) p= F/A, F=pi= (9.8 x10% Pa)(10°¥ n?) = 084,

What To Lock For: (a) Whai is p. .2

ica? Pice = 0:929,,

ter

= 0.92(1060). = 920 %g/m.
Solution: (a) Weight of iceberg = Wi = pVs0;

Buoyant force = B = pwvﬁﬁ, where V, = volume of water displaced

= volume of ice below surface.
¥ Ps 3 _
. _ w_Pi_ 920 ka/m® _
B=W e¥i9= oS v %5 " Tosw ke - 08

Thus 89% of iceberg is below water.

m___ 308560 kg - 3
V; = 326 m7,

R 5 e

= 0,89 » 326 = 290 m3.

E]

Pica = T Volume =

vbeiaw surface

(b} v 3

sbove surfage - U-110 % 326 = 367,

Solution: V¥iscous flow: Friction betweeh 1ayers.of'thg fluid, ¢.g.; thick
syrup. Homviscous Titw: no friction between layers, e.g., air.

Wnat To Look For: Does ¥, = 0 sound reasonable?

Solution: (a) Apply Bernoulli’s theorem for points A and C along a streamiine:
Py * ooty + (1/2)ov} = p_ + ogh_ + (1/2)pvE.

How Pq=Pc~ atmospheric pressure,-hA - hc =.Ah = 17.0 m. By the equation
of continuity AAVA ='ACVG:

Ay >> Ac, vy = (Ac/AA)vc =0, pglhy - hC) = (TIZ)pVE,

85
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FLUID HECHANICS . A-2

Ve = #Egﬂh = 2(9.8)(17.0) = 18.3 w/s.
Discharge Fate = Av = (0.100 n°)(18.3 m/s) = 1.83 m/s.

what To toek For: (b) Could also use points B and A if they find Vg Tirst.
Did they use the equation of continuity to find v

Solution: (b) For a streamline between 8 and C, Bernoulli‘s equation states

pg + pahy + (1/2)pvG = b + pohg + (1/2)evE, by = hy.

AB“B = ACVC’ s0 Vp = (AC/AB)VC =91 m/s.
pB = pc + (]IZ)D(VE - VE) = pc + gauge pressure,
gauge pressure = (1/2)(1000)(18.3% - 9.12%) = 1.26 = 10° pa.




FLUID FECHANICS

MASTERY TEST GRADING KEY - Fom B

1. What To. Look For: What is Pascal’s principle?

Solution: Pascal’s principle says that the pressure will be né same every-
where, thus on the small piston

p = £/A, = (5.00 H)/(2.00 x 10 o) = 2.50 x 10" .
On the large piston

F=pA = (2.5 x 10M(72 x 107%) = 180 0.

Thus a weight of 180 N (mass = 18.4 kg) can be Tifted.

2. ¥hat To Look For: What is Archimedes' principle? Did they multiply Mass
of water by g to obtain weight?

Solution: The volume of the logs is d(zrz)z. With the riders on,
weight of logs + riders = buoyant force = weight of displaced water = pH4(3r2)£g,
vieight of logs = weight of displaced water with no riders = (1/2)pw(4ﬁr2)£g.

Thus the weight of one rider is one-sixth the weight of all riders.

9" (1000)n{(0.200)%2(9.8)
< _

_1 2, 1 oa 2. _ Py
= glo 4L - 30,4 Llg =
=820 N {mass = 84 kg).

wri der

3. Solutjori: Irrotational fiow: a fluid element st a point has ze?o net
angular velocity about that point (e.g., flow in a striight pipe).
Rotational flow: a fluid element has a net angular velocity abotit a point
(e.g., vhirlpools).

4. Mhat To Look For: (a} Why is hy = h2° (pgth is very small if &h = 1.00 . )

Solution: (a)} Apply Bernoulli's equation:

- - 1,2 1,2 35
Py * ;:igh2 ¥ -2-_9‘!2 =-py + pghy + -2-91’._]_.:- Py-p = 1.00 x 707 Pa

zﬂ . €3 = below; 2 = above),
7 By =y, tharefore (1/2)eV; = py - p, + (1/2)0¥2,
R p 1/2 3 5 172
£r V, = [2(p; - 2,0/ + V31 = [(2.00 x 10°)/1.25 + 100°] = 108 m/s.
{b) Equation of continuity:
= - - .00 ca/s 2
Agvg = Asvss Ay = Ai( ) 25.0 cm [WSL] = 10.0 ca’.

= _8__8' i ’v —— —




FLUID MECHANICS C-1

MASTERY TEST GRADING KEY - Form ¢

TJo Look For: What is Pascal's principle?

Solution: See Figure 15. Points A and B are at the same pressure (Pascal’s
principie).

Py = poi1ghoi1’ Pg * pwghw’

Therefore,

hw = height of water above B, Pp = Pg-

Pohy = P ghs  h = (e /o )hys  ps/P, = 0.80.
Thus, h_ = 0.80(2.50) = 2.00 cm. If the difference in height of the water

is 2.00"cm, one side moved down by 1.00 cm, and the other side moved up by
1.00 cm.

Figure 15

.;\ll"l"lijl_

2. What To Look For: What is Archimedes' principle? (budyant force = weight
of displaced water.) <an you draw a free-body diagram of swimmer?

Solution: Volume of swimmer is V, = m//p,.
Weight of swimmer = m.g = pVs9,  weight of displaced water = Pw(vs - Vnc)g.
Weight of swimmer = weight of displaced water, psvsg = pw(vs-’ Vc)g,

= iF3 5 = - Y = - = - -4
_ps/pw ;pec;fic gravity (Vs VC)IVS 1-v. N, =1 (1.40 x 107 °)/0.070
= .998.

o

Solution: Incompressible: the fluid cannot change density under ordinary
pressures of a few atmospheres (e.9., water). Compressible: the fluid
eas}]y changes density under pressure of a few atmospheres {e.g., a gas 1ike
air). 89
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4. Mhat To Look for: (a) What is the discharge rate at goint 22 (Aovs.)
(b) Can you show that the units in every term are Ki/m* (Pa)? Whaf js the
gauge pressure at point 1? (-3.9 x 107 Pa.)

Solution: (a) From the equation of continuity:

Ajvq = Ayvys v, = (A]/A2)v2 = (8/2)(6) cm/s = 24.0 cm/s.
(b) Apply Bernoul1i's equation to 1 and 2:

Py + pay + (1/2)ov] = b, + ogh, + (1/2)pv2,

Py = By + oalhy - hy) + (1/2)p2 - V),

hy - hy=-0.50m, p=0.80p =800 ke/n’,

L=
-
i

= 0.060 m/s, Vz = 0.240 n/s,

5

=1.00 % 107 + 800(9.8)(-0.50) + (1/2)(800)[(0.240) - (0.060)] = 9.7 x 10% Pa.

-
-
|
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