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Time Topics Assignments
12:30 - 1:20 Introduction, units Quiz #1

1:30 - 2:20 Displacement, velocity, acceleration

2:30 - 3:30 Equations of motion Homework #1

Day 1, Hour 1: Introduction

1.1 Physics

1. Science: study of nature, in which ideas are tested by exjmeent. Some examples:

meteors planets stars galaxies
Astronomy ~
o © 9 @
Biology bugs people star sh owers
& <o 9
: elements molecules organic molecules orbitals
Chemistry
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rocks mountains volcanoes continents

Geology
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2. What is physicsabout? The laws of the universe.

(&) As few laws as possible to cover everything.
(b) Physics is the most basic science for that reason.
(c) In each of the sciences, there is a connection with physic
" AstroPhysics how laws of nature apply to stars, planets, etc.
" BioPhysics how laws of nature apply to living things
" Chemical Physics, or Physical Chemistry; how laws of natuegply to atoms and molecules.
" GeoPhysics how laws of nature apply to rocks and volcanoes
(d) So physicists are interested in pretty much everythingcsenti c.

" The law of gravity has to work for stars and also star sh.
" If a biologist discovers an anti-gravity beetle, then the pysicists would want to know
about it, and would need to correct the law of gravity.
(e) Physics doesn't explain everything.
" Physicists don't know all the laws of the universe. It's \an gpanding frontier of igno-
rance" according to one Nobel-prize-winning physicist.
" Lots of things are much too di cult to try to explain in terms o f physics.

{ Why do armadillos roll up in a ball on the highways of Texas? Ddhask a physicist,
ask a bio-psychologist perhaps.
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{ A physicist could estimate how fast the armadillo would roldown a hill.

() In physics, we usually oversimplifythings so we can understand and explain them.
" Approximate the armadillo as a smooth solid sphere.

- d
v= Lgdsin

" Approximate the hill as a constant slope.

" Disregard friction and air drag.

3. Physics is usually divided into a few subtopics as if theyood alone. For example,

(&) Mechanics = study of motion (PHYS105)

(b) Thermodynamics = study of heat and temperature e ects (HYS105)
(c) Electromagnetism (includes light/optics) (PHYS106)

(d) Quantum mechanics: atoms, nuclei (PHYS106)

Other general areas can be focused on, such as Relativity oaWs; these could be considered part
of Mechanics, but they are dealt with separately in PHYS106 velne they t best.

4. Any of these topics is much too big to cover in depth in a semes In this course, we will only
deal with two major topics, mechanics and thermodynamicsnia broad, shallow way.

A

Everything is simpli ed to emphasize basic big ideas and hothey are applied, such as:

{ Unbalanced forces cause a mass to accelerate;

{ Energy and momentum are conserved,;

{ Heat is a form of energy;

{ Substances are made of atoms that move faster at higher temature.

" The level of mathematics used will only require algebra andigonometry, no calculus.
5. Plan for this course:

(a) Book: OpenStax - can get fre@nline, or buy for reasonable price at bookstore.
" Worth bringing to class | think. But it is big and heavy.

(b) Canvas - should see PHYS105 when you log in

(c) Files) Syllabus

(d) Book chapters 1 - 16 = about half of the book.

i. Mechanics = Chs. 1-11, 16
ii. Thermodynamics = Chs. 12-15

(e) Read ahead, come with questions
(f) 3 Exams on the dates
(g) Labs: 7 experiments (usually more like 10 + a lab exam at ¢hend).

i. You will need 2 notebooks, one Lab manual (Pick one up toddyefore you leave)
ii. Come prepared, Do the 2-hour lab, Hand it in, You're done.
iii. Firstlab is online: see the links, start ASAP, get done this week

(h) Homework
i. Canvas Home screen should show you a WebAssign link
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ii. You create an account using your WebAssign code
iii. Then you can login and do your homework.
Iv. An assignment for each chapter, due (before midnight) thday we start a new chapter.
v. So you can ask questions, and | can use them as examples.
vi. First assignment is due Wednesday (midnight). On math aszts of Ch. 1.
(i) Quizzes

i. When there is time, just a few minutes at the end of an hour to @ark out something
related to what the class was about.

1.2 Physical quantities and units

To do physics, we need to be able to measuttl@ngs. To describe how things movewe need to be able
to measure

" Time: the standard unit is the second (s).

" Distance: standard unit is the meter (m).

And to explain why things move we need a third quantity

" Mass: how much stu is moving, usually measured in kilogramég).

Next semester you will have to deal with electricity and magrism, and a fourth quantity is needed:
Electric current, measured in a unit called the Ampere.

Derived units

By combining the fundamental units, you can make other uniteeeded for studying motion. Examples:

Quantity  Unit

Velocity m=s
Acceleration nFs=s = m=s?
Force kg m=s> = N = newton
Energy kg m?=s> =N m=J =joule
Momentum kg m=s

Metric pre xes

Often it is convenient to abbreviate powers of 10 applied tche units when measuring a quantity. Here
are some examples:

Pre x Symbol Value Example

mega M 16 MJ = MegaJoule = 10°J
kilo k 10° km = kilometer = 103m
centi c 102 cm = centimeter = 10 °m
milli m 10 2 mJ = millijoule =10 3J
micro 10 © s = microsecond = 10°¢s
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1.4 Unit conversions and estimation

Units can be converted into other units by multiplying and divding with conversion factors:

" Suppose this room is 10 m wide, and 1 foot is3D48 m. What is the width of the room in feet?
~10m 0%6%%%: 2:8 feet. Notice the cancellation of units: meters are gone, feet rema
Units can be converted into completely di erent kinds of thirgs as well.
" Suppose you will be driving 1000 miles: Can you convert 1000les into Dollars?
~ . _gal $2 _ :
1000 mi =5 gal = $67:
For purposes of estimation, you don't really need a precisemversion factor | a guess is often good
enough. An order-of-magnitude estimate is one in which youyttto get the right power of ten, but don't
worry about the rest.
" The price of gasoline may not be exactly2/gal, but that's OK. We can be pretty sure it is
not a power-of-ten lower $0.2/gal) or a power-of-ten higher $20/gal), so the estimate we get is

probably the correct order-of-magnitude, or power-of-tenLikewise, the conversion of gallons to
miles is probably the right order-of-magnitude.

Quiz #1
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Day 1, Hour 2: One-dimensional motion

2.1 Displacement  x
1. Our book, like most, usex to represent the position of something along a line.

" Imagine a line in both directions from an origin, with units. For instance, if the classroom
really is 10 m wide, | could putx = O at the center of the blackboard, and mark o meters

outto 5 to the left and right, and call this the x axis:
X

o

X % % x .
5 4 3 -2 -1 O 1 2 3 4

Now that the line exists,x could be anything along that line, and it would be representeby

A

a number.
Suppose a kid we know named Boris is &, =4 m. That is his position.

{ That subscript O is used to indicate that this is his positiorat a time we will call t = 0.
3m.

2. Things get more interesting if he moves to a di erent posibn: call it X1, and let's sayx; =

3. Displacementis the change in position: de ned as
X = X¢  Xg = Displacement
where the Greek letter (\Delta" is a capital D in Greek) means the change in something, de ned

as the nal value minus the initial value:
X = nal value of x intitial value of x:

X1= X1 Xp= 3 4:

" Does the negative sign here make sense?
{ Change of position was in the direction de ned as negative.

Suppose now Boris goes back to where he started:= 4 m again. What was his second displace-

ment?
Xo; X2

O 1 2 3 4 5

X=Xy X1=4 (3):

What is his total displacement since the time 0? Well, x = X,

Xo=4 4=[0:]

Displacementis di erent from Distance. Distance doesn't have a direction.

" Total Distance Boris travelled = 7m + 7m =
To emphasize this concept, the book has a section 2.2 on giizes with both a size and a direction
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2.2 Scalars and Vectors

1. Some things are measured by a single number (with units). €ke things are called scalars

" The number that de nes a scalar is often called its magnitude
" Distanceis a scalar. The distance Boris travelled had a magnitude oft in.
" Lots of things are scalars: temperature (76), volume (5 gal), speed (70 mph), etc.

2. But other things have a directionalong with a magnitude These things are vectors

" Displacementis a vector, because the direction matters.

{ Boris's rst displacement was x; = 7m. The magnitude was 7m, and its direction
was negative.

" As we study motion, some other vectors we will meet include fo&, momentum, and torque.

When we get to two-dimensional motion, y N
then we have to de ne two directions, with
labels such asx and y, or North/South
and East/West, or something like that.

y S

Vectors always have a magnitude and direction. But how we ergss these two properties is
a matter of choosing what is most convenient.

{ A 2-dimensional displacement will still be given with two nmbers, such as (x; vy), or
(3m East, 4m North), or as a distance and an angle (5m at 83 North of East).

" For now, in dealing with 1-dimensional motion, using for direction is very convenient.

2.3 Time t, Velocity v, and Speed

When describing motion, we will care not only about positionbut also about time

" Suppose | put time information into the picture of Boris's tavels:

{ Say he started at positionxy at a time to = 0, then reachedx, = 3 attime t; = 10s, and
returned to his starting place att, = 15s.

Xo =4, t, = 15s
Xo =4, to=0s

| | | |

X1=-3, t1 = 10s
5 4 3 -2 1 0 1 2 3 4 5

" These are important details, but the picture is just gettingcrowded without really doing much to
help us understand the motion.
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x(m)
" A dierent way to handle the time and displace-
ment information is to put them on a graph ofx
versust. de °
{ Each dot with coordinates ¢; x) shows the
time t and corresponding positiorx.
{ The dots tell us a story: 2

* Once upon a time, Boris was at 4m 1
from the origin on the x axis.

* Ten seconds later, he was at -3 m. 0 % % % ~ t(s)
w 5 10 15 20
* In another 5 seconds, when the clock ;
said 15, Boris was back at 4 m.
* The End -2
{ You could probably write a better story, _3 °

about how Boris rode his skateboard, or
whatever you like. 4

" This graphical picture helps us see something about his veity, de ned by:

Average velocity =v =

X| . ) X units m
—— | with units = . —
t t units S

Velocity is a vector| it has a direction along with a magnitude. Speed only has magnitude, so speed
is a scalar.

A

For the rst leg of his trip, Boris had an aver-  x(m)

age velocity that was negative 5
7m
Vi = = 07m=
Vi 10s 0 =S 4
" For the second leg of his trip, Boris had an 3
average velocity that was positive 5
7m
Vo, = — =1:4m=s
>~ Bs 1

" These average velocities are the slopesthe 0 %
lines connecting the dots: 5
-1

run )

as suggested by the dashed lines from one
point to the next. -3

4

" So thex versust graph can help you understand the motion better by showing icities.
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" But you have to be careful, because you may not actually havenainformation except the dots.

~ The lines that connect them show how to calculat@average velocities, but they don't tell you
whether Boris really movedat these constant velocities.

" Suppose Boris's story actually went like one of these curved/hat does each one tell you?

x(m) x(m) x(m)

RNVANE AN SN
2 2 2
0 t(s) 0 t(s) 0 t(s)
L 5 \1?/ 15 5 w 15 _Zi 5 \{yw
4

-4
When we have a continuous curve, not just a few isolated pointse can see more than average velocities;
we can see the \instantaneous velocity,” de ned as the slop# each point:

-4

, . X
Instantaneous velocity =v = Iltrln o —t:

This means nd the average velocity using two points, but ma the two points in nitely close together.

The slope of anx(t) curve at a single point is the in- >‘<
stantaneous velocityv there. For a curving function,
this is best done using calculus, but it won't be neces-
sary in this class.

" You should be able to recognize points with pos- A D
itive velocity, such as pointsA and E, negative
velocity, such asC, and points with zero velocity 0 -t
such asB and D.

\Y

A

When velocity is changing with time, then it is inter-
esting to plot a graph ofv(t). This is not always easy,
but here is an example. The bluer(t) graph is the
one that goes with the redx(t) graph above. Notice

the correspondence of pointé; B; C; D; E in the two 0 B D

graphs. ——e— g

" Points B and D are wherev = 0.
" Between 0 andB, the velocity is positive, but decreasing.
" BetweenB and D the velocity is negative, and it is most negative acC.
It is important to be able to go one step further, and look at hw the slopeof the v(t) graph changes.
" In this particular case, the slope of this velocity graph islaays increasing.
" The slope of thev(t) graph is known as the_acceleratian

" The reason this is important for us is that whenever there iscaeleration, then something inter-
esting is happening to change the motion. A forceauses acceleration.

" We will get to the topic of forces later, but for today, we willlook at the concept of acceleration.
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2.4 Acceleration a

When velocity changes, then there is acceleratipwhich is de ned just as you might expect from what
we have seen about velocity. First,

vV units m=s
= =m=s

with units = — =
t units S

. v
Average acceleration =a = —

. . \Y
Instantaneous acceleration =a = |Il’|n 0 —tZ
t!

For example, if Boris's travels happened at two di erent costant velocities, as we found earlier, then we
can calculate the average acceleration over some time ini@ Let's use the entire interval fromt =0
to t = 15s. Here are thex(t) and v(t) graphs:

x(m) v(m/s)
> ‘ Vo = 1:4m=s
4 oo
3 v, = 1:4m=s 1 /,/’a/_ |
2 vi= 0:7m~s = slope
1 .-
0 = % : - t(S)
O + + + > t S P
1 5 10 15 20 ®) S 10 15 20
° °
-2 -1t vi= 07m=s
-3
4 ‘
and we nd the average acceleratiomver this time interval:
v, v 14 ( 07) 21
a= = = 2= = 0:14nFs
to to 15 0 15

But this analysis assumes there was no change in velocity aryere except at the instantt = 10 s, and
there is no way to nd the slope ofv(t) at that instant because the function is discontinuous thes.

To calculate instantaneous acceleratigrwe need a continuous function fov(t). Boris's actual x(t) trip
could have been something di erent, such as the red curve bel. From a continuousx(t) we can nd
v(t) everywhere; thev(t) graph in blue corresponds to the(t) graph in red. Thisv(t) is a straight line
from (0,-2.1) to (15,2.1), so its slope is a constant everywte. Calculating the value ofa is simple:

x(m)

5 v(m/s)

4 2‘ a(m==?)

3 0.5!

2 1

1 0.25

O + + +—> t S } } I ‘ ‘ ‘ 't
] 5 10/ 5@ 0 t(s) 0 1t t(s)
1 5/ 10 15 5 10 15
5 -0.25

- 1

-3 -0.5, a(t)=0:28

At =0:142 21t +4 2/ v =028 21

Vo Vo 21 ( 21)

0:28 ns:
t, tp 15 0
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Day 1, Hour 3: Equations of motion

We have begun to describe it in terms of these quantities:

Symbol De nition Name

t ty Time interval
X Xi X Displacement
% x= t Velocity
a v= 't  Acceleration

But motion in the real world can be very complicated. Some emeers need to keep going and de ne

Symbol De nition Name

] a=t Jerk

S j= t Snap
C s= t Crackle
p c=t Pop

For this course (until we get to chapter 16), we will assuma is constant, so a = 0, and all these other
fun quantities don't matter.

2.5, 2.8 Motion Equations for Constant Acceleration in One Dimensio n

Now that we know the meaning of displacement, velocity, and eeleration, and how these look on
graphs, we can cook up some equations that describe motiom dome cases, we can simply look at a
graph, and write an equation for what we see there.

; This graph shows a straight line with a slope. You probably member from
some math class that the equation of a line is something like

y = b+ mx

v =constant  wherem is the slope, andb is the y-intercept. But our graph hasx on the
« vertical axis instead ofy, and t on the horizontal axis instead ofx. The

0 intercept is calledxy, the initial position, and the slope, as we have learned,
0 0 " s the velocity v. So the equation for this straight line is

@
The line has a constant slope, which means velocity= constant, and the acceleration isa = 0.

Before going on, it is also worth pointing out that when we kn@ the averagevelocity, we can use it to
determine displacement as in Eq. (1). If you travel at an avage velocity of 50 miles per hour north for
2 hours, then you will go 100 miles north; this is true whetheyour velocity is constant or not | you
only need the average velocity. So we could also say, regasdl of acceleration

@
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Example: Boris starts at Xo = 3m, and runs in the x direction at a constant velocityv = 2 m=s. What
is his location at the end of 5 seconds?

Solution: X = Xp+ vt=3+(2)(5)=3+10=13m.
And if his velocity was not constant, but his averageelocity was 2 n¥s, he would reach the same
place in 5 seconds.

v
This graph also shows a straight line with a slope. But noticéhat it is a
graph of velocity versus time. So the intercept is the initiavelocity vy, and
the slope is the acceleratiora, which is not zero in this example. Thus the
equation for this straight line is
a = constant (3)
Vo
0 t
0

Example: Boris is riding his bike with an initial velocity vo = 2m=s, and he accelerates a = 1 m=s’.
What will be his velocity at the end of 5 seconds?

Solution: v=yvg+at=2+(1)(5)=2+5=7m =s.

We can also see another useful equation from this graph: wheis constant, the average velocity is just
the average of the beginning and ending velocites. That is,

= 2 (Wo+ v): @

Example: In the previous example, what was Boris's average velocitydng the 5-second interval?

Solution: V= 3(Vo+ V)= 3(2+7)=4:5mss.

Suppose we need to calculateinstead ofv when there is acceleration happening. The(t) graph is no
longer a straight line, because is changing, and we probably don't recall from that math clashow to
write the equation of a parabolic curve.

X What we can do is use Eq. (2), but with the average velocity gimeby Eq. (4).

. 1 1
X = Xo+ Vt with v = §(V°+ V)) X=Xt E(V°+ V)t
and then, using Eq. (3), replacer with vy + at, so that
1
X = Xo+ E(V°+ Vo + at)t

Xo 'V increasing which nally simpli es to
0 -t

1
X = Xo+ Vot + éatz: (5)
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This equation starts out like Eq. (1), but because there is aeleration, it adds the extra displacement
due to acceleration.

Example: A car is travelling in the x direction at 40 m=s initially, but for 15 seconds it accelerates at
3m=s’>. What is its displacement during those 15 seconds?

Solution: X = Xo + Vot + 2at® = 0+ (40)(15) + (3) (15%) = 600 + 337:5 = 937:5m.

One more useful item would be an equation that relates, vy, v and a, without having to specify the
time t. This takes some algebra, rearranging Eq. (3) to get

t=(v vp)=a

and then using it in place of thet in that large Eq. (5) as follows.

2
V, 1 v v

0 + -a 0
a 2 a

1
X = Xg+ Vot + Eat2= Xo + Vo

This gets worse, but then better when we do the algebra, catiogg and combining terms:

Voo V& 1 vZ 1 2ugv 1 V3
X=Xo+ — =2+ — Z —/+
a a 2 a 2 a 2 a

) x=xo+ VERVE:
- A0
2a
or, a more popular version is this arrangement:
2 _ 2 .
ve=vyt+2a(x Xo): (6)

Example: A car is travelling in the x direction at 40 n=s initially, but then it accelerates at 3 m=s?.
What is its velocity at the end of 300 m with this acceleration?

Solution: v? = vZ+2a(x Xo)=402+2(3)(300) = 1600 + 1800 = 3400) v = P 3400 = 583 mrs.

Collecting these equations together in one place, we have

Equation Conditions ona

X = Xo + Vvt a=0

X = Xo+ Vt , acan be anything
V= 1(Vo+ V) ;

X = Xo + Vot + 1at?

_ a = constant
V= Vp+ at 2
vZ=vi+2a(x Xog) '
DAY 1 Homework Assignment: Practice a variety of unit-conversion and 1-dimensional ntion

problems. See Canvas / WebAssign. Due Tuesday 9/1 @ midnightt don't wait to get started. Email
questions or ask in class Tuesday.
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Time Topics Assignments
12:30 - 1:20 Free fallg, Graphs

1:30 - 2:20 2D motion and vectors Quiz #2
2:30 - 3:30 Projectile motion Homework #2

Day 2, Hour 1. Free fall, g, graphs

Last time, we looked at some basics about motion, some de i@hs ( X;Vv;a) and equations.
Today we will start by looking at a special case, free fallwhen the acceleration is due only to gravity.

2.7 Falling objects

" The term \free fall" means there are_noother forces but gravity | no air drag or friction.

It may seem surprising that heavy objects and light ones adeeate alike due to gravity.

" Find a couple of objects to drop, one heavier than the other, drsee what you think.
{ If you can, try objects about the same size and shape, but drent weights.

" Also try racing a at sheet of paper against a small object.
{ Then try crumpling the paper into a ball and compare again.

" Air drag can be important, but there are ways to reduce it.

A

For now, to keep things simple, we will just ignore air drag eects.

In that case, near the earth, things fall with an acceleratio of about 98 m=<>.

~ In equations, the symbolg is used for the magnitude of free-fall acceleration, Wiﬂrg = 9:8 m=s*:

" Also, for vertical motion, we will usey instead ofx, with the y direction upward.
" Because gravity is downward, the direction of free-fall aeteration is the negativey direction.

" So in our equations of motiona is replaced by g for describing free fall:

ty
Constant a equations Free-fall equations 2
1
X e + X X=Xo+ Vot + 1at?  y=yo+ vt igt? 0
21012 V=\Vy+ at Vv=Vvy 0t 1
V= vi+2a(x Xo) VP=V§ 29(Y Vo) 2

y

" Remember that up is positive, down is negative, then these wafions are even easier to use,
because you already know the acceleration iy in any free-fall situation.
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Here are some examples in which these equations are us{
in various ways, and some graphs of the free-fall motion.

brick when it reaches the ground?

Solution: The initial velocity vo = 0 when the brick is
dropped, andy = 0 at the ground. So, using thev(y)
equation,

vZ=Vv3 29(y Yo)=0 2(9:8)(0 380)

Start: yo =380, vy=0 l
T T

End: ‘y=0;v=‘ 86:3 |

0
P
vZ=7448mP=s?) v = (2)(9:8)(380) = 86:3m=s:
20}
Note that this is the velocity of the brick, and it is
negative because it is downward. But the speeof Wy) 40
the brick is 863 m=s. (m/s)
60|
80
0
400

100 200 300 400
y(m)

There is usually more than one way to solve a problem. We
were not given the time, only the starting height. Could we

nd the time for the brick to reach the ground, and then use

that time to nd v? Here is that calculation

300

y(m) 200
Solution:

1 1 100
Y = Yo+ Vot égtz) 0=2380 5(9:8)t2

) t= P (380)(2)=(9:8) = 8:81s 0

Next, we can use this time in thev(t) equation to calculatev:
Solution: 20
v=Vy, gt) v=0 (9:8)(8:81)= 863m=s, v(m/s)

and the speed is 8@ m=s again. 60

Notice that this simple v versust graph shows a constant, 80
negative slope, as it should, because the acceleration is
a constant downwardg = 9:8 m=s?:
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Suppose there is also some initial velocity given to the bkic 20 Start: yo =380, v =20 _

Example: King Kong throws a brick upward at 20 n¥s from
the roof of the Empire State Building, a height of 380 m
above the ground. Assuming free fall, what is the velocity v(y)
of the brick when it reaches the ground? (m/s)

Solution: v? = v 2g(y Yo)=(20%) 2(98)(0 380)=
7848nt= ) v = 886m=s. Note that this is the

End: y=0;v= 886
negative square root, because downward is the negative 0 100 200 300 400
direction. y(m)

What is the brick's maximum height above the ground?

" You can see in the previous graph that the largest is somewhere beyond 380 m, of course, and
you may be able to see that this is where = 0.

Solution: At the highest point, the brick stops rising, so its upward viocity there isv = 0, and we can

solve fory:
Vi=VvE 29(y  Yo)
0=20%> 2(9:8)(y 380)) y=380+ 20 400:4 m:
2(9:8)

At what time does the brick reach its maximum height?

" A dierent graph, this time v versust, shows that the
velocity decreases from 20as to O at a time slightly
over 2s, and it then increases in the negative direction
as it falls.

v(m/s)

" To solve fort, we again setv = 0: 8ol | |

Solution: v=1v, gt) 0=20 9:8t) t= 2 =2:04s. 0 2 4 6 8

At what time does the brick reach the ground?

Solution: 1
Y= Yo+ Vot E@Jt2 400 :
— Ot 2
0=380+20t 4t 300 |
This is a quadratic equation. You might recall that
P y(m) 200 .
if ax?+ bx+ c=0 then x = b & 4ac:
2a
Writing our equation in that form, we can say
4:9t> 20t 380=0so % 12
p p____
20 200 4(49)( 380) 20 ~ 7848
= = — =2:04 904 =11
t 2(4:9) o8 g8 20490 08s

since only the + sign makes sense, giving a positive amounttofe.
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Day 2, Hour 2: Two-dimensional motion and vectors

3.1 Kinematics in two dimensions: introduction

In chapter 2 we looked at one-dimensional motion in di erensituations. The table below summarizes
what we needed for motion with no acceleration, and and forde-fall motion:

Ty

A

One-dimensional motion 24

No acceleration Free fall 14

X <t ; ; : +— + X 1 2 0+

2 1 0 1 2 X = Xg+ Vot y:yo+Vot Egt
V=V =constant - Vo gt 14
2 — \,2

VV= V5 29(y  Yo) 27
y

In chapter 3 we combine these separate sets of equations, arseé them both at once. Two-dimensional
motion is a combination of unaccelerated horizontal motioand free-fall vertical motion, happening
simultaneously. So these two sets of equationst are conrettoy using the same time in both.

ty
Two-dimensional motion o1
Horizontal Vertical 14
X = Xo+ Voxt Y = Yo+ Voyt %gtz X"Z 1 1 ’2‘+X
Vx = Vox = constant Vy = Vo, gt 14
V;% = ng 29(Yy o) 27
y

The only change made in the equations is that subscripts and y are attached to the velocities.
This is because the velocity vectocan be thought of as having two separate parts, or components
a horizontal x component, and a verticaly component. The two components together tell us all
about the velocity.

Likewise, thex and y values are components of the displacement vector, so togethhey tell us
the displacement.

This component approach to describing vectors is explainéad the next section. Regarding notation:

A

The book uses boldface type to indicate that something is aater: for example, A. In these
notes | can do likewise, but | can't do this very well on the blekboard, so | might show it asA.

The magnitude of a vectorA is indicated by just the letter A, not in boldface. SoA is a vector,
but A is a scalar.

The direction of a vector is commonly shown by an angle(\theta" is the Greek letter for a \th"
sound) measured counterclockwise from the or horizontal axis of a coordinate system.
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3.2 { 3.3 Vector addition and subtraction

Because displacement is a vectoit has both magnitude and direction. But describing the veor in
terms of magnitude and direction is not the only way to be spec about it.

" Instead of specifying magnitude and direction, it is oftenasier to specify its component$ the
amount of displacement in two perpendicular directions, sh as East and North, or thex andy

directions. N
Examples: 4+
1. Suppose you ride your bike 3 miles East, then you 31
turn left and ride another 4 miles North. What is 0
your displacement from the place you started? S 24 S
The two parts of the trip are shown in the graph at
the right as red vectors, one with a magnitude of 3 14+
and direction East, the other with a magnitude 4 in
the direction marked North. These two displacement \ «— ; — - E
vectors add up to one vector shown in blue. How can -1 1 2 3 4
we specify this displacement vector? 14 Miles
S

(a) It has a magnitude that is easy to calculate because it ifi¢ hypotenuse of a right triangle:
d= p32+42:5 miles.

(b) For a direction, we might say it is sort of northeast, but hat is not speci ¢c enough. Instead,
we can say it goes at an angle:

= arctan g = 53:1° North of East.

(Note: \arctan g " means \the angle whose tangent is 4/3." Make sure you know oyour

calculator does this kind of calculation.)
So the displacement vector could be described in either ofdwvays:

" 5 miles at 531° North of East (magnitude and direction).
" 3 miles East, 4 miles North (perpendicular components).

Most of the time we will usex-y coordinates, and you should be able to nd the components of a
vector, or its magnitude and direction, using trigonometry

2. Find the components of this vectoA that has a magnitude
of 5 units at an angle of 35from the x axis as shown. Y4
Solution:

Ay = Acos =5cos(35) =4:096

Ay = Asin =5sin(35°) = 2:868 A

Ay = Asin
If this trigonometry is unfamiliar, you should review
the basic functions (sine, cosine, and tangent) so you =35°
can use them e ectively. You will get some practice T - A = Acos X

in this course..
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3. Suppose Boris tries gol ng for the frst time, and doesn'twjte understand how to do it. The tee is
at the origin, and the hole is marked at 100 m away along theaxis and 20 m in they direction. A
displacement vectorH that goes from the tee to the hole would be a good shot | a holer-one.

y(m)

30+

Hole at (110,20)
20 A

I

G

H
o
|
T

Tee H, =110 |

] ] ]

]
T

10 20 30 40 ?? 60 | 70 80 90 100

10 120

" Instead, Boris hits the ball from the tee to the end of vectoA .

" From there he hits again, and vectoB shows the next displacement of the ball.
" VectorsC, D, E, and F are his next few attempts.

" He nally gets the ball into the hole with vector G.

Each of the vectorsA through H has a magnitude and a direction shown by an arrow. But each
one is also completely described by its two components in tlxeand y directions. For a few of
these vectors, thex and y components are also shown as dashed lines. They are not athsh, to
keep the diagram from getting too cluttered, but you can image the others.

What is the ball's displacement vector H ) when it arrives at the hole?
" The magnitude and direction of vectorH are
H= g (110@ +(20)2 = 111:8m; and = arctan(20=110) = 10:3";
~ Alternatively, we can specify the vectoH by giving its x and y components:
Hy =110m; andHy, =20m:
Another way to describe what happened is to say that all the ddacement vectors were added:
A+B+C+D+E+F+G=H:
But this means that all the x components were added and thg compnents were added:
Ax + Bx+ Cx+ Dy + Ex + Fx + Gy = Hy
Ay+By+ Cy+ Dy+ Ey+ Fy+ Gy =Hy

The text shows in section 3.2 how you can use a ruler and prottar to add vectors graphically,
but for us, knowing trigonometry makes the use of and y components much easier.
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4. We can do the same things with vectors that happen to be velity instead of displacement:
Example: A soccer ball is kicked so that its initial velocity
vector vy is 15nFs at an angle of 20 upward from Y =5

- A
horizontal. What are the x andy components of this = 161 | .
o , No 1Voy = 511 m=s
initial velocity? =20° !
‘ > X
Solution: Vo, = Vgcos = 15c0s(20) = 14:1 m=s Vox = 14:1m=s

Voy = VpSin =15sin(20°) = 5:1 m=s

Of course, these are only the initiatomponents of the ball's velocity.

" Because there is gravity downward, the vertical velocity enponent will change with time.
" Because there is nohorizontal gravity, the horizontal velocity component stgs constant.

5. Subtracting vectors. IfA + B = C thenwe canalsosap = C B =C +( B), as shown.

A+B=C C

C

Subtracting a vector means adding a vector of the same magmite but with the opposite direction.

5-minute Quiz #2
Day 2, Hour 3: Projectile motion

3.4 Projectile motion

Now that we know how to break up a displacement or velocity veot into x and y components, we can
use this set of equations for two-dimensional motion:

Two-dimensional motion

Horizontal Vertical

1
X = Xo+ Vot Y = Yo+ Vot §9t2

Vi = Vg, 29(y Yo

Suppose a green jelly bean is launched at a spegdat an angle from horizontal. Its initial velocity
vector is pictured in red, but the jelly bean does notontinue upward at this angle. It travels along a
curve like the one sketched in blue. The point(y) along this curve are given by the equations fox(t)
andy(t). A few are highlighted in as green dots. At each point, the Vecity vector has components that
are given byv,(t) and vy (t). While v, stays constant,v, changes from upward to downward because of
gravity. At the top of the ight path, v, =0. The path is symmetric which makes the analysis easier.
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y Vy =0 Vi

Vx
10

0 Vi Vy

Now, there are a number of questions we might want to ask aboute ight of the jelly bean, such as
the following ones:

1. At what time will it return to the ground?
" Sety =0 at the ground, and vy = Vg sin , and solve they(t) equation fort. You should be

able to show that ]
Vo Sin

t=2

2. What maximum height will it reach? There are several apprahes:

" Knowing vy = 0 at the top of the ight, solve for y with the v(y) equation.
" Calculate the time at whichv, = 0, then calculate y(t).
" Use the fact that at the top, t would be half the total ight time, and solve for y(t).

3. What horizontal distance will it travel before reaching tle ground?

" Again, if y = 0 at the ground, you can nd the time t for the ight, and use it in the x(t)
equation. This distance is known as the range: you should bbla to show that the range is

_ 2v¢sin cos _ v3sin(2)

R g = g [because 2sincos =sin(2 )]

" The largest value of sin(2) is 1, when 2 = 90° soR is maximum when = 45°, For larger
or smaller launch angles the projectile would not go as faris is not true if air resistance is
present however.

4. How fast will it be going when it hits the ground?

" In free-fall, with no air drag, the ight is symmetric. For example, it takes the same time to

go up and down, and it has similar speeds (but opposite diréohs) when falling as it had
when rising.

Things get a bit more complicated if the ight is not a symmetic one from the ground to the ground:

" A projectile is launched from a heighth, with speedvy at angle . The ight time and range are
no longer the same as when the projectile was launched fronetground. We encounter quadratic

o : N 3, +2gh
equations in these cases. For instance, the ight time turneut to be “>~ "%
distanced is easy to get because = vy, t.

: from this the
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In some cases, you have to nd out something you donfeally want to know, in order to nd out what
you do want to know. Here is an example:

1. A football is kicked from the ground with a speed of 25#a3% at an angle of 3@ Will it go over, or
under a goalpost bar that is 348 m high (that's 10 feet) at a distance of 50 m away?

y

d0 Goalpost bar

I - X
O0

We need to know the heighty for the ball when it has travelled a distancex = 40 m.
" So we must rst nd that time; we can usex = 40m to nd the time t when the ball has
travelled that far:

X = Vgt ) t= X=Vox = X=(vocos ) =40=35c0s28) =1:2945s

" Now that we know the time, we can solve for the height of the ball

1 2
Y = Yo+ Voyt égt
=0+ (35)(sin28°)(1:294) (0:5)(9:8)(1:294)
= 2:73m (it goes under the bar.)
" If the ball was kicked slightly faster (252 m=s) or at a slightly larger angle (3@6°) it would
get over the bar.

2. Suppose a marble is aimed directly at a target that is at a ight H, and a horizontal distanceD
away, as shown. But at the same instant the marble is launchgthe target falls. Will the marble
hit or miss the target?
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Just like in the previous example, we can nd

y
Hob oo T arget " the time for the marble to go distanceD
’ horizontally is t = D=(v, cos ):
! " the height of the marble at that time:
=(vosin ) ! D 2
Ym 0 Vo COS 2% vycos
D 2
= D tan 9
2 VpCoSs
2
g D :
- X =H = since tan = D=H
Ym 2 VpCOoS

" But the height of the target at that time, since it fell from rest from height H is also:

1 g D °?
=H Zgtf=H 3
Yt 29 2 Vocos

:ym

So we should expect the marble to hithe target; they are at the same place at the same time.

Homework Assignment 2:

Several problems on Canvas/WebAssign for practice with frdall motion, vectors and projectiles.
Due Thursday 9/3 @ midnight. Email questions or ask in class.
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Time Topics Assignments
12:30 - 1:20 Newton's laws Quiz #3

1:30 - 220  Applying Newton's laws
2:30 - 3:30  Friciton and uid drag

Day 3, Hour 1. Newton's laws

Now that we know quite a bit about howthings move, in terms of displacement, velocity, and accele
ation, next, in Chapter 4 we begin looking at whythings move. This is a subject that has interested
people for a long time. For example, Aristotle, the Greek plasopher who lived in the 300s B.C. as part

of his philosophy, divided motion into two categories:

~ Natural motion, for things like planets in orbit, or smoke rigng. Nothing is needed to cause their

motion, because it is natural for them to move.

" Unnatural motion, for everything else, requires a force to nmatain it. It is unnatural for a cart to

move, so a horse is needed to pull it.

~ Avristotle taught that heavier objects would fall faster thanlighter ones of the same shape.

Of course, Aristotle had plenty more to say about these thingsind his opinions were generally accepted

for about 2000 years. In the 1600s, Galileo experimented orotion, and di ered with Aristotle.

" He understood that, apart from air resistance, all masses a&terate alike due to gravity.

" He found that a force is needed to chandg®ow something moves, not to maintain motion.

{ Experiments with objects rolling on inclined planes convieed him that, if friction is elim-
inated, a particle moving on a smooth horizontal surface ctnues moving with constant

velocity.

4.1 Force

A force is simply a push or a pull, and we will look at various wes Y,
that forces occur. Force is a vector quantity | that is, a force has
both a magnitude and a direction. As with other vectors, we Wil
often need to consider the components of a force in perpendar

directions such asx andy, or East and North, and to relate these
to the magnitude and direction of the force.

q_ F
F= F2+F2 Fc=Fcos; Fy=Fsin; tan =

oL
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4.2 Newton's rst law

Isaac Newton (1642 { 1727) was taught Aristotle's theories of @tion as a college student at Cambridge,
but was also familiar with the writings of Galileo. Newton's rst law of motion is the one Galileo found:

v = constant unless a force changes it.

" This seems obvious in the case of an object at rest | it stays atest until a force moves it.

" It is less obvious for an object in motion; our experience mayggest what Aristotle believed, that
a force is needed to maintairmotion, not to changeit.

{ But if we take steps to reduce forces such as friction and aesistance, we see that it is these
kinds of forces that are acting to change the motion of the obgt. When they are eliminated,
Newton's rst law turns out to work ne.

Newton's rst law is often called the law of inertia where the word inertia means this property
that objects have of maintaining a constant velocity.

{ Another word for inertia is mass The larger the mass of an object, the more force is needed
to accelerate it.

" The rst law does not seem to work from the point of view of an okerver who is accelerating:

1. For instance, imagine driving a car with your physics bookitting on the
slippery dashboard.

{ Aslong as you go in a straight line at constant speed, the bootags
in place, having a constant speed of zero relative to the car.

{ But if you turn a corner, the book may go sliding across the das 14
toward the outside of the turn. To account for this strange bleavior,
one might suppose there is a force that only happens on turns this
gets the name \centifugal force." But it only seems to be prest if

one's frame of reference is the car, which is no longer moviag Book®
constant velocity. The car is a_non-inertialreference frame when it
is turning, and that is where ctitious forces appear to act. Car

{ From outside the car (say, looking down at the car from a tallree),
one could see the book travelling with constant velocity uiitthe side
of the car causew to change by exerting an inward force.

2. Similarly, if the car begins to accelerate forward in a sight line, the book might slip o the
dash toward the back of the car, and the heads of passangerghtitilt back.

{ Inthe non-inertial reference frame of the car, these motisrwould require an explanation
involving some backward forces on the book and the passergger

{ But an observer moving at constant velocity would see the bkamoving at constant
velocity until a force (such as the car seat it landed on) caas it to accelerate, and
peoples’ heads accelerated forward only when their neck roles exert a force that way.

" Newton's rst law is obeyed when the motion is seen from the pat of view of a hon-accelerating
observer, otherwise known as an inertialeference frame. But in a non-inertial reference frame,
additional forces seem to be at work without any physical eignation for their origin.
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4.3 Newton's second law

The second law is one will use a great deal in this course. Whilee rst law a rms that a force causes
a change in vleocity, the second law tells how this works. Aseélresult of a forceF on an object, there
is an acceleratiora that is proportional to F, and the massm of the object determines how larga is.

F = ma:
The larger the mass, the smaller the acceleration when thensa force is applied.

The standard unit of mass is the kilogram (kg), and the standd units for acceleration are s>,
so the unit of force is de ned by the product of these, and catl the newton abbreviated as N.

1kg m=s*>=1 newton = 1N

So a force that causes 10kg of massto g — 3g a=3m=¢?
accelerate at 3 ws*> would have a mag- > m = 10kg —
nitude of 30 N.

Another common force unit is the pound (Ib): their relationsip is that 1N = 0.225 Ib.

" The force exerted on an object by gravity is, of course, its vght, so,
using the acceleratiorg due to gravity at the earth's surface, the weight m = 1kg
of an object with massm is
W = mg: I
w=9:8N
Thus, one kilogram on earth has a weight of:8 N. l

{ The mass of the object would be the same anyplace, bgtwould be smaller on the moon
(1:67 n=s?), larger on Jupiter (248 m=s?), becauseg depends on the size and mass of the
world.

There may be more than one force acting on an object, and sosthest to write the law in terms
of ige net force, or the total of all the force vectors. The surof the force vectors is also expressed

as F, so the law states X
Fret = ma or F = ma:

Thus a is in the direction of the total force; we will often need to add force vectors, as you learned
about in chapter 3.

Here is a case where there are two forces acting: suppose thg rass is
sitting on top of a table. The weightw = 9:8N is a downward force, but N =9:8N
the object is not accelerating at all. Why not?

{ The net force on it must be zero.
m=
{ The weight is downward, so there must be an upward force. This 1kg
due to the table; if the table is removed, the object will be irfree
fall. \ Table |
w=9:8N

{ The upward force exerted by the table is called the norm#brceN .

{ The word \normal" is used in a mathematical sense, meaning -
pendicular”; the force is normal to the surfaces in contactThis will
be explained a bit more later in connection with Newton's thial law.
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4.4 Newton's third law

The third law is sort of a strange one, but necessary for undganding motion. It comes into play
whenever we want to understand the interaction of two objest The third law states that whenever one
object exerts a force on another, it receives an equally l&dorce going the opposite way.

~

If object A pushes on objecB, then object B also pushes on objecA with a force of the same
magnitude, in the opposite direction. We can write this as

FAonB = FBonaA

{ If you push on the wall, the wall pushes back with equal forcenojou. Try it on roller skates.

{ If you push on the oor, the oor pushes back on you just as hard You can increase your
force on the oor: think about how you jump, and the forces beteen you and the oor.

{ How do you climb a rope? How do you climb stairs?

N =9:8N=
In a previous example, we saw two opposite but equal forces evhan =
object rests on a table. It is easy to be confused about theswdes | e
they are not what the third law is about. These are two forces on the
same object But now we can nd two more forces to put into the picture. m
" The weightw = 9:8N is the force of the Earth pulling down on the 1kg
1 kg mass. The third law says the mass therefore pulls up on the
. [ 1 Table |
Earth with a force of 98 N. . _
w=9:8N=
" The normal forceN is the table pushing up on the mass. This is Finonr Feon m
. : =9:8N
because the mass is pushing down on the table. A F,.c
~ So the two red vectors show the third-law pair of forces inwahg =98N

the mass/table interaction, and the two blue vectors represt the
mass/Earth interaction. Earth

We could add more: the table needs legs, and maybe it standsthie oor of a house, etc. The picture
could become very complicated with all the pairs of forces wapuld imagine. But, as we'll see, to
understand how something moves, we only need the forces oattlobject.

Free-body diagrams

TN =9:8N
A free-body diagram showing only the forces orthe object of interest, is
usually the rst step in understanding the motion of the objet. In the previous m
example, if we are interested in how mags moves, there are only two forces |1Kkg
on it: the weight w and normal forceN . All the forces exterted bym on l .
other objects (the earth, the table) are irrelevant. o w=9:8N

After making a free-body diagram, then the usual procedure te apply Newton's second law: sum the
force vectors, and set that sum equal tan a. Usually we will say up is the positive direction, down is

negative. In this case
F=N w=9:8 98=0=ma)

Newton's third law is not always needed,especially if we arely interested in one object's motion. But
it gives important insights when objects interact.
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Earlier we looked at an example of a 30N force
on a 10kg mass, causing = 3 m=s>. But sup- F =30N

pose the 10 kg mass is made of two parts, with
masses 3kg and 7 kg, as shown, and we think
about what each of these masses is doing using
a free-body diagram for each.
Fret =9N
" When we see a 3kg mass accelerated at
3m=s?, the second law says there must
be a net force of 9N acting on it.

must come from the 3kg mass pushing
on it, so we knowFs,,7 = 21 N.

~

According to the third law, the 7 kg mass F =30N

A 4

3kg

7kg

a=3m=¢s

3kg

The force that would cause the 7 kg mass Fsn7 = 21N
to accelerate at 3rmws? is 21 N. But this —

a=3m=¢%

7kg

a=3m=¢%

pushes back on the 3 kg mass with a force >
F..3 = 21N. So the net force on the
3kg mass is indeed 9N as expected.

As another example, suppose we tie a rope to a mass= 2kg and pull upward on it

3kg

F70n3 =

with a force of 50 N. How will it accelerate? A free-body diagrans shown.

" The weight isw = mg = 19:6 N downward, as always.

" The rope is pulling upward on the mass | this force is labeled a T, the tension

in the rope.

{ Incidentally, tension goes both ways on a string, because of

Newton's third law. If a hand pulls up on the rope, the rope
pulls down on the hand. That is not part of the free-body

diagram here however.

" Newton's second law gives the acceleration. Since all thedes are in they direc-

tion, we can say

X
F=T w=50 196=30:4N=ma=(2kg)a)

5-minute Quiz 3

a=15:2m=s:

1T =50N

N
Py
(o)

vw=19:6N
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Day 3, Hour 2: Applying Newton's laws

Now that we have seen Newton's three laws, and how they conneatiwone another, we can get some
practice applying them in various ways, and learn more abouhe nature of forces.

N

4.5 - 4.6 Normal force, tension, problem solving

One interesting type of force we have already seen is the nainforce
N that occurs when surfaces are in contact | the force is normalor
perpendicular, to the surfaces. We saw this applied to the ga of a mass
on a horizontal surface. Now consider an object placed on alhhat is
tilted at an angle from horizontal.

A

The normal force of the hill on the mass is now directed as shown,
perpendicular to the surfaces in contact.

How large isN ? It is as large as the force that presses the object ‘
against the hill, and we can nd that using a little geometry.

The weight w must be vertically downward, as shown, but it is
helpful to nd its two components in directions parallel to the hill

and perpendicular. The perpendicular onay-, , givesN. The par-

allel one,w; is also useful, as we shall see.

W Sin

" Because the three angles in a triangle add to 18Gou can pretty ‘
easily see that is also the angle betweenv and its component w
perpendicular to the hill surface.

Then, knowing a little trigonometry, you can see that the imprtant components ofw are
W, = wWcos andw, = w sin :

They are important because

1. the normal force has the same magnitude as,: N = wcos ; this will be needed when we
look at the force of friction when one surface moves acrossodrer.

2. the parallel componentwy is the force that would accelerate the object down the hill.

Example:

1. Amassm is placed on a slope of 3@vhere there is no friction. What will be its acceleration down
the hill?

" We can dividea into parallel and perpendicular components as we have dorer the forces,
so Newton's second law gives

ma, = N wcos =0)

ma, = wsin = mgsin = m(9:8)30°) |a, = 4:9m=s"
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2. A massm is on a hill sloped at angle , and attached to it is a string
that goes over a pulley, and another madd is hanging on the string.

(&) What will be the acceleration of these masses?

(b) What will be the tension in the string?

For each moving mass, draw a free-body diagram and write Newts second law:

A

For the hanging mass,

T Mg= Ma: T
As usual, we are letting up be the positive direction, and dowmrs | M
negative. So ifa is positive, thenM goes up. This equation has both
unknown quantites,a and T in it, so we cannot solve for them yet.
For the sliding mass, the choice of signs is less clear. df
is positive M goes up, butm goes down the hill. So if T
we want to use the symbola for both, we need to say that ﬁ

gsin

T is in the negative direction for this mass

mgsin T=ma

which again has both unknown quantities in it.

From these two equations some algebra will give both unknown First, getting T alone in each
equation then setting them equal, we have

T = Ma + Mg = mgsin ma
Then putting the terms with a together,

a(M + m) = g(msin M)

m sin M

) 1A= 9 —y

Hopefully this result should make senseM goes up or down depending on whether it is smaller
or larger thanmsin . We can now also solve foff, using what we found fora to write

i M i M+ M+
T=Ma+Mg=Mg "l EHl = Mg o
m(1+sin )
T=Mg ———7~:
) 9 —v+m

Again, this might be larger or smaller thanMg, pulling either M or m upward.

Both of these results were probably not obvious from lookingt the original diagram. It was
necessary to look at teach of the masses separately, in twedrbody diagrams, to get the right
pair of equations. It is also often necessary to make sure yare consistent with symbols and signs
when you set things up. The algebra can also be challengingpecially with symbols instead of
numbers; in this case we still won't know what happens withdlbeing given numbers form, M
and , but we can see what the possibilities are.

Essentially the same procedure would be used for a situatitike this following one:
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3. Two massesm and M are attached by a string that goes over a pulley.

(a) What will be the acceleration of the masses?

(b) What will be the tension in the string? M

You will have to decide what you mean by the symba, and then use it consistently. You should
be able to get

n
M+m’

a=g

m M

or the negative of this) andT = M
¢ gative of this) g
" Think about what these results mean whem and M are equal.
" What would happen in the previous example if the slope of thelhivas increased to = 90°?

4.7 Force components and equilibrium

Next, let's look at situations of equilibrium, in which there is no acceleration. According to Newton's
second law X
F = ma

but this means the compnents oF and a must also satisfy

F« = ma, and
Fy = may:

So if an object is not accelerating, we can say that the forcasthe x direction and in the y direction
separately add to zero. Here are some examples:

1. A massm is hanging from two wires of lengthL attached to
posts of di erent heights, as shown. The wires make dierent []
angles from horizontal at each end. What are the tensiong
and T, in the wires?

" For a free-body diagram, we can use the point where the
hanging mass is attached to the wires. L L

" They-components of the tensions must balance the weight

of m:
2

X
Fy=Tisin 1+ T,sin , mg=0

~ And the horizontal components of the tensions must can-
cel: X
Fx = T,cos , Ticos =0

" Then, some algebra allows us to solve for the two unknown teoss:

(

—_ mg CoS 1 _ COoSs 1
COS » . cos , . 2= 5 n, - MA g
Ti= T ) T, sin ,+ sing =mg) o PN sntar2)
COS 1 COS 1 1— mg Sin( 1+ 2)

where the trig identity sin A cosB + cosA sinB =sin(A + B) is used to simplify the results.
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2. Our text shows a traction system for both supporting a legdri-
zontally, and applying a horizontal force along the shin ban(the
tibia).

(&) What is the tension in the rope?
Answer: Wigg = T = mg. The tension is the same everywhere
along the rope; the pulleys only change the direction.

(b) What is the force pulling on the tibia?
Answer: ZT cos because two ropes pull on it at angle.

(c) How could the force on the tibia be increased?
Answer: smaller would give larger horizontal components
of T.

3. Using more pulleys, we can e ectively multiply the force tht a rope will apply to support a load.
Support

" The rope that winds through all these pul-
leys (assuming no fricition) has the same
tension T everywhere.

2T 2T 2T 2T 2T
T " The lower pulleys are each pulled upward

by two segments of the rope, so there is a
force 2ZI' upward on each one.

Load

" With 5 pulleys attached to the load, there
is an upward force of 10 on it.

4.8 Four forces

Read this section if you like, but you won't be tested on any at. It describes and compares the four
kinds of forces known in physics: gravitational, electronggetic, and two short-range nuclear forces.

In PHYS 105 topics, the force of gravity is obviously important The other forces we encounter, such
as the normal force between surfaces in close contact, thad®en in a rope or other solid material, and

the elastic force of a spring or other stretchy material, aturn out to be electromagnetic forces at work.

Atoms carry electric charges that repel when pressed togthend attract when pulled apart.
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Day 3, Hour 3: Friction and uid drag

We know how forces cause acceleration, and have looked atés that include gravity, tension and the
normal force. Next, we will look at two forces that always rest motion.

5.1 Friction

Friction opposes relative motion between two surfaces. Iflaox is pulled to the right across the oor,
friction resists this motion with a force to the left on the ba, as illustrated in Fig. 5.2 of our text. The
microscopic view shows why this happens: because of the rongss of each surface, when they are in
relative motion there are collisions between bumps on the onsurfaces.

Direction of motion

W or attempted motion

— B
Friction IIIIII

e ——

The larger the force pressing these surfaces together, tlader the amount of friction. As we have
already learned, the normal forceN is that force of one surface on the other. So it turns out thathe
friction force f is proportional to N:

f/ N:

But instead of a proportionality, an equation is more usefulSo there is a number, called the coe cient
of friction, designated by (\mu" is the Greek letter for the the m sound), that relatesf to N:

f = N:

Since bothf and N are measured in newtons, the coe cient of fricition is a uniess number. Here are
a few examples from Table 5.1 of the text:

Coe cients of friction

Surfaces Static s Kinetic
Rubber on dry concrete 1.0 0.7
Rubber on wet concrete 0.7 0.5

Shoes on wood 0.9 0.7
Shoes on ice 0.1 0.05

Te on on steel 0.04 0.04
Bone joints 0.016 0.015

Notice that there are two columns of values.

" The static value s tells how well the surfaces can withstand the beginning oflegive motion when
they are at rest.

" The kinetic value  tells how strong is the friction when the surfaces are alregdn relative
motion.

fk: kN
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To illustrate how this works, suppose we try to drag a rubberite
weighing 200 N across a dry concrete slab by applying a for€eto
the right, as shown. For these surfacess =1 and ¢ =0:7.

" So it takes a force larger than ;N = 200 N to start it moving.

~

Then, after it is moving, the force needed to keep it moving is
«N = (0.7)(200) = 140N.

f
| Concrete

If the horizontal F applied to the tire is less than 200N, and
the tire is at rest, then the static friction force is equal in
magnitude to F, and the tire doesn't move.

P
IfF< (Nthenfs=F (so Fy=F fs=0)
If the tire is moving at constant speed, then we know = f, = 140 N:

If the tire is already moving, then a force larger than 140 N Wiaccelerate it. For example, ifF =
180N (and the tire is moving) then

X

w 200 (40)(9:8)
F = F fy=180 140=40= = —a= — = 1 =1:96 nFs:
ma) K ma ga 9:8a) a 200
It is important to recognize that f is proportional to N, N
not w, even though these are sometimes the same. Our
text shows two scenarios in Fig. 5.21 wittN 6 w.
1. In part (a), the pushing forceF has a downward
componentF sin25. Therefore
X
Fy=N Fsin2% w=0) |N = w+ Fsin25]
and the friction force opposing the motion is
(a) "W
f=N = (w+ Fsin25): ‘
F sin25 7 N

2. In part (b), the pulling force F has an upward com-
ponent F sin 25. Therefore

X

Fy= N+Fsin25® w=0) [N=w Fsin25;]

and the friction force opposing the motion is

f=N = (w Fsin25):

So there is less friction in the scenario in part (b).
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Suppose an object of mas® is on an inclined plane at an angle, and there is friction.

A~

~

We already know the normal force on the object exerted by théope:

Wi =

N = w, = mgcos; mg sin

and the component of the weight pulling the object downhillg

Wi = mgsin : J

Static friction might keep the object from sliding down. It is an uphill forcewith maximum value

fs(max): sN = sMgcos:

So if the object does nobegin to slide, we can say that the sum of forces along the séos zero:
X
Fk=fs mgsin =0:

But if the angle is increase¢the normal force decreaseso friction decreaseswhile the downhill
component of the weight increasesAt some angle nax, the object begins to slide, and then

fs(max) = sMQCOS max = MYSIN max;
or, rearranging a little, we can see that this angle gives a msurement of :

mgsin
o= IS max _pan e
MQ COS max

So if the table of coe cients of friction is correct, the stepest angle you could walk up a wood
surface in shoes with ¢ = 0:9 should be

max = arctan( ) = arctan(0:9) = 42° (shoes on wood)
but on ice the limiting angle would be

max = arctan(0:1) =5:7° (shoes on ice.)

If the object is sliding down the hill then the friction is kinetic, and we N ¢
could nd the acceleration: K
X : . mg sin
Fx = mgsin  fx = mgsin kMgcos = ma
mg cos
Cancelling out all them factors gives
N
a= g(sin k COS ) fi
mgsin
mg cos

so friction reduces the acceleration from what gravity wodlotherwise produce.

And if at some angle . the object slides at constant speed down the hill, thea = 0 and we see
that
sin .= kCOS.) (=tan .
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5.2 Drag forces

When we were considering free-fall motion, we ignored the etof air resistance. But, in fact, when
an object moves through a uid such as air or water, there wilbe a force resisting the motion.

~ Unlike friction, for which we assume a constant coe cient ancho speed dependence, for the drag
force of a uid, there is a speed dependence.

1. For very small objects moving at slow speeds the drag force may be Eluid
proportional to v: Fs/ v (Stokes' law) or, as an equation, we have
Fe =Dy

FSZGrV

wherer is the radius of the object, and (another Greek letter, pronounced like \eta") is a
property of the uid called the viscosity, something like the coe cient of friction for layers of
the uid. Bacteria swimming in water would experience Stok& drag as they move.

2. For larger objects and higher speeds, usually drag forsgoroportional [ Eyid
to the square of the speed,; this case is known as Rayleigh'agllaw:
Fo / V2. The drag is also proportional to the cross-sectional ared o
the object A, and the density of the uid , and it is usual to write
the equation as

Fo

1
Fp = é(:Av2

where the factorC is called the drag coe cient, a unitless number
that depends on the shape of the object | especially the shapef the
cross-section that travels through the uid, but also otheraspects of
the shape, such as how well streamlined it is.

Our text has a table of C values for objects including cars and skydivers.

Object C

Sphere 0.45

Cube 1.05

Circular plate 1.12
Horizontal skydiver 1
Vertical skydiver 0.7

"~ Drag forces give rise to what is called the terminal speedf gravity is  [F|id
accelerating an object, then it gains speed until the drag ffte becomes
as large as the weight. At that speed, the sum of the forces isra, and
it no longer accelerates but keeps going at this speed. Foraexple, with
Rayleigh drag, at terminal speed/r

Fo

r—
X 1 2mg

Fy=Fp mg=0) 2CAVT:mg) Vr = CA V1

So, as you might expect, an object has higher terminal speddtiis more mg
massive, has smaller area or a smaller drag coe cient. For astically-
oriented, 75kg skydiver, our book does a sample calculatidimat gives
vr  98nmrs 219 mph.
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Time Topics Assignments

12:30 - 1:20 Friction
1:30 - 2:20 Rotation and Centripetal force
2:30 - 3:30 Catch up, review, practice exam

Day 4, Hour 2: Rotation and Centripetal force

We know from Newton's rst law that the velocity of an object remains constant unless a force changes
it. And Newton's second law says the change is an acceleratioroportional to the net force. But so
far we have only looked at cases in which the net force keepsamstant direction. Chapter 6 deals with
the important case of circular motion due to forces toward th center of the circle. To begin, we look at
how to describe such motion, then at di erent forces that case circular motion.

6.1 Rotation angle and angular velocity =

As

When an object moves along a circular path, such as from point

A to point B in Fig. 6.3 of the text, it travels a distance s A
as shown along the circular curve. This s is related to the ‘ r
radius r of the circle, and also to the change of angle . The o

relationship is

S=1r1 A= —
which is very nice, but only works if  is measured in radians.

You probably know that the circumference of a circle i€ = 2 r ; this is the distance a point
would travel when making one complete revolution around theircle. So by de nition the angle
all the way around a circleis =2 radians 6:283rad.

The circumference formula does not work if the angle is meaed in degrees:C 6 r 360.

The three common ways of measuring angles are related asdob:

|2 radians =360 = 1 revolution: |

A 90° angle is therefore 1/4 revolution, or=2rad.

Although radians may be the least familiar, they turn out to bethe most convenient angular unit
for studying circular motion.

For example, Figure 6.4 from the text shows two points
moving on circles of di erent radii,r; andr,. The distances
they travel s; and s, are di erent too. But the angular
displacement is the same for both:

{ Notice that both s and r would be measured in
meters, so their ratio is actually unitless, even though
it is called the radian. An angle in radians is simply
a number.

{ In formulas, anytime you want to put in or leave out the radianunit, you can, because it is
unitless.
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For straight-line motion we used the velocity de nitionv =
For circular motion, velocity is similarly de ned asv =

X
T
_S
T

For example, in Fig. 6.6 of our text, the y on the rim of
a spinning disk has a velocityw along the rim.

There is another way to describe the y's motion: it goes
through an angular displacement in each time interval
too. The angular velocity is de ned as

1
t

S—
t

SI<

Notice that the units of v=r would naturally be (m=s)=(m) =s 1. But the units of = t would
naturally be rad=s. There is no contradiction though, because the radian is anitless" unit that
we can leave out or add if we want.

Using ! is often much easier than usingy and r. For example, without knowing the Earth's
velocity or the radii of its motions, we can say the Earth's agular velocity as it rotates on its axis

is! = Zd;;‘d, and for its revolution around the Sun! = Zy%d In standard units:
— 2 rad day hr min — 7. 5 ! ; :
ot = day 24hr Somn  60s = 7:27 10 °rad=s (Earth's rotation on axis)

— 2 rad yr day hr mn — 1. 7 ! i
'vev = 557 368day 2ahr somm eos - 1:99 10 ‘rad=s (Earth’s revolution around Sun.)

Rolling

When a circular wheel rolls, the distance it travels is obvialy related
to the angle it turns through by that formula we started with:

s=r
Likewise, the velocity at which it travels along is

vz s=t=r = t=rl

So these relationships apply whether the circular motion &round a stationary center or a moving one.

Example: Boris is riding his bicycle and notices that his wheels are tning exactly 4 revolutions per
second. The wheels have a diameter of 700 mm. How fast is Borisving on his bike?

Answer: The radius is half the diameter. Conversions to standard utsi are shown.

_ 700mm 4rev 2 rad Im
2 s rev 1000mm

8:80 nFs:
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6.2 Centripetal acceleration

In circular motion, the velocity of any particle is always chnging direc- Av =V, -V, 2
tion. Figure 6.8 of our text shows two such velocity vectorsy; and v,, R°
both tangent to the circle of radiusr, and having the same magnitude.

A

To follow this path around the circle, a particle must contimally
turn to the left, and there must be a force in that direction tomake
it happen. A force toward the center of the circle is needed.

To help make this plausible, the small vector diagram suggsghat
the change in velocity, v = v, vy, is directed inward. It becomes
directed exactly toward the center if the time interval shmks to
zero.

Skipping a few lines of algebra that is in the text, it is foundhat
the acceleration toward the center of the circle is

a = (Centripetal acceleration.)

V2
r

The relationshipv = r! gives another useful formja. = r! 2 (Centripetal acceleration.)

Because the motion is circular, the distance travelled arod a circle is 2r so we can say =
2r=T ,, whereT, is the orbital period, the time to go around the circle. So another useful form is

_@r)y? _ 47

rme T2

o

Example: When Boris rides with his 700 mm-diameter bike tires going avod at 4 revs per second,
what is the centripetal acceleration of the tires?

Answer: We haver =0:7m=2=0:35m, and! =8 rad=s so

2
a = 2=(0:35m) ° ;ad = [221 m=2

In case you noticed, the rad unit in the numerator is simply ignored because it is a unit&s unit,
and we don't want it in ac.

Another answer: We already found that Boris's velocity wasv = 8:80 m=s in the previous example,
so we could also use it here to write

V2 (8:8m=s) _ .
=T omEm T 221 m=¢*| again.

Here the units are exactly what we would expect for accelerati.
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6.3 Centripetal force

We know from Newton's second law that acceleration resultsoim a force in that direction. So whenever

circular motion happens, the reason for the centripetal aeteration is a force toward the center of the
circle, given by

2

v r
FC:maC:mT=mr! 2zm 4°2

T2
This force must be acting on any masen whose velocityv is along a circular path of radiusr. We will
look at a few examples of forces that cause circular motion.

(Centripetal force.)

Tension " String
The most obvious example of centripetal force is to have a stg fas-

tened to the mass moving along the circle, as in Fig. 6.35 fronuro

text. As the mass goes around, the string provides the tensiom keep

the mass always changing direction. This tension is alongdhstring

toward the center of the circle.

Example: A 50-gram mass on a 60 cm string is twirling around in a horizta circle with an angular
velocity of 3rev=s. What is the tension in the string?

Answer: Since we havan, r and! we can convert each quantitiy into standard units

_ kg  _,.
m =50 gram 1000 gram 0:05kg
r=60cm 100cm: 0:6m
| = 3rev= 2 rad:6 rad=s
S rev
and then use the formulaF; = mr! 2 = (0:05)(0:6)(6 )? = |10:7 N: m
Example: Let the same circular motion as in the previous example be W Tto\p\\

happening on a verticalcircle. Find the tension in the string at the
top and the bottom of the circle. / .

Answers: One drawing is probably clear enough to su ce as the free-bgd ;’ |
diagram for the mass at each position. \ '

" Atthe top there are two forces downward, the string tensionrad =~ -
the weight, so bot
W+Top = Fe=mrl 2) T, = mr! 2 mg=10:7 (0:05)(9:8) = |10:2N: WY

~ At the bottom, w is downward and the tension upward, so

Toot W= Fc=mrl 2) Ty = mr! 2+mg = 10:7+(0:05)(9:8) = [11:2N:

So there is more tension at the bottom of the circle.

Whenever there is circular motion, the force toward the centanust be F. = mv?=r = mr! 2. So in this
case a combination of weight and string tension provides théorce.
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Friction

It is also possible to produce circular motion using the foecof friction as the

centripetal force. Here, from a top view, is a sketch of a redcgoing along a b .
horizontal circular path. The driver turns the steering whel to the left, the
front tires turn leftward, and the car turns left. ¢ K

" For the car to go straight, the tires would have to slide acrasthe road.
But if there is enough (static) fricition to prevent that, the car changes
direction instead, following the curved path.

’
7’

" When there is not enough friction, the car may slide in a stralg line ’
instead of turning.

" If the centripetal force is due to friction we can write Fc = mv?=r= mg ) v2=r= g:
Example: What minimum static friction coe cient is needed for a car gong at a speed of 60 kihr to

make a turn on a radius of 30 m?

. — 60Kk 1000 hr _ . —v2 _  (@67m=s)?  _ [~ 3 :
Answer: v = =M Sl o d = 16:7mM=S, SO s = \r/E = GmEsEm=D - 0:945 | This should work on
a concrete road that is dry (s 1:0) but not on a wetroad ( s 0:7).

As another example, this gure from our text shows how frictia and the Free-body diagram
normal force allow a biker to lean into a turn on a horizontalead. The normal

force on the wheel is vertical, and the friction force is haontal, providing

the centripetal force toward the center of the circle. Thesare perpendicular
components of the net forc& that is along the symmetry axis of the bike and
rider. We can see from the vector diagram that

N =w=mg= F cos

f=N = mg = F.= mv?=r = F sin
F sin = tan :_2) tan :_2
F cos r

So the angle will be larger for a higher speed or smaller turn radius.

Example: Boris is riding his bike at 6 m=s and needs to turn at an intersection on a radius of 5m. At
what angle will he be leaning from vertical as he makes the P
h [
. _ 2 _ 62 _ . ~o. . . . .
Answer. = arctan % =arctan gt = There is no good reason to put this in radians,

but if you want to, or your calculator was in that mode, then 363° 15%5‘ =0:634rad.
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Luposlipaphobia: The fear of being pursued by timber
wolves around a kitchen table while wearing socks on a
newly waxed floor.

Example: Gary hasLuposlipaphobia What is the shortest time in which he can run around a circle of
radius 2m while wearing socks with a friction coe cient ¢ =0:17?

Answer: mg=Fc.=m 4 25) T,= “2X= @

77 o - ©ODes - 9s: Probably too slow.
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Time Topics Assignments

12:30 - 1:20 Test 1, Work, energy
1:30 - 2:20  Potential and kinetic energy
2:30 - 3:30 Conservation of energy, Power

Day 6, Hour 1. Test 1 review, Work and energy

Test 1

Solutions are posted on Canvas.

Now that we have looked at Newton's laws of motion, it might seesrlike they are su cient for whatever
we might want to gure out. But we will look at two more topics today that are helpful in special
situations, and also two of the most important big ideas in pysics. These topics are Energy and
Momentum. If you want to express the way the universe works ias few laws as possible, two of those

laws are that Energy and Momentum are conserved.

7.1 Work

The concept of energy is a bit vague because it is related to s@ny things and comes in many kinds.
An easier place to start understanding energy is the concept @fork: a common word, but with a

scienti ¢ de nition.

" A very rough de nition of Work is to say it is a Force times a Disance. If a force of 10 N moves

something 2m, then the work done is

W =Force Distance=10N 2m=20N m

" The standard unit of work is called the Joule, abbreviate as J. SbJ=1N m.

" A better de nition of Work is needed, because sometimes therare several forces acting on an

object, and they may or may not be involved in doing the work.

{ For example, a box on the oor has weightv, and the
oor pushes up on it with a normal forceN . If another
force F pushes on it at an angle from horizontal, as

A

N

shown, the box can only move horizontally. If the box
is displaced as shown by the vectad, then how much
work was done by each force?

Y
w

{ It turns out that neither N nor w do any work, and only the part of F aligned with the

displacement is doing any work.

~ The right de nition uses the componentof each force in the direction of the displacement.

W=(Fcos) d

whereF and d are the magnitudes of the forc& and displacementd, and

these vectors.

is the angle between

{ In the example above, bothN and w are at angles of 90 from the direction of d, and

sin9C = 0.

{ Any force with no component in the direction of the displacenm does no work.

A

Both F and d are vectors, but this way of multiplying them gives a scalarWork has no direction.
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Positive and Negative Work |
As another example of work, suppose a foréeis able to lift a mass. 3
1. To be speci c, let the weight of this mass be 10 N. Raisingm

2. A force F = 10N upward could lift this mass at constant h=3m
speed. If it is displaced vertically a heighth = 3m, then the ‘F - 10N
work done by the forceF is

We = F cos = (10N)(3m)cosC® = [30J:]

Y

3. But the weight is another force on this mass, the force of
gravity, and we can calculate the work this force does too: w =mg=10N

Wyray = mghcos180= mgh= ( =180° becausew and h are in opposite directions.)
Work can be either positive or negative. It is still a scalar | it has no direction, just a number, but the
number may be a negative one or positive.

To emphasize this, suppose now that the 10 N mass_is lowei@oh. ‘F ~ 10N

1. The weight of this mass is of course a downward force of 10 N.

2. A forceF = 10N upward is used to lower the mass at con- --1--
stant speed. So it is displaced vertically a distance = 3m
downward, as shown. The work done by the forde is

Y
w =mg=10N
WE = Fhcos =(10N)(3m)cos180=| 30 h=3m

Lowering m

3. But the force of gravity does

Wyrav = Whcos = (10N)(3m)cos(® = . A

So, there is nothing surprising about either a positive or gative amount of work. It depends on whether
the displacement and the force are in the same direction or ppsite.

Friction is always in the direction opposite the displacem, as in this situation we looked at previously:

A
N
] d
f —l —
A 4
w

The force of friction isf = (N, and if the forceF pushes the box to the right, then the friction force
is toward the left, and the work done by fricition is

W; = fd cos180= fd = «Nd:
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Which of the forces in these diagrams does positive or nega&tiwork?

d F
d
N N_~7
fi
mgsin mg sin
mg Cos f mg cos
(a) m sliding downbhill (b) m pulled uphill by F
(a) - Wgra\/ = 7 (b) - Wgra\/ = ’7
" Wf =7 - Wf =7?
B Wy =7 B WEg =7
" WN =7?

Work and Energy

Now that we have some understanding of the concept of work, weutd give this de nition of energy:
Energy = Ability to do Work :

There are many kinds of energy but we will focus on just a fewrlds in PHYS 105, including
1. A mass raised to a heighh has gravitational potential energy gl @----h
PE = mgh
0
Work is done to raise the mass giving it the ability to do this mach work.
2. A mass is given a speed: this gives it kinetic energy.
1 @) —
KE = Zmv?
Work was done to get it moving, so it has the ability to do this mch work.
3. A material is stretched or compressed giving it elastic {(&spring) po-
tential energy. k
— T —
1 . . -
PEs = Ekx2 (herek is a property of the spring.) X

The work done to stretch the spring is the amount of work it carlo.

., T

/S Y

4. Molecules at a temperaturel have kinetic energy/ T. For gases,

" :" & lf
| = 34T (herek is Bol ' PR3
Internal energy Ugas = > T (herek is Boltzmann's constant.) ' > \:\\ '

AN |

Low T High T

For solids and liquids, adding heat can change the tempera&

Heat Q = mc T (cis the specic heat of a solid or liquid.)

In PHYS 106 you will see other kinds of energy. For example, eflec charges that repel or atttract

have electrostatic potential energy. Protons and neutronthat form an atomic nucleus have some of
their mass converted into nuclear binding energy.
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Day 6, Hour 2: Potential and kinetic energy

7.3 Gravitational potential energy PE

When a mass is lifted upward, there is work done by the force thdifted it: W = mgh. But now
this elevated mass has something it did not have before: it fidhe ability to do work, speci cally, the
amount of work it can do is alsomgh. So this is the energy it gained by being elevated a distanbe

" For example: suppose you need to crush some pop cans. Thisuresp

work, because a force must be exerted on the can through a diste
to crush it. A su ciently heavy brick placed on top of the can should

do it. W@) 8 )

3]

Our book uses the de nition PEy = mgh, because only changes potential energy can ever be
measured. This is because the starting value féris wherever you like. Usually it makes sense
to say that h = 0 at the lowest elevation to which a mass goes. But the and tle subscript are
awkward to carry along at times, and the book sometimes doésuose them. | will just use

Gravitational potential energy does not depend on the patiaken to reach elevationh. So, for
example, if we slide a brick up a ramp, and it reaches height then it has the samePE as it
would if it were lifted straight up.

{ For a ramp whose angle is, the distance it must go
up the ramp is longer thanh: it is d = h=sin , but
the force needed to move it up the hill is less than the
weight: it is F = mgsin . So the work done against
gravity is still

W =(mgsin )d=(mgsin ) SI% = mgh

Can

{ If there is friction on the ramp then the total work to
raise the brick this way is larger. But the ramp allows
a smaller force to raise the brick, so this may be a good
method anyway.

7.2 Kinetic energy and the work-energy theorem

How much work is done to get a mass1 moving at speedv? Suppose a
force F accelerates the mass through a distance Then F

W=F Xx=m a x: X
We have an equation that relates the velocity to the accelaian and displacement, from which we can
get an expression foa Xx:

1 1
2 — 2 - 2 2
Ve = vi+2ax a X= =V =V
0 ) 2 20
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Thus, the work done on the mass can also be expressed as a changts kinetic energy

1 1
=-mvZ Zmvi=KE; KE;= KE
2 2
using kinetic energy de ned aKkE = %mvz. If work is done to accelerate a mass, it has this much
ability to do work. The moving mass can, in turn, exert a forcé= through a distancex as well.

Example: A baseball has a mass of:045kg, and a fast pitch can have a speed of around 100 mph.
What is the kinetic energy of a baseball moving that fast?

Answer: )
1 5, 1 100 miles 1609m  hr _ _
KE = émv = 5(0.145 kg) hr e 36005 145 J.

It would have this much gravitational potential energymgh if thrown to an altitude of 102 m.

Let's go back a moment to the idea that led to this de nition ofkinetic energy | the work done by a
force to change the speed of the mass. Suppose there are mangefs on the object, and~ is the net
force, the total of all the actual forces. We get the same rdstior the net force, and so we can say that
the net work done by all the forces is

1 1
Wt = KE = émv2 émvg
We saw earlier that friction does negative work. Suppose weigh a mass forward a distancd using a
force F, but at constant speed. This means the friction forcé is equal to the pushing forcd=, but in
the opposite direction of course.

A
N
_F o d
f—— —
A 4
w

In this case, the total work done, or the net workis zero:

Whet = KE = Fd fd =0; (becausef = F.)

This is easy to see when the speed is constant. But whether tfagces are equal or di erent, it turns
out that the net work is given by KE .

Example: Boris pulls a wagon that has a mass of 20kg, accelerating ibfn rest to a speed of 6 #s.
There was friction opposing him. What was the net work done orhe wagon?

Answer: Wpe =  KE = Zmv2 = 2(20)(6)? = 360J by both Boris and friction.

Example: Suppose he pulled the wagon with a constant force of 20 N for stance of 25m. What was
the magnitude of the friction force?
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Answer: W 360J
net — - . -
q 20N 55 m 5:6N:

Wpet =360J=F d f d) f=F

One of the reasons energy is such a useful tool for understangdmotion is that energy is a scalar

" When motion takes place along a curve, such as in Fig. 7.8 frometkext, it would be very di cult
to keep track of the force vectorand the resulting accelerations as the slope of the track ainges,
and then use all that to work out a nal velocity v at the end.

N = w cos

l Finish
viE R

A

But we can see that when gravitational potential energyE is lost, kinetic energyKE is gained,
and vice versa.

A

If we knew the total of PE + KE stayed constant, then we could simply say
PE; + KE; = PEs + KE Sta['t )

mghy + 0 = mgh; + %mvf2

1
mg(h; hf)= Emez

~

G ———
) [vi = 29(hi h):

{ So at the end whereh; hy =20m, vy = P 2(9:8)(20) = 19:8 m=s:
{ Atthe low point where h; h; =25m, vy = P 2(9:8)(25) = 22:1 m==s.

So, an important question is whether or not these kinds of ergy are conserved.
" It turns out that, if we include every kind of energy, then enmyy is conserved:

PEgav + KE + PEgying +thermal energy + chemical energy + nuclear energy +:: = constant.

" The energy unit, the Joule, is named after one of the researchavho in the 1840s did the most
to prove the conservation of energy.
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7.4 Conservative forces and potential energy

Potential energy is energy due to a change of position, if thEath taken doesn't matter.

" A massm lifted to a height h has gravitational potential energyPE = mgh because that is the
amount of work done to put it at that elevation.

{ Only vertical changes matter, so any path to the heighh gives the sameéPE. The gravita-
tional force is therefore a conservative force, arféE is a conserved type of energy.

~ Another kind is the potential energy of a stretched or compresd spring. If the force needed to
change its length byx is F = k X, then the work done is

1
PEs = =kxZ:
s 5 X
F
= F=kx Slope = k
VW e —

“JﬁNUllef: é W = lkXQ i
i - ko

! PES = E kx2 1 : E

k—X--i Area = Ekx E

0 X X |

(@) (b) (©)

This k is known as the spring's force constapmeasured in units of Nm = kg=s?. The larger this
constant, the harder it is to change the length of the springThe magnitude of the force increases
with x, as shown, and the work done is the average force multiplieg the displacementx.

{ It doesn't matter how the spring arrives atx, PEg only depends on the nal valuex. So the
spring forceF is a conservative force, andPE; is a conserved type of energy.

Example: Figure 7.12 from our text shows a spring that sends @y car up a hill, converting
PEs to KE to PE. The spring's force constant ik = 250 N=m, and it is compressed a distance
x = 4cm then released. The car's mass isDkg. What will be the speed of the car when it has
reached the point 18 cm higher than it started?

Path of the Car

T — gt gt 1=

Alternate path ~_»

r

_ 1 2 _ 1 2 = kx?
PE, = PE +rKE ) Skx®=mgh+ Smv?) v= - 2gh
V= (250)(C04y 2(9:8)(0:18) = 0:687 nFs:

0:1
This is independent of the path, because all the forces arenservative ones.
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Day 6, Hour 3: Conservation of energy, Power

7.5 Nonconservative forces

Some forces are non-conservative, and the one we will dealhwihe most is friction.

Example: Fig. 7.34 from our text shows a car rolling down overills to a gas station, where the driver
stops for a re ll.

Coasts Down
Hill
Coasts Up
PE! KE Over Crest
Coasts Down
KE ! PE Hill

Stops for
Gasoline

rd.“\ PE! KE

O KE! Q

" You can see there are some changes in mechanical energy frotemgial to kinetic and vice versa.

" At the end, by applying the brakes, using friction to stop, tke driver converts mechanical energy
into heat.

{ Hot brakes are not useful for getting the car moving again.

{ An electric vehicle could convert some of the mechanical eggrinto stored electricity, which
could help the car get moving again.

{ Vehicles such as city buses that stop and start all day contea great deal of energy into
heat. An electrical or mechanical system for storing the engy would be helpful for energy
e ciency.

" The work done by friction is always negative. It is not stored @ potential energy that can be
recovered by returning to the starting place, as was the cager the work done by a spring or
gravity.

" The work done by friction is converted to heat, or thermal errgy Q, and we can consider it as
lost from the mechanical energy of a system.

{ There are devices, heat engines, that can turn heat energydikanto mechanical energy, as we
will see later in PHYS 105. They are usually not very e cient, al some of the heat energy
is always unrecoverable.
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7.6 Conservation of energy

The book includes this gure showing a guy pushing
a crate up a ramp and opposed by a friction force
He is converting food energy into mechanical work
He does not get the food back if he pushes the crat
back down the ramp, so there is something going o
here like the non-conservative force of friction. But
it is complicated enough that our book chooses t«
call this sort of energy sourcé&E, which stands for
\other energy."

"~ If this crate has 500 J ofPE at the top of the ramp, then it could be pushed up a frictionlesramp
by doing 500J of work. That is,Wyy 4,y = OE = PE =500J.

But if there is friction, it takes more work to push the crate. Supposing 700J of work is needed,
then 200J is the work done by friction. SONyy g,y + W =700 200 =500J= PE.

So when non-conservative forces are involved, we can saytthi@ initial mechanical energy is
increased by the amount of work done by non-conservative é&s and any other energy added:

PE,+ KE; + W+ OE = PE; + KE¢

or, equivalently
W, + CE = PE; PE; + KE ¢ KE ;

which is saying
W,+ OE= PE+ KE:

{ Thus, if some of the mechanical energy of a system gets losi, SPE + KE < 0, we might
blame this on non-conservative forces such as friction thaio negative work. Or we might
nd that the mechanical energy has turned into another form gch as sound or heat, which
can be understood as kinetic energy of molecules.

{ Or,if PE+ KE > 0, it means that some other form of energy, such as your break,
has been turned into mechanical energy that got you moving sent you up a ight of stairs,
etc.

7.7 Power

Another important concept related to work and energy is powera measure of how fast work is being
done, or energy is being used:

Power =P = — Unit:

= Watt=W :
time

Work o J
S

You have to be careful wit theW that represents work, when you now also have the W that represts
Watts. You can tell from the context whether it refers to a uni or to work.

The Watt may be familiar to you from the way light bulbs are degnated: a 60 W bulb is a common
type. A kilowatt is, of course, 1000 W, and you may have heard this power unit too.
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When you buy electricity, you get charged for the amount of emgy you use, and the unit for this is
usually the kilowatt-hour (kWh) de ned as

3600s 1J:s: 36 1]

1kWh =1000W 1h
' hr W

If you were to turn a crank and keep a 60 W bulb lit for a week, thamount of work it would take is

60J 24 hr 3600s kKWh
Work = —— 7 = 10kWh:
or S (7 days) day hr 36 10°J 0

You would probably want to be paid handsomely for doing thisgb, at least minimum wage. Electric
companies charge something like 12 cents per kWh, so you cary Itibe energy for around$1.20.

And another common unit is the horsepower:
Horsepower =hp =746 W

which corresponds roughly to the rate at which a horse can gebrk done.
If you would like to know your horsepower, try doing somethig ike the gure below suggests |

KE + PE,q
]

i i "
>

(g
W\ b
| LY
Yam
a —
45 N

)

Climb a stairs as fast as you can, then divide the work by thertie you needed:

P = Work _ mgh
© Time  t
Suppose a person weighs 1000 N, and can get up a 4m high ight &#is in 5s. Then
P = (1000N)(4 m) _

hp _ .
e =800 W —746W—1.O7hp

Another form for Power that is sometimes useful is

for a situation in which a force is moving something at the sjgel v. For example, a motor that can
supply 1 hp is used to lift a load of 500 N. How fast can it lift thidoad (at constant speed)?

746 W
m - 1 .49 n]zs.

<
I
T| T
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Time Topics Assignments

12:30 - 1:20 Impulse and momentum
1:30 - 2:20 Collisions Quiz #4
2:30 - 3:30  Equilibrium, Torque, Statics

Day 7, Hour 1. Impulse and momentum

Last time we looked at how one can use conservation of energyunderstand how things move. For
complicated motion, such as along a curved path, using engrgoncepts is a better approach than the
straightforward use of Newton's laws.

Today we will look at another conserved guantity, momentumwhich turns out to be very helpful in
situations such as in collisions of objects, when forces drard to use because they vary with time. In
any interaction of objects, momentum is conserved. Momemtuis the last of the main topics that make
up our study of linear motion.

Next, we will return to the topic of rotational motion, and look brifely at how each of the topics of
linear motion has some analogous topic for rotational motio As a rst topic, we will look at torque,
the rotational equivalent of a force.

8.1 Linear momentum and force

Momenum is de ned a a vector quantity.

A baseball, with massm = 144 grams moving East at a speed of 45¥a would have m %
momentum @—»
p =(0:144kg)(45 n¥s) = 6:48kg m=s East. P
" The units of momentum are just kg m=s, which is equivalent to N s; unlike many other combi-
nations of units, this one has not been given anybody's nam&lame it after yourself if you like,
and see if it catches on.

Newton expressed his second law of motion in terms of momentdoy saying

Fret = _F;

~ If m remains constant, then we have the familiar versioR e = ™ tV = ma.

~ For cases in whichm is also changing, as it does for things like rockets, Newtorégpression works
too, but that would be rocket science and we won't be dealingitl that.

" What we will do, though, is move the t from the denominator and put it with F¢, and de ne
this quantity as \Impulse" so that Newton's second law says

Impulse =F,g t= p= change of momentum

The next section shows how this concept of impulse is useful.
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8.2 Impulse

When objects collide, the forces acting between them may beitgu
complicated, changing in magnitude over time. But the chargin
momentum that occurs for either object tells us the overall ect,
which is the impulse. For example, when a baseball is strucly la
bat, it becomes deformed, as in the photo below, and a plot dfie
force versus time acting on the ball is some sort of curve likbe
one shown.

N

The actual forceF,a Of the bat on the ball begins at some
time t;, and grows larger as the ball is crushed.

Then the force begins to decrease as the ball rebounds and F P
nally ends when the ball leaves the bat at timet,.

Because the force on the ball changes with time, so does the /\
ball's acceleration. [ . Y.

" If we knew how a varies with time, we could use it, with ‘
some di culty, to calculate the resulting changes in the bdls
velocity. t; t 1

But it turns out that the same changes would have happened ihe force on the ball had been a
constant one, shown as the \e ective" force-, , for the same time interval t=1t, t;.

The impulse is easy to calculate from thé, function: it is Fe t, the area under the force
function. The \actual force" curve has the same area under,ihence the same impulse.

The change in momentum for the ball is equal to this impulse,caording to Newton's second law.

Example: A baseball (n = 144 grams) is pitched at m Vi Vs m
45 m=s East, and the batter h_|ts it straight back — [ — @
at 75 m=s West. What was the impulse on the ball? Pi Pt

Answer: Calling the eastward direction positive, East West

Fe t= p=pr pi=m(v¢i Vv;)=(0:144)( 75 45)= 1728N s

This tells us, certainly, that the force of the bat on the ballwas in the Westward direction. But it
doesn't tell us how the actual force varies with time, or evethe average (e ective) forceF, , nor does
it tell us the time t of the collision; we only know the product, the impulsef-, t.

" If we are also given the collision time, say, t = 2ms = 0:002 s then we could also say

p_ 1728N s _
t 0002s
which is negative because it is in the Westward direction, ase should expect.

Fe = 8640 N

A

If the collision time could be made longer, the force would Hess.
Here are some questions related to impulse:

{ What is the reason for air bags in a car?
{ What is a good way to catch a water balloon, or an egg tossed towayou?
{ Why are hammers made of hard materials like steel?
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8.3 Conservation of momentum

In the previous example we were looking at how the change in mentum of the baseball told us about
the impulse from the bat. Next, let's think about the momentumchanges of bothobjects involved in a
collision.

" Before their collision, two massesm; and m, are Pai P2
moving with momentap,; and py as shown. @—> 4—@
" When they collide, each experiences a force on itself Before the collision

due to the other mass.
" Newton's third law says these forces are opposite Fon1 <-—> Fon2

but equal in magnitude. And the time of the colli-

sion, t must be the same for each object. So During the collision

P1= Fon1 t= Fon2 t= p2 Pas @ @ P2t
g —

" Each mass has a change in momentum, but the total —
change for the system of masses is After the collision

pi+ pP2=0=( pi+ p2)
This must be true in any collision or interaction of particls, that the total change in momentum of the
particles is zero. Therefore, we can say that

’ Protar = CONStant ‘ ) ’ Poefore = Pafter - ‘ ‘L
It is not easy to see that this is true in some collisions. Fonstance,
suppose you throw a tennis ball at a brick wall, and it bounces pr = p
back at you with the same speed. Clearly, the ball has a changé D
momentum
Poal = Pr Pi= Pi Pi= 2pi

and the wall doesn't appear to be moving before or after the lision, so it may seem that there is a
change in the total momentum of the system.

But the analysis above reminds us that the wall receives an pulse opposite that of the ball: a force of
the same magnitude as the ball received also acts on the wall the same time interval.

" Because the wall is so massive, it doesn't need much velodity have a momentum as large as

required:
Protal = Pi{}‘_% = P"L“"{Zi':

before after

If the wall is attached to the Earth, the system of interactirg objects would include the Earth too.

If you use a less-massive wall, a physics book for exampley yan see it recoil, and the book/ball
system should have constant momentum:

Protal = Pi + 0= Pt + Ppook:

Itis also hard to see the conservation of momentum in coll@is where friction is at work. Frictional
interaction of surfaces is essentially a long-time coll@i between the surfaces. So we can test some
of these ideas better using a nearly frictionless apparatusn air track.
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Day 7, Hour 2: Collisions

Collisions can be complicated in the real world. To better wterstand them, it is helpful to consider two
idealized types:

" A perfectly inelastic collision is one in which the objects stick together.

" A perfectly elastic collision is one that conserves the total kinetic energy.

In both types, of course, momentum is conserved.

8.5 Inelastic collisions in 1 dimension

A perfectly inelastic collisionis one in which the colliding Va Vi
objects stick together. @ —_ -— @

A

They have di erent initial velocities, v and vy,
and it is important to correctly specify their signs,

because they are vectors. Pick a direction to call
positive, and stick with it. @

After they collide, there is a single velocityv; for Objects stick together
both objects.

Vi
" There is one equation describing their interaction: @@

Pi = Pr After the collision

Before the collision

M1V + MaVy = (Mq + My) V¢

So if the masses and velocities are known before the collisicghen the nal velocity can be
calculated as

mqVq + MyVy; . . ..
Vi = : L (Perfectly inelastic collision.)
ms+ mo

Air-track demonstrations

Initial Conditions Expected

Masses Velocities Outcome

— _ 1
_ Vo =0 Vi = Vi
my = mp _ _ 6
Voi = Vi Vf =
Vo =0 vi O
m; m; _
Voi = Vi Vi \i
Vo =0 Vi V
m m. 2i f 1i
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8.4 Elastic collisions in 1 dimension

. - o . 21 Vi
For a perfectly elastic collision because kinetic energy is @_>1' "L_@
conserved it turns out the two objects must have di erent

nal velocities. With some algebra we can derive two Before the collision
equations for the two velocities after the collision. First,

1 1 1 1 Foo - o F
KE; = KE;) émlvff + Em2v§f = émlvﬁ + émzvgi ont on2

During the collision

Multiplying by 2, and collecting the m; and m, parts we

have v Vv
2 2 _ 2 2 . 1f 2f
m 1 Vlf Vli - m 2 V2f V2i . e —

But x2 y2=(x+ y)(x SO we can write
y = X y) After the collision

my (Ve Vi) (Var + Vai) = ma(var Vo) (Var + V)
But we can recognize the rst terms on each side of the equatias changes of momentum, so

P1(Var + Vyi) = P2 (Vor + V)

and we already saw that p; = p2 in collisions to conserve momentum. So we can cancel thisrter
on each side and we are left with
Vip + Vg = Vor + Vol

With this equation and the momentum conservation equation,
my(Vee Vi) = mMa(Var  Vai)

we can solve for the two unknown velocities. Solving fags in each gives

_ _ my
Vor = Vit + Vi Vp and vy = vy + o (Vi Vir)
2

SO we can set these expressions equal to each other, solverfarthen, at last, usevs to solve forvy :

m; my 2m, 2mq m, my
Vifg = ———— Vit ———— Vy;jand|Vvy = ———— Vyj+ ——— Vy
m; + mp m; + mp my + my my; + my

These are not given in the text, but they can be useful in homesk, and will be provided for the test.

Air-track demonstrations with Voi = 0.

Expected outcomes

- m; m _ _2m
MaSSGS Vj_f - miTmévlf V2f - ran]i.nlei

mgy = mp vir =0 Vor = Vi
m;<m; vif <0 O<vy <vy
m;  mp Vi Vi vr O
mg>m; Vi >V >0 Vo > Vi

mi  my Vie Vi Vo 2V
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Quiz #4

Day 7: Hour 3: Rotational motion, Torque

Now that we have gotten through the topics of mechanics for l@ar motion, our nal task is to go back
and do it all again for rotational motion. Before we begin, | wuld like to encourage you that you
already can probably guess many of the equations. For many tbem, it is simply a matter of trading

one set of letters for another. Here is a table that may help:

Linear motion Rotational Motion Greek
Name Symbol/De nition Unit Name Symbol/De nition Unit letter
Position X m Angle rad theta
Displacement X=Xt X m Angular displacement = ¢ i rad Delta
Velocity v x=t m=s Angular velocity = =t rad=s omega
Acceleration a= v=t m=¢’ Angular acceleration = 1=t rad=s alpha
Force F N Torque N m tau
Mass m kg Rotational inertia I kg m?
Kinetic energy KE = Imv?2 J Rotational KE KE 1ot = 31! 2 J
Momentum p=mv kg m=s  Angular momentum L=1 kg m2=s

Here are the connections between linear and rotational quantities for desibing motion on a circle:

Radius r
Arc length s=r
Velocity v=rl
Acceleration a=r
Centripetal acceleration — ac = v2=r = r! 2
Centripetal force Fe= mv2=r = mr! 2

And here are examples of equations we have used in the linear sensegrislated into rotational versions:

Linear Rotational
x=x0+v0t+%at2 = 0+!0t+%t2
Equations of motion v = vg+ at Il =1+t
vZ=vi+2a(x xo) !2=12+2 ( 0)
Newton's 2nd law: Fpet = ma net = |
Work: W = X W =
Work-energy theorem: Wyt = KE Whet =  KE (ot
Impulse: Fpet t= p net t= L
Momentum conservation: pitar = CONStant L otal = CONstant

So that's here we're headed in the next couple days; not to re-do evything in detail for rotation, but to get a
grasp of what these rotational quantities are, how they correspond to the rare familiar linear quantities, and

how they a ect the way things move.
Chapter 9 introduces just one of these new characters, torque,
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9.1 First condition for equilibrium: forces

We saw previously in our study of forces that when the net force on an obg is zero it does not accelarate:

X X X
F=0) Fx =0 and Fy=0:

For example, if an object has opposite forces of equal magnitude on it,
as in the upper diagram, we expect that it will not accelerate.

Nothing should happen. It will not accelerate in the x or y directions, > <
because the net force in both directions is zero.

But suppose the forces are still opposite in direction, equal in magnitde,
but displaced as shown in the middle diagram.

Now we would expect something to happen instead of nothing. We =
should expect the object to rotate —

If it is some kind of uniform object, one with the same distribution of °C
mass everywhere, then we would nd that it rotates around its center F
(marked with a C).

But suppose one end it is held xed somehow, so this point can't move
We can call this point the pivot, as our book does. The pivot point is -
marked with a P in the third diagram. Now what would you expect to F
happen?

{ Nothing?
{ Rotation clockwise?

. an N . _
{ Rotation counterclockwise P = pivot point

9.2 Second condition for equilibrium: torques

In the example above, there should be a counterclockwise rotation as r@sult of the two forces displaced. Each
of the two forces produces a torquewhich is the rotational version of a force. Torques cause rotational motion
similar to the way forces cause linear motion. We will look at the rotational version of Newton's second law
next time, but for today we can learn about how a torque is de ned and produced. m

The de nition of torque is made of two quantities, the force applied to the
object, and the distance from the pivot point to the place where the foce is
applied, a distance known as the lever arnr- :

=r,F (Unitt N m.))

The subcript ? has an important meaning that can be interpreted in two
di erent ways, as we'll see. But rst, take r, as the distance from pivot point
P to the place where the force acts on the object.

" In the diagram here, each of the two forces has a lever arm, marked,,, for the lower force, andrccy
for the upper force. The subscripts are to indicate that one force wouw cause a clockwise torque, that
would tend to rotate the object in that direction, and the other force would produce a counterclockwise
rotation.

" Which torque wins? Since the forces have equal magnitudes, but thiever arms are di erent, the larger
lever arm produces the larger torque, and the object rotates counterdckwise.
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Now we can see that there is a second condition for equilibrium: if thee is to be no rotation, then the torques
must balance each other. Torques can be summed if we call one directiorogitive and the other negative. Then
the condition for equilibrium is X

=0

Our book, like most, makes the choice to call counterclockwise torges positive (just as angles are positive in
the counterclockwise direction), and clockwise torques are de ad as negative. This is arbitrary, of course, like
saying up is positive, down is negative, but it can be helpful to h&e a de nition and stick with it.

Lever arm details

Figure 9.6 from the text illustrates how the torque is determined for di erent situations when a force is applied
to a door. The pivot point is the door's hinge, shown connected to a wal

(a) A force F is applied perpen- -
dicular to the door at a dis- 2 E \
tancer = r, from the hinge /'\ /

SO
a = rF counterclockwise
(b) The force is smaller, F©, so
b= rF 0< a
(c) The lever arm is smaller,r® so
C < a

(d) The torque is clockwise with
F andr, so

a= IF =34

(e) This case shows how to compute the lever arm when the force is natt right angles with the object. The
lever arm r, is the perpendicular distance from the pivot point to the line along which the force acts
" The easiest general de nition is that the force vectorF and a vector
r from the pivot point to the point where the force acts, make some
angle , and the torqueis =F r sin .

One can say either that the lever arm is the perpendicular distance
from P to the line along which the force acts ¢ sin ), or that the
force component perpendicular to the vectorr is F sin . In either
case, the torque is

Tr = rsin

v

=F r sin:

() In this diagram, the force is along a line through the pivot point, so there is no lever arm, and no torque.
The angle between the vectord= and r in this case is zero, and sin®= 0.
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Here is a case of equilibrium: two
kids on a seesaw which is perfectly A
balanced.

" There are three forces: the
weights of the children, wq
and w,, and the normal force
at the pivot point, Fp. Be- m,
cause the system is at equi-
librium, we can say for the
forces,

X

Y
L

Fy Fp W1 W2 0; w1
and for the torques, with lever
arms measured from the pivot
point,
X

=Wir; Woro+tFp 0=0:

To show this with numbers, supposew; = 200N, w, = 300N, and r{ =1m.

"~ Whatis Fp?
Answer: Fp = w1 + wy = 500 N:
" What is ry?
W1 200 2
Answer: = =r1—=(1) =— = =-m=66:6cm:
sSwer: Wir1 = Wolo ) r» rlw2 D 300 3m m

Notice that, since the system is at equilibrium, the choice of a pivotpoint is really arbitrary | the system is
not rotating, so it is not rotating around any point we choose. Suppose we chase as pivot point the location
of the left seesaw rider.

Now the torque equation would say

X 2 5
= wi(0)+ Fpr1  Wa(ri+ rp) =0+ (500)(1) (300) 1+ 3 =500 300 =0

as it should be.
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Time Topics Assignments

12:30 - 1:20 Rotational kinematics and inertia
1:30 - 220 Rotational energy, Angular mopmentum Quiz #5
2:30 - 3:30 Collisions, Conservation laws

Day 8, Hour 1. Rotational kinematics and Inertia

Today we will look in some detail, but brie y, at how the equatons of motion, Newton's laws, and the
conservation laws for energy and momentum are all applicabto rotational motion. The main goal
for today is to learn about the angular quantities, but somemes it is helpful to also think about their
connections to motions tangent to the circle, or radially iward, and to other quantities we have studied

previously.

10.1 Angular acceleration

We have looked previously at and !, and next we
include angular acceleration (Greek letter \alpha") so

that we can describe circular motion similar to the way
we did with linear motion.

= angular displacement. Units: rad.

= angular velocity. Units: rad=s = s 1.

|
== angular acceleration. Units: rags’ = s 2.

This de nition pertains to a point on the rim of a circle that is accelerating tangent to the circle because
its angular velocity is changing with time. As with linear aceleration, it is certainly possible that
could also be changing with time, but we won't go any further ith that possibility. It will be enough
for us to assume is a constant.

Whether there is a non-zero or not, there is always centripetal acceleratiom. toward the center of
the circle. We can put the angular motion quantities togetheinto equations for circular motion that
are analogous to our linear equations, such as

1
= o+ lot+ St
0 0 2

A+t

1 2

‘0
=12+2
= ! qet (always.)
1 .
I ave = E(! + 1) (if Is constant.)
Now, here are some example problems to try:

1. A phonograph record accelerates from rest to 41 rpm in03s.

(a) What is its angular acceleration in rags?)? (Answer: Q712 rads?.)
(b) How many revolutions does it go through in the process? (Angr: 206rev.)
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2. In a laundromat, during the spin-dry cycle of a washer, theotating tub goes from rest to its
maximum angular speed of @ rev=s in 98s. You lift the lid of the washer and notice that the
tub decelerates and comes to a stop in 16s. Assuming that thebtuotates with constant angular
acceleration while it is starting and stopping, determinefte total number of revolutions undergone
by the tub during this entire time interval. (Answer: 106 rev)

10.3 Dynamics of rotational motion: rotational inertia

After learning about the equations of motion for linear motia, we went on to look at Newton's laws to
account for why things move as they do, introducing the mass (linear inertia), the force F and ther
relationship F = ma.

For rotational motion, the plan is the same: nd the inertia d a rotating object, and then express
Newton's second law for rotation. The symbol for rotationalriertia is |, but what is it?

Imagine accelerating a mass around the rim of a circle, at adias r,
using a forceF as shown. F

~

As usual, we can say thatr = ma;, where & is the tangential

acceleration, which is related to the angular acceleratiooy a; =

r , so m
F=mr

Instead of continuing to think about force however, becausee are
considering circular motion we should nd the torqueapplied to
this mass, to make it go around the circle.

As we saw last time, the torque is the force multiplied by the ieer arm; in this case it is simply
=rF =r(mr )= mr?:
If we make the substitution

| = mr? (Rotational inertia of a point massm at distancer from axis of rotation)

then the torque produces an angular acceleration proportial to | :

This is the rotational version of Newton's second lawk = ma.

All we have done so far is nd the inertia of one particle of mas$ut the result tells us the important
rule, that each particle adds an amount of inertia that depeafs not only on its mass, but also its distance
from the axis of rotation.

There was nothing that would prevent us from doing the same [calation for each particle of a larger
collection of masses. What we would get is
X
| = miry;
i
in other words, add the inertias of each individual particleintil we have the total for a group of masses.
For any complicated object made of molecules, this could beallt. But if the object is symmetric
with a simple shape, it turns out to be easy to do (with calculsi mostly). Here are some results:
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Axls

{ ﬁ\./" .~ Hoop about
|l ' cylinder axis

cylinder axis

/ Solid cylinder
M (or disk) about

' Thin rod about
/) axis through
center L to

\/ length

= ME
12
Solid sphere
about any
diameter
EMHE

Hoop about
any diameter

I =

Notice that

A

from the axis is speci ed too.

in each case, the total mass is given &8 .

Axis
" Annular cylinder
2 (or ring) about
1 cylinder axis

[ = %"{H? + R
Axis
/ Solid cylinder
"~ (or disk) about
g central diameter
Axis

Thin rod about
/ axis through one
[ end 1 to length

e

= Me?
A 3
Axis |
Thin
R spherical shell
about any
A diameter
2MH‘2

Axls

Slab about

1 axis through

L7

az+.'::r2

= ME e 59 12

If the object is round, R is the outer radius.

the axis, so we just add all the particle masses and multiplyybR?.

In each case, the axis of rotation is speci ed; this is necesg so that each particle's distance

The rst one should be obvious: for a thin ring, every partiat is (ideally) at the distanceR from

But then, what about a solid cylinder | does it make sense thatthis has lessinertia? Only the

outermost layer of molecules will be at distanc®, and all the rest are at closer distances, so it
should make sense that is is less than the thin ring. But it istaazing that it comes out so simple
| just half the inertia of the thin ring.
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" Then what would you expect for a sphere with massl and radiusR? Can you see why more of
the mass is closer to the axis than it was for the disk? There#ol turns out smaller again, only
2 2
MR-
5

One more case: for a thin rod (a meter stick is a fair approxintian) rotated around its center,
does it make sense that this has mch less inertiq%(\/l L 2) than for the stick rotated around one
end (3ML 2)? More of the mass is close to an axis through the center.

Here is an example where the rotational inertia plays a role:

1. Suppose you exert a force of 177 N tangential to a295 m radius, 75kg grindstone (a solid disk).

(&) What torque (in N m) is exerted? (Answer: 5215N m.)

(b) What is the angular acceleration (in radgs®) assuming negligible opposing friction? (Answer:
16 rad=s?.)

(c) What is the angular acceleration (in rags?) if there is an opposing frictional force of 18 N
exerted 275 cm from the axis? (Answer: 1835 rads’.)

Day 8, Hours 2-3: Rotational energy, Angular momentum

There are some surprising behaviors in the rotational motioof objects. We will need to know about the
kinetic energies of di erent objects, so we need to look at ¢ rst, and then the angular momentum.

10.4 Rotational kinetic energy and work

Recall the de nition we used a couple days ago, that work is a
force multiplied by a displacement. Now apply this to angular

displacement; we can use Fig. 10.15 from our text, and see \As
that the net force F; tangent to a circle causes a displacement \'
S, so the work done is o
fe——r
S F
W = Fpet S=(r Fnet) T = net =

This is just what we would have expected, thinking of torque Fat Il As
as analogous to force, and angular displacement analogoos t Feo L 1

linear displacement.
Keeping these analogies going, we can readily guess that wiveork has been done to get an object
spinning at angular speed , it has a kinetic energy equal to the work done:

Whet = KE ot

just as for linear motion, but where the rotational kinetic @ergy is

1
KE 1ot = 5” 2.

We have a table of rotational inertias. Suppose we compareettkinetic energies of a thin ring, a solid
disk, and a solid sphere, each with mas$g , radius R, and spinning around the axis of symmetry through
the center with angular speed . Then
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Ring  MR? %MRZ! 2
Disk %MRZ MR?! 2
Sphere tMR? IMR?!2

Now, let's take what we know about energy conservation, and alude rotational kinetic energy as
another form of mechanical energy. So, for example, if a aitar object rolls down a hill, we can say
that its gravitational potential energy is converted into two kinds of kinetic energy, linear and rotational:

PE! KE+KEr0t

So, as it gets to the bottom of the hill, rolling all the way,
1 1
Mgh = ZMv?+ 2|l 2
gh =MV 35
We can go a couple steps further, because

"~ there is a connection between, the linear speed, and , the angular speed. Because the object is
rolling, the speed it travels isv = R! , whereR is the radius of the rolling object.

" there is a relationship betweerM and | for a symmetrical rolling object. Let us say thatl =
f MR?2, wheref is some fraction;f =1 for a ring, % for a disk, 2 for a solid sphere.

Then 1 1 1 1 1
Mgh= =Mv?2+ = f M R?? = ZMv2+ = f Mv?= ZMv?(@1+f):
gh= Vv 3 2Vt S Ve oMy +T)

It is possible then to express the speedof the rolling object at the bottom of the hill this way:
S

2gh . : . . . N
V= %; wheref is the fraction with MR ? in the object's inertia | .

Notice that the massM and the radiusR are not in this result | they don't matter, only the type of
object matters.

In a rolling race, which will win: /73

" ' - ( P
T 2 . .
a solid disk, ; S~ -

~ //
-~ . {@ (/ \1,// /,/}
a solid sphere, > F

" a spherical shell? /t ‘ gy 4 ' 4 )

In what order will they arrive?

10.5 and 10.7 Angular momentum and conservation

As with the other rotational quantities, we can instantly praduce an equation based on analogies with
linear motion. A spinning object has a form of momentum anagus top = mv, which is called angular
momentum

L=1"!:
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Both L and! are taken to be vector quantities, L = /o
but it may not be very clear what are their di-
rections, since a spinning object has parts mov- * ®

ing in many directions as once. The direction is
de ned along the axis of rotation, as this gure
from our text indicates. The hand in the pic-

ture is a right hand, and the rule is one of many  \Direction of rotation X ht hand
right-hand rules in physics. For this case, let N Direction of rotation
your ngers wrap around in the direction of ro- @) (b)

tation, and your thumb point in the direction

of! andL. SolL is perpendicular to the plane

of a spinning disk, and it points along the axis

of a spinning sphere.

This may seem arti cial, but you can feel that it is real if youtry spinning a wheel with an axle you can
hold onto, and then try changing the direction of the axle; itopposes changes in direction, which hints
at the idea of conservation of angular momentum.

Now that we have a de nition for L, we can write Newton's second law in the form of impulse/chaerg
of momentum, just as in linear motion:

Impulse = & t= L

SO a net torque applied to an object changes its angular montem.

Example; A solid cylinder with a mass of 266 kg and radius@5 m is rotating with an angular speed
of 89rad=s about an axis passing through its center and perpendicul&w its end faces. The rotation
of the cylinder is slowed down by a factor of 5 by applying a tayential frictional force to it for 4.7 s.

What is the magnitude, in N, of the friction force applied to thecylinder? (Answer: 131 N.)

We can also express the conservation of angular momentumstgas simply as for linear momentum
p = constant:

'L = constant: |

As with linear momentum, this holds true when all the interading parts of a system are considered.
The grindstone in the previous example has a change in angulmaomentum, so something else must
have had an opposite change. We may not be always interestadtihat bigger picture. But it is a very
practical fact in athletics, such as the actions of a gure sker, diver, or gymnast:

" In part (a) the skater with her arms
out has angular speed to go with
her rotational inertia | and there-

/

) (
fore has angular momentumL = %’&
-
e

.

By bringing her arms inward, she

reduces her rotational inertia tol °, bl

and yet, with no external torques

applied, her angular momentum () ®)
must remainL, so

I .
L=11 =199 10= I—O!; so she spins faster.
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The opposite e ect is illustrated for the diver in this gure from the text:

" Initially curled in a tuck position,
the diver has a small inertial , and
a large angular speed around a
horizontal axis.

Y~ wlarge

By straightening out, the diver in-
creases her inertia around the hori-
zontal axis tol % and slows the rota-
tion speed to! °that is smaller, and
hits the water having rotated to the
position she intended.

o’ small

Demonstration

Example: Three children are riding on the edge of a merry-gound that is 122 kg, has a 0 m radius,
and is spinning at 193rpm. The children have masses of 17.4, 30.5, and&kKg. If the child who has
a mass of 3@ kg moves to the center of the merry-go-round, what is the neangular velocity in rpm?
(Answer: 258rpm.)
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Time Topics Assignments

12:30 - 1:20 Oscillations, Simple harmonic motion
1:30 - 2.30 Groups A & C Review, practice exam
2:30 - 3:30 Group B review, practice exam

Day 9, Hour 1. Oscillations, Simple harmonic motion

As a last topic in mechanics, we'll take a quick look at oscillens. Lots of things oscillate, and the
principles apply to all sorts of things in life, such as hearg, color vision, music, child care, cell phones,
and of course physics. We'll look at simple things, but the piciples apply to and describe many

situations. ) . o ]
First, some simple descriptive terminology:

Equilibrium position ~ Figure 16.2 from our text pictures a plastic ruler waggling bak
and forth around its equilibrium position.

" It has a displacementthat varies with time, and the displace-
ment goes to the positive and negative side; in other words, i
oscillates and it does this at at some regular frequency

" It oscillates because, when it is displaced, there is a
restoring forcetoward the equilibrium position. If the displace-
ment is to the left, the force is to the right, and vice versa.

" The largest displacement is known as the amplituderhis would
remain constant if no energy got lost, but it always does.

(b)

16.1 Hooke's law - force constant Kk

Hooke was one of the great scientists of the 1600s, contempyraith Newton. He worked on theories
of gravity, and memory, he designed clocks, and was a keenearer with his telscopes and microscopes.
He wrote a book on microscopy in which he is the rst to describthe cell as a biological unit. One of
his discoveries in physics, now called Hooke's law, said thfar an elastic material:

Ut tensio sic vis

in Latin, which in English means \as the extension, so the foe." In other words, the more a spring is
stretched, the harder it pulls back. Hooke was quite proud ohis discovery, and wanted other scientists
to know he had discovered it, but also wanted to keep it a setrhat only he knew. So he took all the
letters from the Latin phrase in alphabetical order, and pulshed it in this form, as a puzzle:

ceiiinosssttuv,
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and then two years later published the answer. In two hours yocould discover the same thing with an
experiment like the one shown in Fig. 16.4:

" Mddereassesa NSNS naalwi0 <
its equlibrium position. 0100 | 0.98 |0.025

) . 0.200 | 1.96 | 0.050
Type your data into Excel, dump it into 0300 | 294 | 0.076

WAPP ™, and use th_e slope of the line as 0400 | 3.92 |0.099
the force constantk in 0.500 | 4.90 |0.127

F = kx

The extension, or displacementy, is pro-

. W,
portional to the force. .

" This line could go negative as well, like

the piece | have added to the plot. F(N)a rise
k = slope = — 4

" This means that compressinghe spring run :
also requires a force proportional to :
amount it is compressed. = 4.0 ;

- o w o
Whether the spring is cor_npressed or : | rise
stretched, the force the springexerts is (o) :

T — 8 2 0 -l I
toward the equilibrium position, so we S = :
could say L '
Fs= kx L]
0 . run 11_ _

© This is what is meant by a ' ! x (m)
restoring force and it is one of the 0 Di 0'?50 O.t1—00
keys to understanding oscillations. isplacement= x (m)

Negative F, negative x
We can make the picture a little simpler by thinking about Free
horizontal motion, and ignoring friction, as in our book's Fg. body
16.9. Newton's rst and second laws tell us what happens: y= 0 diagram
k - F ?

" As the little free-body diagram indicates, the weightw _\[\/\/‘\/W F N
and the normal forceN remain opposite and equal. If | o &w
there is a net force on the mass, it is due to the spring. x=0 x=X

. . . (a)

" When the spring is stretched to a positivex, there is a
negative acceleration. From the maximum displacement
x = X, it begins moving back toward 0.

" The mass is accelerated towarat = O until it reaches gl B TN
the equlibrium point, so this is where it reaches a maxi- —JVV\NV\F& L
mum velocity in the negative direction. Bothx and the === w

acceleration here are zero.

(b)
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F =
" Of course, with a negative velocity it doesn't stop at _NWWF v=20 1N
the equilibrium point, but keeps going, even while JIL J'w F
the force decelerates it, until it reaches the opposite X = —'X xi 0
extreme at X. (c)
" And from there the compressed spring forces it
back toward equilibrium again, where it arrives with F=0 +Vn TN
maximum speed once more, and keeps going. —\]\]\]\N\]\r m I
A w

the force of the stretching spring, and nally stops
at + X again.

The cycle of oscillation repeats again and again
with a frequency that depends on the two physical
guatntities, m and k.

oscillating behavior by saying that the force the
spring exerts accelerates the massFg = ma =
kx; which we can rewrite it the form

a=

It would be nice to have an equation of motion for
this oscillating mass, and it turns out there is a
simple one:

2
X(t) = X cos —t
® =

To see that the equation ts, look at the vertical os-

As you'd expect by now, the mass is decelerated by

ST -

As mentioned, Newton's second law describes this

—

e

Unstrained %
length =

% mmmmae X=X
_ Xt
Equilibrium gy _______=F | -x=0

osition
p XI
—eeTox =X
= = = = = =
= = =S =
= — = = =
= = = = =
@ =3 s S S x=+X
Q= Qs @ x=0
F.= "4 =
| a Y b Y ==X
Position

cillations of m. A cosine function oscillates between

1, so the function forx(t) oscillates between X.
The time period for each oscillation isT .

period T, but not as a cosine function, rather, it is

.2
V(t) = Vmax SIN ?t

us, is always in the opposite direction fronx: it is
written as

k 2
)= —X —t
a(t) - cos T

And the acceleration, as Newton's second law tolc

2 e
" %

The velocity, meanwhile, oscillates with the same _x. YWt

Velocity

~ ~T A

N 2% F i

Acceleration

2T

TN\
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16.2, 16.3, 16.5 Simple Harmonic Motion

Oscillations that go like sine and cosine functions are knowas simple harmonic motion (SHM). This
is what always happens when there is a restoring force profional to the displacement. Because of
Newton's second law, the acceleration is in a form like thisyg@portional to the displacement:

a= (constant)x

and the constant determines the behavior of the oscillatotn the example of the mass on a spring, this
constant wask=m and we nd

1. the period turns out to depend only on the quantitiesn and k. By measuring the period asn is
varied you could discover that

r
I

T=2

%: (Unit: s.)

2. The frequency (oscillations per second) is just the inv& of T (seconds per oscillation) so

r
T

f = | (Unit: s ! = Hertz = Hz.)

3| x|

1_1
T 2

3. The maximum velocity vinax turns out to be related to k and m, and also to the amplitude (the
maximum displacement)X . It is

¥

EX: (Unit: m=s.)
m

Vmax -

From these expressions we can see how energy is switchingveen potential and kinetic forms:

1 1 2
PE = kx?= ZkX?co¢ =t ; and
207 2 T
1 1 . 2 1 k . 2 1 . 2
KE = Emv2 = émvfnax sin? Tt =3m EXZ sin? U = ékxzsm2 Tt ;8o
1, 2 L, 2 1,
PE + KE = EkX cog ?t +sin ?t = EkX = Total energy |= constant.

0 T T=2 314 T ST 3T=2 T 2T

" Initially, when displaced to the amplitude X , the oscillator has potential energy%kx 2,

" When released, it lose®E until it reaches the equilibrium position, where it has maxnum speed
and all the energy iskE .

" As it continues on toward X, it loseskE , and all the energy converts back td&’E.
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16.4 Simple Pendulum

Another important oscillator to understand is the simple
pendulum. In this device there is also a switching of :
potential and kinetic energy at a frequency that depends
on how it is constructed.

" Here \simple" means that there is a small mass at
the end of a long string that doesn't stretch.

A

1
1
1
1
|
1
If the mass was a large sphere, it would get some :
rotational KE as it swings, and that would change :
its period. :

1

1

r

Figure 16.14 from our text shows a nice diagram of the
forces on the mass, and the period of the pendulum is
gured out in the book. It may be slightly easier to un- . 6\
derstand what happens if we look at the torque that the mg sin 6

force of gravity produces. We can say either \

~ L sin is the lever arm for the forcemG, or

" mgsin is the force perpendicular toL
From either point of view, the torque on the pendulum is

=( mg)(L)sin :
Now, according to Newton's second law,
=
and for a small mass at a distancé from the pivot point, | = mL?, so
L 2 _ 9.
mgLsin = mL“ ) = Esm :

This would be another example of a simple harmonic motion ifistead of sin the equation had . But
sin if the angle is restricted to being small, say about @5rad (about 15) or less. (Try a small
angle in radians on your calculator to see that sin  .) In this case, we can say

= (constant)

which is the SHM relationship, and this time the constant isgy=L. Knowing this, we can write down
immediately that

w

Ql|r |

i|
2

Q]

Period =|T =2

=l

;|and Frequency =|f =

16.7 Damped harmonic motion

Endless simple harmoinic motion is an idealization, but fareal oscillators there is always some mecha-
nism for energy to be lost, such as friction, or uid drag. In hat case, the theory is more complicated,
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but the outcome looks like Figure 16.22 from our text: the odations grow smaller over time, but with
a regular periodT. We could apply what we know from energy conservation and say

KE + PE = Wy

A graph like this could represent a mass on a spring or a simgdéendulum oscillating with decreasing
amplitude. The amplitude at any time gives the amount of medamical energy remaining, usingkx 2,

—7—
X =

X

Some oscillators are designed to get rid of energy as quick/possible. For example, the shock absorbers
in a car would ideally bring the vehicle back to the equilibtim position quickly after the car hits a bump,
with only one or even zero oscillations. But if they wear outthe passengers may feel the bumps too
directly, or oscillate too long afterwards.

16.8 Forced oscillations and resonance

) ) ) Amplitude
Most oscillators h.ave. damping, and in order X M\ _ Small damping
to keep them oscillating a force must be ap- [ |
plied regularly, at approximately the frequency ‘ (
fo with which the system naturally oscillates. /
Figure 16.27 of our text shows what happens, /
in general, when an oscillator is driven at var- )/ \

ious frequencies above and beloky.

A

If the driving frequency is too small, the
oscillator cannot reach high amplitudes
| it gives up energy faster than it re- ; : '

. . f fy 31, f
ceives It. > Py Driving
frequency

And if the driving frequency is too high, the amplitude never gts large either. The pushes will
not be synchronized with the displacement as they are in a haonic oscillator.

So if a playground swing oscillates with a period ofy = 55, frequency 02 Hz, then that is the
frequency with which you must push to send it to large amplitdes.

With each push, some energy is added to the oscillator, and His is more than the energy lost in
a period, then it gradually gains energy.

As the graph shows, when the damping is small, it is possible teach very large amplitudes when
the driving frequency is close to the natural frequency of ehoscillator.
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12:30 - 1:20 Review Test 2, start Density & Pressure
1:30 - 3:30 Pascal's principle, Archimedes' principle

Day 11, Hour 1: Review Test 2, Density & Pressure

Matter is made of atoms that are in constant motion. They tendo attract each other when they are
close enough together, but repel if they are pushed too clasgether.

In the coming chapters we will be looking at properties of madr in three forms: solids, liquids, and
gases. The temperature has a lot to do with the form that mattetakes, and the temperature is a
measure of the kinetic energy of its molecules. For today, wéll look at some behaviors that liquids
and gases share because their molecules can move aroundyfree

11.1 What is a uid?
A uid is matter that ows: a liquid or gas. Our text shows in Fig. 11.2 these three forms of matter.

}}fy.fs{f 4 e /o_) ' o

= 0,
- o=

Solid: Form of matter in which  Liquid: Matter in which Gas: Matter in which
molecules are close to- molecules are close but molecules interact little,
gether, with xed posi- move freely, giving moving freely and giving
tions they vibrate around. variable shape but both variable shape and
A solid has a denite de nite volume. At volume to the gas.
shape and volume. At higher temperature the
higher temperature a solid liquid vaporizes into a
melts into a liquid. gas.

11.2 Density

We can weigh a particular object, but it doesn't make

sense to ask the weight or mass of a particular substance,

such as iron or wood, unless we also say how much iron,

how much wood. There is a property that is good for dis- - Feathers Bricks
tinguishing the substances themselves, however, density

Density = = mass _ m
volume V




Physics 105 - Day 11 Physics For The Life Sciences | - Fall 2020 page 2

The letter used for density is \rho," pronounced \row," Substance (kg=m?)
the equivalent of \r" in Greek. Our book's Table 11.1 lists Mercury (Hg) 13600
densities for some di erent substances, and a few will be | gad 11300
useful to have in mind, such as in this shorter table. Iron 7800
Seawater 1025

~ Gases, such as air and helium, are much less dense

T ) Water (4 °C) 1000
than liquids or solids. Ice (0°C) 917
* The density is a property that is involved in almost ~ Alr (sea level, 20°C) 1:29
all the uid behaviors we will be looking at. Helium 0:18
11.3 Pressure :
Another quantity that is important for understanding the be- \\J
havior of uids is pressure Pressure is de ned as
f = . N Large area
Pressure =P = oree_ - (Unit: — = Pascal = Pa:) —Fcﬁef
area A m Small

pressure
(Another common unit for pressure is psi = pounds/square
inch. We will see some others too.) As Fig. 11.6 from the text
suggests, a force applied over di erent areas may have diemt
e ects. Touch receptors in the skin are alarmed by too much
pressure. A hypodermic needle can penetrate the skin with
only a small force applied over a very small area. Force Saliares
Although force is a vector, having a direction, area also has a [ﬁ
direction (an orientation, at least, and a direction normalto
the area shows how it is oriented). When these two quantities
are combined as pressure, we get a scalar quantity. In uids,
pressure has no direction, but it produces a force normal to
any surface it is in contact with.

) |

Large
pressure

The pressureof the air in an in ated tire is just a number that can be read ona pressure gauge. But
the force exerted by the air is normal to the surface of the containerhe tire. Likewise, the swimmer
shown immersed in water has force vectors normal to his emtisurface when immersed in water.

" If you go swimming in a deep pool, and the pressure makes yoar® hurt, does it help to turn
your head a di erent direction?

~ Would a spherical balloon brought to the bottom of the pool beome atter or just smaller?
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11.4 Variation of pressure with depth in a uid

It is easy to see how pressure could be determined for a solidjext,

such as the pressure beneath an iron block on a table: gravjtyoduces A
a downward forcemg, and this is distributed over the areaA, so !
F_ mg m
P=—=—
A A ’
But there is another way to nd P that will be even more useful for
uids, which have no xed shape. If we know the material dengy
then instead ofm we can usem = V , whereV is the volume. And if 'A
we know the heighth of the material, thenV = A h, so h
_F _ Vg _ gAh _ _ l
PEAT AT A T

It may seem a little strange that pressure, which is de ned aforce over
area, can be calculated without knowing either the force orhe area.
Especially when we are dealing with uids, it is the depth anddensity ,\/VA
that determine the pressure.

So, for example, if you go to a depth of 10 m under water, the msure
there will be

Volume = Ah

h
P= gh= 1000kgm® 98m=s® (10m)=9:8 10'Pa 1 10 Pa: ‘
\/_\_A
That is a pretty large pressure, and the force on your eardrusnwould be painful if you did not equalize
the inside pressure behind your eardrums.

It is perhaps a bit surprising that we walk around all the timewith about
this same amount of pressure due to the tall pile of air abovesu The
density of air decreases with altitude, but the atmospherexeends upward
something like 120 km and that much air weighs a lot. The weiglof all
the air gives a pressure on the ground known as atmosphericepsure,

which is standardized at 1 atmosphere, or r

T~~~ w=1.01x10°N

A
0
W

&)\ =g

Pam = 1latm=1:013 10° Pa = 14:7 psi i
So this is the pressure inside our ears normally, and on eviéitiyng around ) |
us. Even a at tire has air at atmospheric pressure in it. /7 1 m?

" When a bicycle tire is in ated to 100 psi, the pressure gaugeads
100 psi, so this is known as gauge pressure

N

But the absolute pressureof the air in the tire is

Pabs = Patm + Pgauge = 114.7 pSl.



Physics 105 - Day 11 Physics For The Life Sciences | - Fall 2020 page 4

Day 11, Hour 2: Pascal's principle, Archimedes' principle

Now that we know something about pressure in uids, we can loakt two related principles with a long
history and many applications.

11.5 Pascal's principle

Pascal is another of those 1600s scientists who did a hugeietyr of things. For Pascal this included
discoveries in physics and mathematics, designing caldirig machines, and writings on theology and
philosophy. His work guides us in philosophical quandriesduas:

A

Isn't is strange how you get toothpaste to come out of the tulie Why does the toothpaste come
out the end when you squeeze on the sides?

" How can you lift things that are too heavy for you to lift?

The answers are found in a property of uids. Pascal's prinple states that

Pressure applied to an enclosed uid is transmitted equallthroughout the uid. ‘

When a force is applied to an enclosed uid, the pressure
goes up everywhere in the uid. Figure 11.3 from our text F,
illustrates this with a force F; pushing on the left-side A

piston, with area A;. The pressure goes up everywhere
in the uid by an amount
F;
P = E; Piston
Aq

But there is another moveable piston on the right side of Y
the system. This one has areA,, so the force exerted on P, P,
it by the additional uid pressure P is A A;

=P A= Fy o2 P =P

Ay

This pair of di erent-sized pistons with a uid between

them could serve as a hydraulic jack, a device that con-

verts a small force into a large one.

There is a tradeo, of course. Energy, or work is conserved. h€ distance that piston 1 goes down is
related to the distance that piston 2 goes up, becasue the uaie of uid that moves from one side to

the other is A
V= A; d1: A, d2) d2: dl —1:
Az
So the small piston must push a larger distance than the big en And the work done at each piston

turns out the same: A A
W=F, do= F, -2 dy — =F; dy
2 2 1 Al 1 A2 1 1
But the device is very useful in all sorts of hydraulic-powemachines, where a pump can push uid into
a large piston and generate a large force. You probably usedianilar system to operate the brakes on
any car you have driven. Our book's Fig. 11.14 shows a hydraulbrake system that also uses a long

and short lever arms on the brake pedal to multiply the forcemplied on the uid by a factor of 5.
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11.6 Gauge pressure, Absolute pressure, Pressure measurement

Another implication of Pascal's principle is that the presste in a uid
must be the same everywhere in the uid at a given depth. h
" Obviously the pressure should be the same everywhere at athep [ ----___
h in a simple container of water.
" ltis also fairly obvious that the pressures must be equal omé top Open to
surfaces, or at any depth for the liquid in this U-shaped tubeEach  atmosphere
side has atmospheric pressure applied to the liquid surfa@nd P
is equal on both sides at a deptln as well.
" Pascal's principle also accounts for the uid behavior in th system
which has one end of a U-tube open to the atmosphere, but the
other end connected to a container of gas at pressuRe This
device is called a manometer
~ . . . . . Open to
Choosing the lower liquid surface on the right-hand side Fes draet O
of the tube (where a red dashed line is added), we can
say that the pressure there i due to the gas in the ’\ngler
chamber. But at the same level, the pressure on the stick
uid in the left-hand tube must also be P, according to —T ==
Pascal, but h
P:Patm+ gh 77A7777L7 Pg:hpg

due to the atmosphere and the pile of liquid above that
level. So the height of the liquid gives a measurement of
the gas pressure in the container.

"\ Meter

Pabs = atm £ hpg

gh
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" The same reasoning from Pascal's principle explains
how a barometermeasures atmospheric pressure, which
changes regularly. “TLVacuum (P, = 0)

{ Looking at the top surface of the liquid in a dish
open to the atmosphere, we can say that the pres-
sure on it is, obviouslyP,y,. But to measure this,
we can also look at the height of the same liquid
as it stands in a tube with a vacuum at the top h
end. The pressure at the same level as the open
surface of the liquid is just gh, since there is no
other pressure inside the vacuum region. Hence Patm Pae = hpg = Pu

Pam = gh: == s
Hg
" If the liquid is mercury, which is extremely dense for a
liquid, then the height of the mercury column, when the

atmospheric pressure is the standard amount, would be

b~ Pam _ 1:013 1 Pa

- =0:7 =7 =7
g (13600 kggm®) (9:8 M=) 0:76m =76 .cm = 760 mm

" For that reason, another unit for pressure that is used in corection with the atmosphere or other
gases is the \mmHg." So we have several pressure units to workhwy

Pam = 1atm=1:013 10°Pa =760 mmHg = 147 psi

11.7 Archimedes' principle

Archimedes lived in the 200s BC, and is famous for many inveatis and discoveries in mathematics
and science. He was asked by a king to determine whether or notrawn was made of pure gold, and
found a way to compare its density with the density of gold.

When a balloon full of air is immersed in water, why does it go upstead | Water
of down? It has the same weight in either case.

FB > W

e

" The dierence is another force, the upward buoyant forcé&g ex-
erted on it by the water.

. . . . Fg <w
" For a oating object, Fg is larger than the weightw. Water | B

)

" This buoyant force occurs on objects that sink too, but is ndarge
enough to overcome their weight.

~

\A
\AJ

-~

Archimedes discovered that

T

The buoyant force is equal to the weight of the displaced uia’ Water |FB =W

=

" For any certain volume of water within the larger tank of wate,
the buoyant force on this part of the water equals its own welnd.
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Figure 11.20 from our text is meant to show why this buoyant fae exists.
" At any depth h in the uid, there is a pressureP = gh.

This pressure causes a force on any surface in contact with

the uid.
_ nl| A IFi F=PA=hpgA
~ At alower depth h, the pressure is larger than at the shallower '1 -
depth h;. h, "
o Fo=F-F
~ So the forceF, upward beneath the object is larger than the [E— |
force F; downward on the top of the object. AT" T
F, F; = P,A = hpgA
The buoyant force is the di erence: Fl o
density p

Fe=F>, Fi=g9g(hy h)A= gV

whereV is the volume of the uid displaced by the object.
In the examples shown so far, the volume of the displaced uielqualed IFB - W
the volume of the object, because the objects were shown cdetely
submerged. But that is not always the case. In particular, whave to be Wood
careful, when considering a oating objegtto use Archimedes' principle
correctly. lw
Water
" A oating object, such as the block of wood pictured here, isup-
ported by a buoyant force that is equal to the weight of the olgict,
and also equal to the weight of the displaced uid.
~ But the volume of the displaced uid is lessthan the volume of the object.
IFB =W
" Let's divide the object into two volumes: V,e, for the volume above - Vover |
the water surface, and/ nqer fOr the volume below the water surface. Vunder
[0}

The densities of the uid and object are, respectively,s and .

Using Archimedes' principle we can say that the buoyant force
equals the weight of the displaced uid, and equals the weiglof
the oating object:

Fg = Weight of displaced uid = (g Vunger = Weight of object = o9 (Vunder + Vover)

which simpli es to

Vunder
Vunder + Vover

= 2 |for a oating object.
f

So an object oats if its density is_lesghan that of the uid it is placed in.
~ For freshwater ice in seawater, we can easily calculate that

Vunder _ 917

= =0:895
Vunder + Vover 1025

so almost 90% of an iceberg is underwater.
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We know that uids include gases, and that we are immersed inraiFortunately our density is greater
than that of air, so we don't oat away. But it can be done usinggases less dense than air.

w

Following the example of Larry Walters, who in 1982 went up @&r over Long Beach California, Ken
Couch in 2007 drifted 193 miles across Oregon in a lawn chaupported by 105 helium- lled weather
balloons.

For a volume V of helium, the weight iswye = HeV g While the buoyant force is the weight of the
displace air,Fg = W,y = 4V g so the net upward force is

A typical weather balloon might have a diameter of Zm, so its volume is

4 4
Vie = 3T 8= 3 (1:25)° = 8:2m°;

thus each ballon would give a lift of about (18)(8:2) = 90N 20 pounds. If you are planning a trip,
of course, don't forget to calculate the weight of the ballomaterial in addition to any equipment and

passengers you are hoping to send up.
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12:30 - 1:30 Fluid dynamics: continuity, Bernoulli, viscosr
1:40 - 2:20 Temerature, thermal expansion
2:30 - 3:30 Ideal gas law Quiz #6

Day 12, Hour 1.

Last time we looked at the basics of uids at rest: uid statics. Today, the much more complicated
topic is uid dynamics: uids in motion. It is one of the more di cult areas of physics, and we are not
going to be able to go much beyond three basic ideas.

1. If density stays constant (though it might not), then the @ntinuity equation relates the speed of
a uid to its area.

2. If mechanical energy is conserved (though it might not beXhen Bernoulli's equation relates
pressure, speed and height of a uid.

3. If there is friction (viscosity) in a uid, then the pressue needed to move a uid through a tube
depends strongly on the tube radius.

12.1 Flow rate

A
When uids are transported from place to place, one of the fe— d —»f
measures we might be interested in is the ow rate: _
4
Volume .
Q=owrate= —. (Unit = m 3=s.) x
time

It would tell us how much time is needed for uid to Il a container, for instance, or measure the volume
of blood pumped by the heart. One step beyond this de nitionthere is a way to relateQ to the area
of the tube carrying the uid. If a uid is not compressible, then the same volume of uid that goes in
one end of a tube must come out the other end. The area of the ®lis A, and in a time interval t the
length of the uid moving along the tube isd=v t,soV = A dso

\
Vi
=

Ad Avt
Q= o C T A v = constant.
This is the continuity equation. It says that when A "
the area of a tube decreases, the speed of the uid >\\ \ 5
must increase, and vice versa, to keep the ow rate | \i_i v,

el

constant, as pictured below. The speed is larger ,J |
than v, becasue the ared\, is smaller thanA;. /

- |

" Why is it fun to squeeze the end of a hose, or block part of it witjour thumb, when water is
owing through it?

" Why do squirt guns have such a small hole for the water to come tGu

Our book shows an example of estimating the number of capiiles in a human cardiovascular system.
If each capillary has an area\., and the aorta has area,, and measured values of the speeds in the
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aorta and capillaries arev, and v, then we can say

As V.
Q=Aava=N¢ Ac v¢) N¢= A_: V_:
which turns out to be a very big number, about 5 billion. The av speed is much smaller in a capillary
compared to the aorta, but the total cross-sectional area tiie capillary system isN. A. which is much

larger than A,.

12.2, 12.3 Bernoulli's equation

Along with changes in area for transport of uids, changes indight may also be signi cant, and di erent
pressures may be applied in di erent places. Bernoulli's egtion takes these variables into account and
assumes energy is conserved. Here is a sketch to go with Bettistequation:

A pressureP; is applied to the
uid at height h; where the tube
has areaA; and the uid speed
IS Vi.

Elsewhere along the tube, the
variables areP,, h, and A..

The continuity equation says that
the speedv varies with areaA, as
we saw earlier.

Conservation of energy requires that

1
P+ §v2+ gh = constant;

or
1 1
Pi+ Zv2+ ghy=P,+ Zv3+ ghy
2 2
" The terms with % v 2 resemble kinetic energy, but ar&E per unit of volume.

" Likewise, the gh terms are thePE per unit of uid volume.

" The pressure term isP = £ = £d = WLV%(I%JL

This all looks complicated, and it can be, even though it is arapli cation of reality (ignoring friction
for instance). But Bernoulli's equation is quite useful andairly easy to use with a little practice.

First, a few qualitative examples of related uid-dynamics ects:
" Try blowing air under a page of your book. Can you ip a page tts way?
" Try blowing between two hanging sheets of paper. What happehs
" A bicyclist feels a sideways push into the airstream that fldws a truck on the highway.

~ A strong wind blowing over a roof causes a lifting force on it.
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~ A stream of air can support a ball and keep it in the stream.

These are examples of the interplay between uid speed andgssure. When air moves faster the
pressure decreases.

Fluids that change height also do interesting things.

" The question of how a girae can raise and
lower its head while maintaining proper blood
pressure to its brain is apparently not well un-
derstood by humans. (Note: there are two gi-
ra es less than 20 miles from SJU.) The pro-
cess seems to involve reservoirs and blood ves-
sels that change diameter, along with an ex-
ceptionally thick-walled heart and tight skin
over the legs.

To drain a barrel of water, a hose out the top
of the barrel might be all you need (a siphon).

A siphon is pictured here: a tank of water has a hose that statat

some depthd in the water, rises a heightH above, and ends at a
bottom distancebbelow the top of the water in the tank. Bernoulli's Paim 1
principle lets us say that the water at every place obeys theeation Water
V2
> + gh + P = constant:
So we can pick places in the uid that have properties we know o
care about, such as the top surface (labled 1) and the exit leoht
the bottom end of the hose (labeled 2). We can say
2 ___
V% V% 2 2 air
E"’ gb+ Patm = E g 0+ Pam + airgb) V1+29b= vy + _gb

If we know the areas of the tank and the hose, we can use the daotty equation to eliminate one of
the speeds, such as
2 — 2 Az ?

Vi=V; A,
and solve for the other. But it is common in a situation like tis to make a reasonable approximation.
If the tank is very wide compared to the hose diameter, theA; >> A , and the ratio squared is totally
negligible. Sov; << v , and we can neglect it. Also, the slight pressure di erence due the air depth
bis pretty small too, and it would make sense to ignore it as wel

We nd p___
Vs=2 g b) v,= 2gb:
This is the same speed an object gains from falling a distanikgeconverting potential to kinetic energy.

So as long as the low end of the hose is below the water level e ttank, water should ow out the
hose. There does turn out to be a practical limit on how high th elevationH can be, but that is a
more complicated matter.
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Several examples are worked out in the text to show how Berrlbis equation can be applied, sometimes
with approximations, to explain uid motions that do not require attention to frictional losses of energy.

12.4 - 12.6 Viscosity

When there is friction in a uid, its behavior is more
complicated in several ways. For instance, the ow  Nonviscous _
along a tube is not uniform, as was assumed in the . "~° bl
continuity equation. Fluid friction is di erent from
the friction of solid surfaces, and the correct word
for this property of uids is viscosity. A viscous uid
is at rest along the walls of a tube, but moves with
less resistance farther away from the walls. Figure ’ {
12.13 shows the velocity vectors for a viscous uid } }
moving in a pipe, and shows the e ect in a Bunsen

burner ame. ! J
To measure the viscosity of a uid, one can measure (@) (®)
the force needed to pull one surface relative to an-
other at a distanceL away, as shown in Fig. 12.12.
For constant velocity, the forceF applied must equal
the resisting force of viscosity. The quantity that re-
sults is

) ) FL .
= viscosity = A (Units: Pa s.) ||

The text has a table 12.1 of viscosities. | will just
note that for water, =1 10 *Pa s, while blood

has a viscosity about three times as large.

An important result of viscosity is its e ect on the

ow rate of a uid, which we called Q = % =Av I
at the start of the chapter. Now, the speed varies
across a tube, and the ow rate becomes more com- S l
plicated. It still depends on the tube area, but also

its length ":

(P2 Py) ;4
g :

Q:

Vena cavae
@

There needs to be a pressure di erence between the
ends of a tube in order for a viscous uid to move
along, and the ow rate depends very strongly on
the radius of the tube.

(reservoir
and pump)

and pump)

Right ventricle
(pump)

The text brie y describes the design of the circula-
tory system in regard to the various sizes of blood e~
vessels and the pressure di erences, matched to the o%ooo?goﬁg Hindie
needs of the organs they supply. ‘
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Day 12, Hour 2: Temperature and thermal expansion

13.1 Temperature

Hot and Cold are relative terms. You perhaps like your co ee liand milkshakes cold. But a hot day
in August is not as hot as your co ee, and a day in January that is ftkshake-cold might be thought of
as rather a warm day for that season.

There are all sorts of ways to be more speci ¢ about temperate, because there are so many things
that vary with temperature. You could measure temperature Y observing:

" The number of people wearing shorts.

" The volume of a liquid, solid or gas. — T’ R _ °,, -

" The pressure of a gas.

~ The color of a hot object. o -r E3 B0 B [0 78 B e
forehead

" The electrical resistance of a wire. e oc B ol : “i':.'.';;:}f:o",m

-

" The viscosity of a uid.

" The color of liquid crystals. This picture shows two importat temperature scales.

1. One famous scale for temperature measurements was intnodd by Fahrenheit in 1704, based on
what he thought were two easy reference points:

" O°F was a salt/ice mixture which he thought was about as cold asou could make something
in a laboratory, and 96F corresponded to a healthy male armpit.

Now we are accustomed to de ning the Fahrenheit scale by theekzing and boiling points of
water, calling them 32F and 212F.

2. The other common scale, certainly more widely used in set if not always in weather reporting,
is the Celsius scale: water freezes af© and boils at 100°C.

3. The third, and for us, most important temperature scale is A
the Kelvin scale, based on the pressure of a gas.

Gas 1

" Any gas, when cooled, will have a lower pressure, and
the change is very linear as the graph shows.

Pressure, P

Gas 2
" Di erent gases have di erent slopes, but they all have =
the same intercept on thel axis, at 27315°C.
S ————
" No real gas gets all the way to this temperature while ; l—*’--,"' — >
remining a gas; they all liquify at some temperature. e o 0100
But if there were such a gas, that could stay a gas Tempersture, T(°C)

all the way to zero pressure, an ideajas, then the
equation for its pressure using Celsius temperature
would be

P/ (Tc+273:15)) where Ty = Tc+273:15 is the Kelvin-scale temperature.
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" This simple gas law is one reason for the Kelvin temperatureale, in which the degrees are the
same size as Celsius degrees, but shifted by 273.15 from tleds{Dis temperature.

This Figure 13.6 from our text shows the three temperature stems compared:

S £ 2 g
2 g © & =
v o0 = — ':'é - ot
= =l Q o0 v
= 5§ E& = B
B i S & 2
< = Z 8 M © -— 9°F
| 19 H— | > I—I—H—H—m
—459.67 o 0 32 98.6 21 °h
|-<— ae(
——$ — | >
=773 15 1 =178 0 37 100 °C
2550 21015 |-(— 5K
| {§ — : F— 41—
0 K 273.15 373.15 K
and formulas that relate them are:
9 5
T|: = ETC + 32° ) TC = §(T|: 32)

Tc= Tk 27315

. | Tk = Tc +273:15|

13.2 Thermal expansion

Solids and liquids generally expand when heated. This is why
bridges have expansion joints like these pictured in Fig. 3.
The equation used for thermal expansion of a solid is

L=L T

wherelL is the length of the solid at some temperature, and L

is the change in length resulting from a temperature change
T. The factor here is the coe cient of linear expansion

which depends on the particular substance. Our book has

big table of these coe cients. For instance, for steel, =

1:2 10 5=°C, so a meter of steel whose temperature is raise

by 1 Celsius degree would grow longer by2l 10 >m.
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An example calculation for the Golden Gate Bridge, with. = 1275 m at its coldest temperature, and
assuming a maximum T =55°C resultsin L =0:84m.

The area of a solid will also expand, and we can nd a formula imgy A = L? and nding A+ A =
(L+ L)2 The result is (to a very good approximation, ignoring tiny erms that are squared)

A=2A T:
We could do this again for a volume/ = L3 and nd

V=3V T:

" What would happen to a hole in a piece of metal? Would it shrinkrogrow if the metal is heated?

.................

For liquids, which have no de nite shape, there is only voluea expansion, and the coe cient is called
(typically about e 4 for common liquids), so

V=V T

Water is exceptional in many ways, and it is good that it is exaptional in regard to its thermal behavior
at cold temperatures.

" Figure 13.12 shows that the density of water increases as itdeoled, toward #C. This is what
most liquids do, because they contract to a smaller volume)dreasing their density.

Density of Freshwater

o :
1.00000 4°C water sinks lowest

0.99990

0.99980 Ice oats

0.99970 \
0.99960 \lv
1

Density (g/cm3)

0.99950

0 2 4 6 8 10
Temperature (°C)

D)

A

But at 4 °C, the water begins to expand as it is cooled further, lowemnits density.

" As we learned from Archimedes' principle, this means the coktewater, just above °C, rises to
the surface of a lake, where it can form a layer of ice for us téag on.

~

But the \warm" (4 °C) water drops to the bottom, and remains water for the sh to sim in.
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Day 12, Hour 3: Ideal gas law

A
13.3 Ideal gas law
g Ideal gas behavior
The behavior of di erent gases is remarkably similar in
some ways. If the pressure is not too great, and the i
temperature is not too small, then, as we've seen, the 5
pressure is proportional toT, and as this Figure 13.27 o freeses to form
from out text shows, the volume varies proportional to asol‘i(‘i
T as We" " COI‘IdCI‘lSCS o fm’m
." a liquid
So for many purposes, real gas behavior is well described — , , , >
by this ideal gas law | —200 —100 0 100
- =273.15
’p V = nRT:\ Temperature, 7(°C)

where

" P is the pressure, usually measured in Pa or atmospheres (atm1:013 10 Pa).
"V is the volume, usually measured in for liters (L = 10 3m3.)
" T is temperature, and must be in Kelvins for the law to work coectly as it is.

" nis the number of moleof the gas, where a mole is Avagadro's number of molecules:

Na = Avagadro's number = 6:02 107 =mol

" R is a constant needed to make the units agree.

{ When Pa and n? are used then R = 8:314 Jx(mol K):

{ When atm and L are used, thenR =0:0821L atm=(mol K):

Avagadro's number is a big num- | _ — —
ber. As Fig. 13.19 from the book

illustrates, this number of ping-pong

balls would coat the Earth to a very R
high elevation, about 40 km.

Table tennis balls - -

Mzt. Everest

(for scale)

The gas law can also be expressed in terms of the actual numimémoleculesN = n N,, in which
case a new constant is needed:

P V = NkT:| where |k=1:38 10 ?J=K = Boltzmann's constant.

We will make use of the gas law very often in the remainder of ¢hclass, and both forms are useful.
First, it is helpful to have a good grasp of what it means.
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" If you squeeze the gas with a higher pressure, but ke€pconstant, what happens?
~ To get the gas to a larger volume, but with constant pressureyhat must you do?

" If you can keep the volume constant, what happens when you lemthe temperature?

Suppose you work with all three variable®, V and T:

" What happens if a gas is at temperaturel,, pressureP; and volume V;, then you triple the
pressure, and reduce the volume to half of what it was? What wibe the new temperatureT,?

P11 V11 Tl

) Py, Vs, To

You might want to work with numbers, but it is probably simpler to use ratios as much as possible
rst. A good way to begin is by collecting the things that reman constant:
P1V1 PVo o PV _ PoVs

= nR = constant = =
Ty T ) T, T

and then write an equation for the parameter you want in term®f the ones you have:

P, V 1 3
T,=T; P_i Vile(B) 2 ) T2:§T11

So if the gas was at temperatur@d; = 0 °C, what is the new temperature in Celsius?
(Answer: 137°C. Do you see why?)

~ Suppose you did the same thing again, but also let half the gascape the container. What would
be the nal temperature?

P1V1 PV, P1V1 P2V, P, V. ng
= R = constant = = T.=T, -2 =& =
niTy nyT, ) niTy Ny T, E ! Pi Vi ny

1
=T (3) ; (=3T:) 3(27315K)=819K) Tc =819 273=546C:

Next time we will look at more details of the physics and meangbehind the gas law.

Quiz #6.
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Time Topics Assignments

12:30 - 1:30 Kinetic theory, Phase changes
1:40 - 2:20 Heat, Heat capacity, Latent heat
2:30 - 3:30 Heat transfer mechanisms Quiz #7

Day 13, Hour 1:
13.4 Kinetic theory of pressure and temperature o

F
From the 1700s and through the 1800s, physicists worked onysa \ )
to understand the behavior of gases based on the idea that asga
made of particles in motion that obey Newton's laws, collidig with
the walls of their container. ,
If a single molecule of mass bounces o a wall, it exerts a force )\
outward on the wall. The impulse is found from the molecule's i
change of momentum in thex direction, normal to the wall:

UX

m v=m(v Vvi)=m[v, ( W]=2mvy=F t
If the box walls are a distance apart, such a collision happens every time the particle boaas across
the box and back, a distance 2 at the speedv,, so setting the time interval to t =2 =v, gives

2mv,  mv2

F = =
2 =vy,

N

With N molecules in the box with a variety of speeds, the averagewfis used, and the force is multiplied
by N, giving a force o
F =N

If the particle velocity componentsx, y and z are equally likely, then the magnitude ofv squared will
be S
V2= VZ+ Vi+ vZ=3VE

so the force on any wall of the box, in terms of the average splewill be

mv2
F=N-—_:
3

Since the gas pressure is related to the force on the box wdillsP = F=A, we get a step closer to the
gas law:

= v 1 2 1 > __
MV o N™y P v=INmMVZ=SN ZmvZ ) P V=N 2 KE

P=N =
3¢ A) 3V 3 3" 2 3

where the average kinetic energy has appeared. This lookselthe form of the ideal gas law
P V = NKT

and leads to the connection of the molecular kinetic energyitiv the temperature of the gas:
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So the root-mean-square speed (the square root of the averayf the squared speeds) of molecules is

——
ms — m rms — M

where the second form uses the molar mask instead of the mass of a molecul®, and the gas constant
R instead of Boltzmann's constant K = R=N,).

Molecules are, of course, not very massive, so their speeda be quite large. For example, nitrogen
molecules N) in air at 20 °C have a molar massM = 28g=mol =28 10 3kg=mol, so

S

3(8:31Fmol K)(293K)

= =511 m==s
Vims 28 10 3kg=mol >lim=s

It is important to note that this doesn't mean all
the molecules of a gas have the same speed. The
Vims Value is based on the average for all the par-
ticles; there will be many with lower speeds, and
many with higher speeds thanv,,s. James Clerk
Maxwell was able to nd a probability function for
the speeds of molecules, and this is shown in our
book's Fig. 13.24 at the right. The most-probable
speed (the peak of the curve) increases with tem-
perature, and the width of the distribution also in-
creases with temperature.

13.5 - 13.6 Phase changes

So far this kinetic theory has been addressing
molecules in a gas, which interact with each other X
only in collisions. But to some extent it also applies vl
to molecules in solids and liquids, even though these
also experience forces binding them to other molecules. \ R
These binding forces give the molecules negatifARE P =il
in addition to their temperature-dependentKE . But X '\ —=
with enough KE one could escape to join the gas. b

/\f\

*T+\\x

Evaporation Saturated vapor

The Maxwell speed distribution helps explain how fast-momg molecules at a temperature below the
melting or boiling temperature of a substance might nevertlless escape from a solid or liquid and
become free molecules in a gas or vapor, as in Fig. 13.33.

Sections 13.5 and 13.6 are worth reading for a qualitativegbure of how the molecules of a substance take
on the di erent forms of solid-liquid-gas as a result of theemperature, pressure and volume conditions
applied to it. But we will deal with the physics of phase chargs in more detail in chapter 14.
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Day 13, Hour 2:
14.1 Heat energy

In our study of energy conservation, the fact came up often
that one form of energy is heat We sometimes accounted for
missing mechanical energy, such as in a collision, by saying
that it was converted into heat. We can imagine the molecules
of a baseball and a brick wall each gainingE in a collision,
and the temperature of both increasing.

But the transfer of energy from one object to another can take
place gradually through many collisions of molecules. When
the molecules of objects at di erent temperatures are in cen
tact, as in Figure 14.2 from the text, energy ows from the
object at higher temperature to the one at lower temperature
by collisions that transfer molecularKE . When the objects
reach the same temperature the net transfer of energy stops.

Like other forms of energy, heat can be measured in units of
Joules. There is also another common unit, the caloriezhose
name came from an older theory about heat. In the caloric
theory, heat was considered a uid that would ow from an
object at higher temperature to one at lower temperature uiit ﬁ ) Ti 1 Ts
their caloric uid levels were equalized. The caloric thegrhad

some problems, such as that it seemed possible to extract an

in nite amount of heat from an object by friction. Regardles,

the calorie became the name of a heat unit, de ned as the heat

needed to raise the temperature of a gram of water by’C.

In the 1840s, Joule did experiments such as the one
illustrated in Fig. 14.3 to connect mechanical work
with heat energy. Water was stirred by a paddle
wheel, and its temperature was observed to increase.
The increase was proportional to the mechanical
work done to raise masses that would operate the
paddle wheel when allowed to descend. Joule's ex-
periments led to accpetance of the idea of energy
conservation, and also to this connection of energy
units:

14:186J = 1cat|

The energy available in food is measured in a unit also call¢ide Calorie (with a capital C), which is
1000 cal or 1kcal, so

14186J = 1 kcal = 1000 cal = 1 Calorie = 1 food calorie.

This seems to suggest that if you eat 2000 Calories of food,uymight be able to do a lot of work.
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Converting this all into gravitational potential energy, aperson weighing 800N (about 180 Ibs) would
be able to climb a distanceh given by

4186J
2000 kcal ~cal 8 10°J=PE=mgh=h (800N)) h
That's considerably above Mt. Everest. Of course, not all #afood you eat can be turned into mechanical
work. Lists indicate that even activities like sitting use aund 100 kcakhr; energy is being used to

maintain body temperature, pump blood, breathe, etc.

8 10°J _

- "% =104
g 1N 0m

14.2 Temperature change and heat capacity

When heat energy is added to an object, one thing that can happés a change in the kinetic energy
of molecules, hence a change in temperature. UsiQy (now) to represent an amount of heat, the
relationship with temperature change is

Q=mc T

wherem is the mass of the object, ana is the speci c heat a property of the material to which the
heat is added.

"~ With mass in kg,Q in J,and T in °C (or K; the degrees are the same size, so either works for
the change in temperature), the units ot must be J=(kg °C) or J=(kg K).

A

If the heat is measured in kcal, thert is needed in kcak(kg °C) = kcal=(kg K).

Our book has a table ofc values, Table 14.1. As examples of specic heats, a few argdd here in
the two common unit systems. They all vary with temperature ® some extent, but that would be
complicated to deal with, so assume they are constant in homerk and exams.

Speci c heatc

Substance FHkg °C) kcal=kg °C)
Aluminum 900 0215
Copper 387 0924
[ron 452 Q108
Wood 1700 71
Water 4186 1000
Ice 2090 ®0
Steam (constantV) 1520 0363
Steam (constantP) 2020 0482

So the same amount of heat added to di erent materials will gult in di erent changes of temperature.
It takes much more heat to get the same T for a kg of water than for a kg of copper, for instance.
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14.3 Phase change and latent heat

The other thing that can happen to a material
when heat is added is a phase change. This
means changing the potential energy of molecules,
by breaking bonds of a solid to form a liquid, or
of a liquid to form a gas, or either process in reverse.

When the phase of the material changes, its tem-
perature does not. The equation describing a phase
change is in a form likeQ = m L, wherem is the
mass andL stands for latent heat a property of the
substance. The latent heats also depend on which
phase change is to happen, so there are two symbols
used:

" L, is the latent heat of vaporization for a lig-
uid to be boiled into gas or a gas to condense
into liquid.

" Ly is the latent heat of fusion for a solid to be melted into liquid or a liquid to freeze intca solid.

With these we can write

Q= m L; (melting a solid / freezing a liquid),
Q= m L, (boiling a liquid /condensing a gas).

Our book also has a nice table of these latent heats and the [@eachange temperatures for di erent

substances, Table 14.2. A few example values are listed here

Melting L¢ Boiling
Substance T(°C) kJ=kg kcakkg T(°C) kJ=kg kcakkg
Nitrogen 210 255 6:.09 1958 201 480
Oxygen 2188 138 330 1830 213 509
Lead 327 2456 585 1750 871 208
Water 0 334 798 100 2256 539
Aluminum 660 380 90 2450 11400 2720

To illustrate both temperature and phase changes, suppose \wave 1kg of ice afl =

20°C and wish

to convert it to steam at T = 120°C. We can begin adding heat to do each of the following steps.

Warm the ice to 0°C: Q; = m¢;, T =(1)(0:5)(20) = 10 kcal.
Melt the ice to water: Q, = mL; = (1)(79:8) = 79:8 kcal.

Boil the water to steam: Q4 = mL, = (1)(539) = 539 kcal:

o & w0 d P

Warm the melted ice (now water) to 100C: Qs = mc,, T =(1)(1)(100) = 100 kcal.

Warm the steam to 120C (at constant P let's say): Qs = mcg T = (1)(0:482)(20) = 9:64 kcal
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The total Q needed comes out to about 738 kcal, with the majority being ¢hphase change to steam.

120 T T T T T T T T T T T T T T T
Qs Warming steam/Q5

1001 — |
Boiling water

80| :

60 8
Qs /Warming water
40 .
Meltin
201 jce ’ |
Q2
O L |
Warming icelf Q1
20

T(°C)

| | | | | | | | | | | | | | |
0O 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
Q(kcal=kg)

The same processes can operate in the opposite directiorsstisat 738 kcal would have to be removed
from 1kg of steam at 120C to convert it to ice at 20°C.

Day 13, Hour 3:

14.4 Heat transfer methods

How does heat transfer into or out of a system? There are threeeohanisms: conduction, convection,
and radiation. We will look at each one briey.

14.5 Conduction

The mechanism for conduction is like what we saw in
the kinetic theory: molecules colliding with a surface.

But now we can think of a substance on each side of
the surface, and having di erent temperatures, hence the
molecules on each side of the surface have di erent kinetic
energies.

A

Molecules at higher temperature tend to lose more
energy in the collisions, and the lower-temperature
molecules gain energy.

So heat is gradually transferred across the surface.

The process continues until the two sides reach the same teengture.

Or, if the temperature di erence is maintained somehow, hé@ontinues to ow across the surface.
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The rate of heat ow by conduction
through a material is often the quantity of
most interest. It depends on the tempera-
ture di erence T, T; at the two ends, and
the area A of the surface through which
the heat must pass. But it also depends
on the material and how far the heat must
travel. The equation is

Q _ kA(T,

T1)
t d

(Units: J=s = W.)

wherek is the thermal conductivity of a material, andd is its thickness, as shown. Sonle values from

our book's Table 14.3 are listed here.

k
Substance [WE(m  °C)]
Copper 390
Aluminum 220
Iron 80
Ice 22
Water 0:6
Wood 0.08 { 0.16
Fiberglass wool 42
Down feathers 0025
Air 0:023
Styrofoam Q010

~ So if you want to slow the ow of heat, use a material with low ceductivity, and make it thick.

{ Alofty down- lled jacket will help you stay warm in the winter, when the outside temperature

is lower than your body temperature.

" The combination ofk and d is often combined into one quantity, the thermal resistanc®r R-factor,

de ned asR = d=k In that case we can write

Q_A(M T
t R
Building materials are rated by their R-factor so it is easy to gure out what the total of several
layers will furnish.
{ A 2-inch-thick piece of styrofoam haR = ggralieos 22410 =5m? “C=W:
{ Building codes for new houses around here recommend at leRst 5 for wall insulation to
reduce the ow of heat to the outside.

~ You should not stick your tongue on a metal agpole when the taperature is below GC. What
will happen, and why?
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14.6 Convection

Convection is heat transfer by movement of a uid.

~

~

Warm air rises, because it is less dense than cooler
air, and so it carries heat upward.

A pot of water heated on a stove shows similar uid
motion, circulating the heat throughout the water.

Car engines are cooled by the ow of a liquid coolant
through pathways in the engine and its moving
parts.

The wind can signi cantly increase the loss of body
heat, which is nice in the summer when you're hot,
or a problem in hte winter when you're trying to
stay warm enough.

{ The book's Example 14.8 shows how to calcu-
late the amount of heat carried away by evap-
oration of sweat, using

Q _ mL,
t ot

to estimate the masan of water that must be
given up in time t to get rid of an amount Q
of heat.

To reduce the e ects of convection, the uid motion
should be limited somehow.

{ Block the cracks around doors and windows.

{ Use windows with multiple layers of glass with
air or another gas between layers. This reduces
the size of circulating currents from the inside
to outside surfaces.

{ The book's Fig. 14.19 shows how feathers or
fur reduce the size of convection loops to re-
duce the ow of heat by convection.
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14.7 Radiation

Electric charges in motion generate electromagnetic
waves, as you will learn more about in PHYS 106. These
waves carry energy away at the speed of light, because
they are a form of light. This is how heat is transferred
by radiation.

A

The energy we receive from the Sun is delivered
by radiation. There is obviously no convection or
conduction through empty space.

The electromagnetic waves we can see are in a small
range of possible wavelengths, from about 400 nm
for violet light to about 800 nm for red light. But
the motion of atoms in a hot object produces wave-
lengths over a much wider range than this, depend-
ing on the temperatureT of the object.

Objects like ourselves, with temperatures of 300K,
emit a peak wavelength that is in the infra-red range
of the spectrum.

Cameras able to detect these IR wavelengths can
show variations in temperature, such as this ther-

mographic image of a house. The colors are arti -

cial, but the red colors show highest temperatures,
blue shows the lowest.

The higher the temperature of an object, the shorter is the & wavelength in the spectrum it
emits.

Objects also_absorkenergy by radiation from their surrounding environment.

The rate at which energy is gained by an object depends on itsrhperatureT; and the surrounding
temperature T, according to
Qnet

t:eAT24 Ty

where

{ =5:67 10 8W=(m? K) is a constant.

{ eis the emissivity of the object, a number somewhere betweera@id 1 that tells how well
this object converts heat energy into radiation. A perfect lasorber and emitter hase = 1,
while an object that re ects all radiation hase = 0 and also emits no radiation.

* The tungsten lament in a light bulb has e 0:5.

{ A is the surface area of the object, so a larger surface areabak more radiation to occur,
and more absorption of radiation as well.

{ The temperaturesT; and T, are in the Kelvin scale.
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Now that we know about the three mechanisms of heat trans-
fer, what would be a good way to prevent heat transfer in all
its forms?

" Suppose you wanted to keep a liquid cold, or hot, for as
long as possible. In other words, you would like to reduce
Q as well as possible.

" What features of this thermos bottle (Dewar) can you
identify that are helpful, and why?

Quiz #7
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Time Topics Assignments

12:30 - 1:30 First law of thermodynamics: energy
1:40 - 2:20 Second law of thermodynamics: entropy
2:30 - 3:30 Catch up, review, practice exam

Day 14, Hour 1: First law of thermodynamics: energy

It should seem plausible by now that one of the laws of thermgdamics is conservation of energy. We
will look at how this conservation law can be applied when inicludes both heat energy and mechanical
energy. One of the main goals is to understand systems for gerting heat energy into useful work.

15.1 The rst law of thermodynamics

System
The rst law of thermodynamics simply says that energy is caserved. It applies to
everything, but we will apply it especially to thermodyname systems that is, groups of U
molecules that can gain or lose energy in di erent ways, andae do work. Picturing a
system as a box of molecules with total enerdgy, we can say

V\/by system
" When heat energy is added to the system then, logically, thisiergy will either be T
found in the system or it will come_outas work done by the system.
" To express this mathematically, the heat addedo a system isQ, and the work System
done bythe system isW. The change of energy withirthe system is U. So U+ U
Q= U+ W (1st law of thermodynamics. T
Qadded

15.2 The rst law of thermodynamics and some simple processes
Heat engines

~ A solid or a liquid, when heated, generally expands, and sodbuld do work using heat.

" If you need a rock lifted, you could place it on a piece of irorthen heat the iron to get some
thermal expansion: L= L T.
{ The work done on the rock by lifting it a distance L would beW = mg L.
{ Because is small, you would get relatively little work done by the hetadded to this system.
{ Most of the added heat is going into internal energyQ = mc T. Higher T means molecules
with more KE , so the system mostly just gains internal energy, U.

" Gases are much more e ective at turning heat into work than sials or liquids.
Allowing a heated gas to expand is a good way to convert heat otvork. A gas cylinder with a moveable

piston is one of the ingredients for many heat engines, alomgth some means for heating or cooling the
gas.
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Wasted heat

b/alve

Steam Piston @ Steam

Water Water
Qaddedﬁ\[:il’e Qaddedﬁ[:ire

In this cartoon sketch of a basic steam engine, a re providdbe heat to make steam, and the
steam provides the pressure to push a piston and turn a wheeinsehow.

But the piston could only be pushed once unless there is also/a@ve to let the steam escape at
some point; then the piston can be returned (by the momentumf ahe wheel, somehow).

It is too complicated to draw engines like this, but it showsa@me essentials.

{ They have a source of heat at some high temperatufg.

{ They have a place for unused heat to escape at a lower tempenat T..

{ They have a mechanism for doing work with some of the heat eqggr

{ They have some way of repeating their action, working in a chgcof some kind.

A heat engine can be sketched without all the mechanical détlike this:

{ The high-temperature source of heat is a reservoir at tempure T,.
{ Heat Q, goes into the engine from the hot source.

{ Some workW is done by the engine.

{ The unused heat iQ. expelled to a cold reservoir at temperaturd..

According to the rst law, since energy is conserved, the workone by the

engine is
W=0Qn Q
Engine e ciency is de ned as the amount of work produced per nit of heat provided:
Eff = w = O =1 %: ( What you want/What you must do to get it.)
Qn Qn Qn
4 Fyou
Now we can look at the thermodynamics of a gas as the basis of ahengine. i 4 d
F

~ Suppose you apply a force to a piston to compress a gas in a ryér. d| TF

When it is being compressed the gas does negative work. e
~ And if the piston goes up, as the gas expands it does positive nkio Gas Gas

For gases, the pressure produces the force on the piston,ading to the de nition P = F=A, whereA
is the piston area, so the work done by the gas is
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PV diagrams and work

Since pressure and volume are so important in this processisi helpful to plot them together on aPV
diagram. P is plotted on the vertical axis, andV on the horizontal axis. Sometimes it is also apparent
what is happening to the temperaturel as well, even though it is not plotted. We will look at some of
the simple possibilities for useful behaviors of gases.

1. Isobaric (constant pressure) process
Suppose a gas is made to expand at constant pressure, as
sketched in Fig. 15.10 from our text.

" TheworkW = PV, is the area under the line that
represents the volume change.

" If the volume increasesW > 0.
{ For this process to happen, there must be an increase in tenngtire from T, to a larger
Ts.
{ Heat must be added to the gas, and some of it goes into an incread the internal energy.
{ The actual amounts ofQ and U would depend on the type of gas used.

" For an isobaric compressionWW < 0, the temperature decreases,U < 0 andQ < 0. Heat
must be removed from the gas.

2. Isochoric (constant volume) process
~ If the volume is made to stay constant while pressure changéisere

is no area under the curve, and no work done. P
A
" There must be a temperature change happening too. In this skb,
the temperature must increase, so the heat added is all goingo
internal energy:
Q= U B

3. Cyclic processes
The importance of a cycle for a heat engine was mentioned ear] What is the work done when

a process returns the gas to its starting condition?

"~ From A to B the volume increases, an@lVag > 0 is
the area under the lineAB .

A

From B to C, no work is done.

N

From C to D, negative work is done, in an amount
equal to the area under lineCD.

A

From D back to A, again, no work is done.

" The total work done, including the positive and negative ammts, is equal to the area
inside the cycleABCD .

{ If the cycle is clockwiseW,,; > 0. If the cycle goes counterclockwise, théW;, < 0.
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4. Unspeci ed process

Figure 15.11 shows some unspeci ed process happen-
ing, in which both P and V are made to vary. The
work done in any process still turns out to be the area
under the curve, even though it may not be simple to
calculate.

A

Along the path from A to B, if the volume
change is divided into in ntely thin, in nitely
many small changes, there is some pressure for
each, and the work done in that interval must be

P V. But this is the area under that segment
of the curve.

Adding the work in all the intervals gives the
total.

If the path is an expansion of the gasw > 0.
If the gas is compressed thedv < 0.

If the path forms a closed loop, as before, the
area inside the loop is the work done in the cyclic
process.

{ the work W > 0 for a clockwise cycle, and
W < 0 for a counterclockwise cycle.

5. Isothermal process

A process that keepd constant is called isothermal An example is the bluish curve shown from
A to B in our book's Fig. 15.13.

" Using PV = nRT = constant, an isothermic
curve on thePV diagram satis es the equation

constant,
V )

where the constant depends oi of course.

" Since there is no change of internal energy, all
the added heat goes into doing work:

Q=W

" An isothermal process must be relatively slowo allow the gas to maintain a constantT
throughout the system. This is in contrast to the next proces
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6. Adiabatic procesqusually relatively fast, giving no time for heat to enter or leave the system.)

A process that occurs with no heat added to the gas is callediabatic. An example is the violet
curve fromA to C in Fig. 15.13 from the text.

" BecauseQ = 0, the work that is done to expand
the gas in thisA-to-C process must come from
the internal energy of the gas, stV = U.

" Comparing with the isotherm above it, it should
be evident that the gas goes to a lower tempera-
ture along the adiabat. The gas aC has a lower
pressure thanB but the same volume, therefore

These are the kinds of processes that make up an engine cyéler example, in the cycle shown here,

1. Heat is added along theAB isotherm, and it all
turns into work: Wag = Qag and Upg =0.

2. No work is done on the isochoric side, but the gas is
cooled and its pressure is lowered; it loses internal
energy and that is the heat that is removedWgc =

0, Qgc = Ugc .

3. No heat transfer takes place along the adiabat, but

the gas is compressed by raising its pressure, al-

lowing some increase in temperature too. Negative

work is done, equal to the amount of internal energy

the gas gains.Qca =0, Wca = Uca.
Other examples are shown in the text, such as the Otto cycleprresponding to an internal combustion
engine used in cars. It uses two adiabats and two isochoricopesses. You might nd it intersting to
read about.

The one famous cycle you should know about is the Carnot cyclevo isotherms and two adiabats. It
turns out that the Carnot engine is the best possible at convéng heat into work.

" Heat Qy, goes in along the isothernAB .
" Heat is removed along isothernCD.

" These amounts of heatQ);, and Q. are proportional
to the Kelvin temperatures at which they happen:

Qc _ Te.

Qn Tn

" SinceEff =1 % for any engine, for the Carnot
engine this becomes

Te
Ef c=1 =:
C Th
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" E ciency is a number between 0 and 1, theoretically.

" But in practice, it can never reach 1, because that would regqe T. = OK. That is called a perfect
engine, because it would convert all the added heat into warthere would be no wasted hea®,
from a perfect engine.

" The Carnot engine is sometimes referred to as an ideslgine, because it does the most possible
work with the temperatures available.

Day 14, Hour 2: Second law of thermodynamics: entropy

If heat Q and work W are just di erent forms of energy, interchangeable

with U in a system, and the rst law simply requires that they add _
correctly: Cool rock with PE
Q= U+ W,

Q! KE! PE

then why don't we see things like this happen?
Warm rock

Or, better yet, a self-delivering
pizza: [ Very hot pizza | ——— [ Fast hot pizza |

Q! KE

1 P
Q=mc T:Emvz) v= 2 T

Sayc=500J=kg °C)and T =1°C. Thenv= P 2(500)(1) =32m=s 71 mph

For these kinds of things to happen, some of the random veltyciof
molecules in objects would have to change into a concerted tioa of all
the molecules in the same direction. This turns out to be a weunlikely
accident when dealing with large numbers of molecules.

~

The 1st law of thermodynamics does not have any problem with i

" But the 2nd law of thermodynamics says it will not happen acei

dentally.
" If a baseball ies past, you know someone threw it; it's not auicky —
accident of random motion. — =

If you see half the water molecules in the Red Sea go left, artuet
other half go right, you know it was no accident. Someone didhat.

The probability is based on the large numbers of molecules/ived.

" The 2nd law deals with the entropy or disorder of a system, and
says that entropy does not decrease for the system as a whole.
As a simple example, you might recall from last time the idea #t heat naturally goes from the higher-
temperature object to the lower, until they reach an equilibum temperature. The second law easily
can be used in a quantitative way to account for this.
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Tiow ) T T

A change in entropy is measured as

S =

=10

and the second law says

So when heatQ ows from a hot object to a cold one, the entropy changes are

Q Q

SC = —C > 0; and Sh = T_h < 0; so
= + = — — = > 0
Stotal Se Sh T, T Tl (Th To)>0

This is what we should expect to happen.

>

The hot object loses entropy, because its molecules are stdwdown in the transfer of heat.
But the cold object gains entropy, and a larger amount than ta hot object lost.
" The overall change is an increase in entropy if heat ows frommot to cold objects.

" This is what allows a heat engine to extract some of the trarefred heat energy and turn it into
work.

The Carnot engine is an example of entropy remaining constamecause in that case

Qh Qc

Carnot engine:_l_—h = T_c Sctota =0:

Does heat ever ow the other way? Yes, it can be arranged with @evice that looks a lot like the heat
engine, but with all the arrows reversed. A refrigerators basically a heat engine in reverse:

" Some heatQ. is taken froma cold reservoir at temperaturerl..

Heat Q;, is delivered tothe high temperature reservoir afT,.

But some work must be put_intothe machine to make this happen, because
it lowers the entropy of the reservoirs.

This work could be provided by a heat engine someplace elseat is raising
the total entropy to provide the work W.

According to the rst law, since energy is conserved, for a mgjerator

[W+Qc= Qu] Te

And instead of eciency, the measure of success is called the
coe cient of performance, de ned as the amount of Q. moved per unit of
work provided:

COPe = % = —QC :

W Q
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This quantity could be anything from 0 to in nity, theoretic ally.

" A \perfect" refrigerator would be one that requires no work © cause heat to ow from cold to
hot. It would have a COP = 1 , but it would also violate the second law of thermodynamics.

" A refrigerator doesn't work unless there is a source of engrgvailable to do enough work.

" Keep the fridge plugged in, or it won't keep your groceries b

One more useful form of the refrigerator is called a heat pumiit is a refrigerator, but its purpose is to
heat rather than to cool, so its coe cient of performance is d ned as

COPyp = O _ @

W Q¢

This always turns out to be> 1,

A \perfect" heat pump would have COP,, = 1, just like a refrigerator, but there is no way to get
this reverse heat ow to happen without violating the secondiaw of thermodynamics. Some work
is needed to operate the machine.

Heat pumps are very popular because they take available heatich as heat from underground
where it is warmer than the outside air in winter, and use it tcheat a building.

It requires some workW to move the heat to where it is wanted. But it is similar to nding that
gasoline is free a few miles away, and driving your car there get some. It's a good deal.

Figure 15.28 shows the idea of how a typical refrigerator or
heat pump functions:

" A substance that is easily compressed into a liquid and
expanded into a gas is circulated betwen the two tem-
perature reservoirs.

As a gas, it absorbs heaQ. at temperature T.

When compressed to a liquid, it gives o heatQ; at
temperature T,.

Then it is allowed to expand again by lowering the pres-
sure, and the cycle repeats.

The compressor, and a pump to keep the uids moving,
require work to keep them operating.



