Chapter 18 The Micro/Macro Connection

Satilimedn, .

Chapter Goal: To understand a macroscopic system
In terms of the microscopic behavior of its molecules.
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Announcements
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Chapter 18 Preview

Macro Puzzles
Micro Explanations

B Why does the ideal-gas law work for
every gas?

B Why is the molar specific heat for
every monatomic gas the same? And
for every diatomic gas and for every
elemental solid?

B What does temperature measure?

These are puzzles we uncovered in the
last two chapters. In this chapter, you
will learn that we can resolve these
puzzles and understand many of the
properties of macroscopic systems by
investigating the microscopic behavior
of its atoms and molecules.
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Chapter 18 Preview

Macro Micro

A container of N molecules of gas with

|
|
|
- I L]
an ideal gas | number density N/V
|
|
/‘ I
[ o
I
I
" I
. I
: [
: |
L] I :"
Macroscopic The molecules have kinetic
properties include energy. They collide with
pressure, tlemperature  each other and the walls of
and thermal energy. the container.
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Chapter 18 Preview

Collisions

You will learn how to understand the
pressure of a gas in terms of atomic col-
lisions with the walls of the container.

Hotter Colder
(O | «+—()
() | O—>
Q -

You'll also learn that heat transfer occurs
via collisions at the boundary between two
systems. More-energetic molecules on one
side transfer their energy to less-energetic
molecules on the other.
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Chapter 18 Preview

Energy and Temperature

We'll find that the average energy of a
molecule depends only on temperature.

This will allow us to interpret
temperature in terms of thermal
energy—the microscopic energy - ﬁi
of the moving molecules—and
then to understand why every
monatomic gas has the same
molar specific heat.
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Chapter 18 Preview

The Second Law of

Thermodynamics

You will learn a new law of nature, the
second law of thermodynamics, that
governs how systems evolve in time.

One statement of the second law is that
heat energy 1s transferred spontaneously
from a hotter system to a colder system,
never from colder to hotter. Heat transfer
1S an irreversible process.

© 2013 Pearson Education, Inc. Slide 18-7



Chapter 18 Preview

Heat goes from the burner to the teakettle,
making the water hotter and the burner
a little cooler. It would not violate energy
conservation for heat to go from the kettle
to the burner, making the water colder and
the burner hotter. But it doesn’t happen.

You’ll learn to use the concept of
entropy to understand why all macro-
scopic interactions are irreversible.
Entropy explains why the future is dif-
ferent from the past and why there are
theoretical limits to the efficiency of
using energy in practical ways.
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Molecular Speeds and Collisions

= A gas consists of a vast number of molecules, each moving
randomly and undergoing millions of collisions every second.

= Shown is the distribution of molecular speeds in a sample of
nitrogen gas at 20°C.

. Most 16% of the molecules
- Th e MiC I‘O/m acrlro likely have speeds between
conn eCti on iS b U | It on Percentage speed 600 m‘/s and 700 m/s.
. of molecules
the idea that the 20 - o
macroscopic properties . = I, moleayles
] a
of a system, such as o -

temperature or pressure,
are related to the average
behavior of the atoms
and molecules.
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700 — 800

200 — 300
]
]
]

0 — 100 |
100 — 200 |[]
300 — 400
400 — 500
500 — 600
600 — 700

1000 — 1100

Speed range (m/s)
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Mean Free Path

= A single molecule follows a
. The molecule changes
zig-zag path through a gas direction and speed
as it collides with other with cagh collision
It moves freely
molecules. " between collisions.

= The average distance
between the collisions is
called the mean free path:

*
.
l:’

Later
position

Initial
position

1

A —
4N 2w (NIV)r

(mean free path)

= (N/V) is the number density of the gas in m=,

= r|s the the radius of the molecules when modeled as
hard spheres; for many common gases r = 107 m.
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QuickCheck 18.1

The temperature of a rigid container of oxygen gas
(O,) I1s lowered from 300°C to 0°C. As a result, the
mean free path of oxygen molecules

A. Increases.
B. Is unchanged.
C. Decreases.
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QuickCheck 18.1

The temperature of a rigid container of oxygen gas
(O,) I1s lowered from 300°C to 0°C. As a result, the
mean free path of oxygen molecules

A. Increases.
¢/B. Isunchanged. . dependsonly onN/V, notT.
C. Decreases.
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Example 18.1 The Mean Free Path at Room

Temperature

STV CTETRN The mean free path at room temperature

What is the mean free path of a nitrogen molecule at 1.0 atm pres-
sure and room temperature (20°C)?

SoLVE Nitrogen is a diatomic molecule, so r = 1.0 X 10" m,
We can use the ideal-gas law in the form pV = NkgT to determine
the number density:

N p 101,300 Pa s
— — _27’ = 2,5 X 10 " m N
V kT (1.38 X 107 J/K)(293 K)

Thus the mean free path is

1
AN 27 (NIV)F

A

1
AN2 (2.5 X 105 m™3)(1.0 X 10719 m)?

=23X%X 107" m=230nm

ASSESS You learned in Example 16.5 that the average separation
between gas molecules at STP is = 4 nm. It seems that any given
molecule can slip between its neighbors, which are spread out in
three dimensions, and travel—on average—about 60 times the av-
erage spacing before it collides with another molecule.
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Pressure in a Gas

= Why does a gas have pressure?

= |[n Chapter 15 we suggested that the pressure in a gas
IS due to collisions of the molecules with the walls of its
container.

* The steady rain of a vast There arean
number of molecules striking \ W cfooliscmsor
a wall each second exerts a ot el
measurable macroscopic \\ et
force.

= The gas pressure is the
force per unit area (p = F/A)  Each collision
resulting from these " onthewall The
molecular collisions. g v

causes the gas to
have a pressure.
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Pressure In a Gas

= The figure shows a

. i y
molecule which collides
with a wall, exerting an |
i i ' ——+— Wall of
ImpU|Se on it. Before: O area A
* The x-component of | S N
the impulse from a L gt
: .. . After: <= ) gl
single collision is: Y

(J x)molecule onwall — +2mvx

= |f there are N, such collisions during a small time
Interval At, the net impulse is:

J wall — N coll X (J x)molecule on wall — 2N collmvx
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Pressure In a Gas

= The figure reminds you
that impulse is the area
under the force-versus-

i Foocueonway  MPulse is the area under the
time curve and thus curve. The average force on
_ the wall is constant, so the
'Jwall - FanAt. area is F, At
T Average
= The average force on /force
the wall is: Fr,
0]
F =9 N, coll
avg At my, 0 . f
0 At

= where the rate of collisions is:
Ncoll L lg
At 2V

Av,
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Pressure in a Gas

= The pressure is the average force on the walls of the
container per unit area:

F 1N
P = 5 <7/ ms

A 3V

= (N/V) is the number density of the gas in m=,

= Note that the average velocity of many molecules
traveling in random directions is zero.

= v, IS the root-mean-square speed of the molecules,
which Is the square root of the average value of the
sguares of the speeds of the molecules:

Vims = V(v  (root-mean-square speed)
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QuickCheck 18.2

A rigid container holds oxygen
gas (O,) at 100°C. The average
velocity of the molecules is

A. Greater than zero.
B. Zero.
C. Less than zero.
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QuickCheck 18.2

A rigid container holds oxygen
gas (O,) at 100°C. The average
velocity of the molecules is

A. Greater than zero.
v'B. Zero.
C. Less than zero.
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Example 18.2 Calculating the Root-Mean-

Sqguare Speed

FCVHERESE Calculating the root-mean-square speed

The figure shows the velocities of all the molecules 1n a six-
molecule, two-dimensional gas. Calculate and compare the aver-
age velocity E’avg, the average speed v,,,, and the rms speed v, .

8 0, 7 107 — 2]
! J ‘/‘
5/ 4
6 21 + 157
—14]

1 2
5 : —81 + 6]
107 — 10] ‘\8’36’

Units of velocity are m/s.
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Example 18.2 Calculating the Root-Mean-

Sqguare Speed

Molecule v, v, vz vy2 e v
1 10 —10 100 100 200 14.1
2 2 15 4 225 229 15.1
3 —8 6 64 36 100 10.0
- —10 =2 100 4 104 10.2
3 6 5 36 25 61 7.8
6 0 —14 0 196 196 14.0

Average 0 0 148.3 11.9
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Example 18.2 Calculating the Root-Mean-

Sqguare Speed
Calculating the root-mean-square speed

soLVvE The table on the previous slide shows the velocity components
v, and v, for each molecule, the squares v? and v_f, their sum
v:=yp?+v? and the speed v = (v2 + v7)"2. Averages of all the
values in each column are shown at the bottom. You can see
that the average velocity 1s Fah.g = 0 m/s and the average speed is

Vave = 11.9 m/s. The rms speed is
Vems = V(1 )e = V1483 m*/s? = 12.2 m/s

ASssEsSS The rms speed is only 2.5% greater than the average
speed.
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Example 18.3 The RMS Speed of Helium Atoms

SONVEREES The rms speed of helium atoms

A container holds helium at a pressure of 200 kPa and a tempera-
ture of 60.0°C. What is the rms speed of the helium atoms?

sOLVE The rms speed can be found from the pressure and the
number density. Using the ideal-gas law gives us the number
density:
N p 200,000 Pa 55 _a
—= = = =435X 10" m
Vo kgT  (1.38 X 10 “ J/K)(333 K)

The mass of a helium atom is m = 4 u = 6.64 X 107" kg. Thus

3p
Ve = = 1440 m/s
‘ (N/V)m

Using PV = NKgT | SkeT
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Temperature in a Gas

= The thing we call temperature measures the average
translational kinetic energy ¢, , of molecules in a gas.

= A higher temperature corresponds to a larger value of
£,g @nd thus to higher molecular speeds.

= Absolute zero Is the temperature at which ¢,,,= 0 and all
molecular motion ceases.
2 where v

= By definition, &,,, =2mv,.~, ms IS the root mean
sguared molecular speed; using the ideal-gas law, we
found e, = 3/2 k;T.

avg

= By equating these expressions we find that the rms
speed of molecules in a gas is:

gavg EmVrzms = EkBT \ % = A 3kBT
2 2 rms m
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QuickCheck 18.3

A rigid container holds both hydrogen gas (H.)

and nitrogen gas (N,) at 100°C. Which statement
describes their rms speeds?

A. Vrms Of _2 < Vrms Of N2
B. Vrms Of _2 — Vrms Of N2
C. Vrms Of _2 > Vrms Of N2
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QuickCheck 18.3

A rigid container holds both hydrogen gas (H.)

and nitrogen gas (N,) at 100°C. Which statement
describes their rms speeds?

A. v.0f H,<v._ . of N,.
B. v, ,0ofH,=v_.of N,.
C.

vV'C. v, of H,>v  of N,. Vims ~ 1/m

For nitrogen (N,, m= 28 u), v, .=1440/(7)'2 =1440/2.65= 540 m/s.
Speed of sound= 340 m/s.

© 2013 Pearson Education, Inc. Slide 18-35



QuickCheck 18.4

A rigid container holds both hydrogen gas (H,) and
nitrogen gas (N,) at 100°C. Which statement
describes the average translational kinetic energies
of the molecules?

vg OF Hy < &4 OT N,.

A. g
B. &,,0fH,=g¢g,,0fN,.
C. &,0fH,>¢,,0fN,
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QuickCheck 18.4

A rigid container holds both hydrogen gas (H,) and
nitrogen gas (N,) at 100°C. Which statement

describes the average translational kinetic energies
of the molecules?

A. &,,0fH,<¢g,, 0fN,
VB gavg Of B 2 — 8avg Of N2
C. gavg Of _2 > gavg Of N2.
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The Micro/Macro Connection for Pressure

and Temperature

Macro

Micro

A container of
an 1deal gas

N molecules of gas with
number density N/V

The average translational
kinetic energy of a

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I .
I molecule 1s
|

|

|

_ 1 8 . o
Ean _ 2mVl.mS - szT.
2
Pressure, p = 5% 6
Temperature, 7 = =€
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Example 18.4 Total Microscopic Kinetic Energy

© 2013 Pearson Education, Inc.

SYIEERE Total microscopic kinetic energy

What is the total translational kinetic energy of the molecules in
1.0 mol of gas at STP?

soLve The average translational kinetic energy of each molecule is

_

3
€ne = 5 T = 5(1 38 X 107 J/K)(273 K)

=565X%X1072"]

1.0 mol of gas contains N, molecules; hence the total kinetic
energy is

Kmi::m = NAEavg = 34007

ASSESS The energy of any one molecule is incredibly small.
Nonetheless, a macroscopic system has substantial thermal energy
because it consists of an incredibly large number of molecules.
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Example 18.5 Calculating an RMS Speed

SN IEREEN Calculating an rms speed

What is the rms speed of nitrogen molecules at room temperature
(20°C)?

soLVE The molecular mass is m = 28 u = 4.68 X 10>° kg and
T = 20°C = 293 K. It is then a simple calculation to find

Irrlll"I’I'IE-'r

3(1.38 X 107 J/K)(293 K)
— o = 509 m/s
4.68 X 107 kg

Some speeds will be greater than this and others smaller, but
509 m/s will be a typical or fairly average speed. This is in excel-
lent agreement with the experimental results of Figure 18.2.
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Example 18.6 Mean Time Between Collisions

SV LEEETE Mean time between collisions

Estimate the mean time between collisions for a nitrogen molecule
at 1.0 atm pressure and room temperature (20°C).

MODEL Because v, 1s essentially the average molecular speed,
the mean time between collisions 1s simply the time needed to
travel distance A, the mean free path, at speed v,...

soLve We found A =2.3 X 107" m in Example 18.1 and v, =
509 m/s in Example 18.5. Thus the mean time between collisions is

A _2.3)(]0_?1’11

ol = —— =48 % 107"
Tl = 50D s i

AsSESS The air molecules around us move very fast, they collide
with their neighbors about two billion times every second, and
they manage to move, on average, only about 230 nm between
collisions.
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Thermal Energy and Specific Heat

Atom 7 has translational kinetic

. The thermal energy Of a energy e, but no pptcntial energy

systemis E;, = K

mICI'O

= The figure shows a monatomic  attemperature 7
gas such as helium or neon.

= The atoms in a monatomic
gas have no molecular bonds

+ U

or rotational kinetic energy.

micro* N atoms in a gas

W|th thelr nelgthI’S, hence The lhermzi] energy of the gas is

U...,=0.

miIcro

e, = By S B Ty T S

= Since the average kinetic energy of a single atom in an
ideal gas Is ¢,,, = 3/2 kgT, the total thermal energy Is:

L 3NkT 2 RT
= — = —n
th 5 B »

(thermal energy of a monatomic gas)

© 2013 Pearson Education, Inc.
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Thermal Energy and Specific Heat

If the temperature of a monatomic gas changes by
AT, its thermal energy changes by:

3
AE, = nRAT

In Chapter 17 we found that the change in thermal
energy for any ideal-gas process is related to the
molar specific heat at constant volume by:

AEth = nCVAT

Combining these equations gives us a prediction for
the molar specific heat for a monatomic gas:

3
Cy = ER = 12.5 J/mol K (monatomic gas)

This prediction is confirmed by experiments.
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The Equipartition Theorem

= Atoms in a monatomic gas carry energy exclusively as
translational kinetic energy (3 degrees of freedom).

= Molecules in a gas may have additional modes of energy
storage, for example, the kinetic and potential energy
associated with vibration, or rotational kinetic energy.

= We define the number of degrees of freedom as the
number of distinct and independent modes of energy
storage.

Equipartition theorem The thermal energy of a system of particles is equally
divided among all the possible degrees of freedom. For a system of N particles at
temperature 7, the energy stored in each mode (each degree of freedom) 1s %NkBT
or, in terms of moles, %nRT.
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QuickCheck 18.5

A mass on a spring
oscillates back and forth on
a frictionless surface. How
many degrees of freedom

does this system have? M\MMM

mooOwer
ORrWNP
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QuickCheck 18.5

A mass on a spring
oscillates back and forth on
a frictionless surface. How
many degrees of freedom

does this system have? MMMM

It can hold energy as kinetic energy or potential energy.

mooOwz>
oM wWN P
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Thermal Energy of a Solid

. The f|gure remlndS yOU Of the Each atom has microscopic translational
“bedspring model” of a solid e e o
with particle-like atoms connected v b
by spring-like molecular bonds.

= There are 3 degrees of freedom
assoclated with kinetic energy
+ 3 more associated with the — .
potential energy in the molecular -
bonds = 6 degrees of freedom
total.

= The energy stored in each degree of freedom is %2 NKkgT,
so:

Ey, = 3NkgT = 3nRT (thermal energy of a solid)
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Diatomic Molecules

4
[
[
|
[

= |n addition to the 3 degrees of

freedom from translational kinetic {(‘V
energy, a diatomic gas at l})

commonly used temperatures has /:
A I

2 additional degrees of freedom .

Rotation end-over-end

from end-over-end rotations. R
= This gives 5 degrees of freedom

y
total: )
5 5 > *
Ey = - NkgT = —nRT % Sfjw————x

B g 2
(diatomic gases) .,
>

5
Cy = ER = 20.8 J/mol K

Rotation end-over-end
about the y-axis
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Thermal Energy and Specific Heat

TABLE 18.2 Kinetic theory predictions for the thermal energy and the molar specific heat

System Degrees of freedom E, Cy

Monatomic gas 3 3 NkT = 3nRT SR = 12.5 J/molK
Diatomic gas 5 3 NkgT = 3nRT 2R = 20.8 J/mol K
Elemental solid 6 3NkgT = 3nRT 3R = 25.0 J/molK
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QuickCheck 18.6

Systems A and B are both monatomic gases. At this instant,

A B
N = 1000 N = 2000
E, =2X10""] E, =3x107"]

A, T,>Tg.
B. T,=T;.
C. T,<Tg.
D. There’s not enough information to compare their

temperatures.
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QuickCheck 18.6

Systems A and B are both monatomic gases. At this instant,

A B
N = 1000 N = 2000
E, =2X10""] E, =3x107"]

‘/A. TAo>Tg. A hasthe larger average energy per atom.

B. T,=T;.
C. T,<Tg.
D. There’s not enough information to compare their

temperatures.
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Thermal Interactions and Heat

= Consider two gases, Inltla”y Insulation prevents heat from
at different temperatures entering or leaving the container.
Tli > Tzi- T v " AT OO
= They can interact thermally | System 1 System 2
through a very thin barrier. 3 N, N, :
- - ) T T 2
= The membrane is so thin ! ..
that atoms can collide at the e
- A thin barrier prevents atoms from
boundary as It the moving from system 1 to 2 but still
membrane were not there, allows them to collide. The barrier is

clamped in place and cannot move.

yet atoms cannot move from
one side to the other.

= The situation is analogous, on an atomic scale, to
basketballs colliding through a shower curtain.
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Thermal Interactions and Heat

= The figure shows a fast atom
and a slow atom approaching Fast

Thin barrier

the barrier from opposite © g

S | d es. (L) Elastic collision
= During the collision, there is an —O ® ,

energy transfer from the faster Loses energy Gains energy

atom’s side to the slower >

atom’s S| de Energy transfer

Heat is the energy transferred via collisions between
the more-energetic (warmer) atoms on one side and
the less-energetic (cooler) atoms on the other.
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Thermal Interactions and Heat

= Equilibrium is reached when the
atoms on each side have, on
average, equal energies:

(€1)avg = (€2)avg (thermal equilibrium)

= Because the average energies are
directly proportional to the final
temperatures,

T = Ty=T; (thermal equilibrium)

© 2013 Pearson Education, Inc.

Collisions transfer energy from the
warmer system to the cooler system
as more-energetic atoms lose energy
to less-energetic atoms.

T;; T,
(El);nrg ‘ (EZ)avg
Eli Eli

v

Thermal equilibrium occurs when
the systems have the same average
translational kinetic energy and thus
the same temperature.

" "
Tf Tf
avg Eavg
E IiF EZf
£ o

In general, the thermal
energies £, and E,; are
not equal.
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Thermal Interactions and Heat

The final thermal energies of the two systems are:

- Nl E . n1 E
N,+N, * n+n “

Ey

E, = N E =—2
2f ]V1 ‘I‘ N2 tot nl _I_ n2 tot

No work is done on either system, so the first law of
thermodynamics is:

0, = AE, = E\;— E|;
0, = AE, = Ex— Ej,
Conservation of energy requires that Q, = —Q.,.
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Example 18.8 A Thermal Interaction
A thermal interaction

A sealed, insulated container has 2.0 g of helium at an initial tem-
perature of 300 K on one side of a barrier and 10.0 g of argon at an
initial temperature of 600 K on the other side.

a. How much heat energy 1s transferred, and in which direction?
b. What is the final temperature?

MODEL The systems start with different temperatures, so they are
not in thermal equilibrium. Energy will be transferred via colli-
sions from the argon to the helium until both systems have the
same average molecular energy.
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Example 18.8 A Thermal Interaction
A thermal interaction

SOLVE a. Let the helium be system 1. Helium has molar mass
M, = 0.004 kg/mol, so n; = M/M,, = 0.50 mol.
Similarly, argon has M,,,; = 0.040 kg/mol, so n, = 0.25 mol.
The initial thermal energies of the two monatomic gases are

3

3
EZi _— EanTZi = 225R = 1870

The systems start with equal thermal energies, but they are
not in thermal equilibrium. The total energy i1s E,,, = 3740 J.

© 2013 Pearson Education, Inc. Slide 18-58



Example 18.8 A Thermal Interaction
A thermal interaction

In equilibrium, this energy is distributed between the two

systems as
n 0.50
E,=——FE,=——-3740] = 2493 ]
n, +n, 0.75
Ey = E,=—23740] = 1247]
o n, + n, ot 0.75

The heat entering or leaving each system is
Q= Que = E;y— E;; =623]
Q) = Qar = Eyy — Eyjy = —623]

The helium and the argon interact thermally via collisions at
the boundary, causing 623 J of heat to be transferred from the

warmer argon to the cooler helium.
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Example 18.8 A Thermal Interaction
A thermal interaction

b. These are constant-volume processes, thus QO = nCyAT.
Cy = %R for monatomic gases, so the temperature changes are

: 623 ]
B — 3QH = = 100 K
snR  1.5(0.50 mol) (8.31 J/mol K)
: —623]
AT, = 2 = —200K

%nR 1.5(0.25 mol) (8.31 J/mol K)

Both gases reach the common final temperature 7; = 400 K.

ASSESS E; = 2FE,; because there are twice as many atoms In
system 1.
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Irreversible Processes and the Second

Law of Thermodynamics

= \When two gases are brought into thermal contact,
heat energy Is transferred from the warm gas to
the cold gas until they reach a common final
temperature.

= Energy could still be conserved if heat was
transferred in the opposite direction, but this never
happens.

= The transfer of heat energy from hot to cold is an
example of an irreversible process, a process
that can happen only in one direction.
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QuickCheck 18.7

A large —20°C ice cube Is dropped into a
super-insulated container holding a small
amount of 5°C water, then the container Is
sealed. Ten minutes later, Is It possible that the
temperature of the ice cube will be colder than
—20°C?

A. Yes.

B. No.
C. Maybe. It would depend on other factors.
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QuickCheck 18.7

A large —20°C ice cube Is dropped into a
super-insulated container holding a small
amount of 5°C water, then the container Is
sealed. Ten minutes later, Is It possible that the
temperature of the ice cube will be colder than
—20°C?

A. Yes.

v'B. No.
C. Maybe. It would depend on other factors.
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Molecular Collisions Are Reversible

(a) Forward movie (b) The backward movie is equally plausible.
Before: After: Before: After:
o—p O ®---_ ~-€ -—Q --. - O—>
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A Car Crash Is Irreversible

(a) Forward movie

Before: After:

(b) The backward movie is physically impossible.
Before: After:
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Which Way to Equilibrium?

Balls are chosen at random

The ﬁgure ShOWS tWO bOxeS and moved from one box
containing identical balls. L

Once every second, one ball
IS chosen at random and
moved to the other box. %g%%%

What do you expect to see OQOOC
if you return several hours Ml 3 Bl
later?

Although each transfer is reversible, it is more likely
that the system will evolve toward a state in which
N, = N, than toward a state in which N, >> N,

The macroscopic drift toward equilibrium is irreversible.
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Order, Disorder, and Entropy

= Scientists and engineers
use a state variable called
entropy to measure the
probabllity that a
macroscopic state will
occur spontaneously.

= |t is often said that entropy
measures the amount of
disorder in a system.

© 2013 Pearson Education, Inc.
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Order, Disorder, and Entropy

In principle, any number of heads
are possible if you throw N coins
In the air and let them fall.

If you throw four coins, the odds
are 1in 24, or 1 in 16 of getting
four heads; this represents fairly
low entropy.

With 10 coins, the probability that
Nieaqs = 10 is 0.510 = 1/1000, which
corresponds to much lower entropy.

With 100 coins, the probability that
Ni..qs = 100 has dropped to 10739;
It Is safe to say it will never happen.

Entropy is highest when N, .4 = N

tails®
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The Second Law of Thermodynamics

= Macroscopic systems evolve irreversibly toward
equilibrium in accordance with the following law:

Second law, formal statement The entropy of an isolated system (or group of
systems) never decreases. The entropy either increases, until the system reaches
equilibrium, or, if the system began in equilibrium, stays the same.

= This law tells us what a system does spontaneously,
on its own, without outside intervention.

= Order turns into disorder and randomness.
* |nformation is lost rather than gained.
* The system “runs down.”
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The Second Law of Thermodynamics

= The second law of thermodynamics is often stated Iin
several equivalent but more informal versions:

Second law, informal statement #1 When two systems at different tempera-
tures interact, heat energy is transferred spontaneously from the hotter to the colder
system, never from the colder to the hotter.

Second law, informal statement #2 The time direction in which the entropy of
an 1solated macroscopic system increases is “the future.”

= Establishing the “arrow of time” is one of the most
profound implications of the second law of
thermodynamics.
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QuickCheck 18.8

A large —20°C ice cube is dropped into a super-
Insulated container holding a small amount of 5°C
water, then the container is sealed. Ten minutes later,
the temperature of the ice (and any water that has
melted from the ice) will be warmer than —20°C. This is
a consequence of

The first law of thermodynamics.
The second law of thermodynamics.
The third law of thermodynamics.
Both the first and the second laws.
Joule’s law.

moowz
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QuickCheck 18.8

A large —20°C ice cube is dropped into a super-
Insulated container holding a small amount of 5°C
water, then the container is sealed. Ten minutes later,
the temperature of the ice (and any water that has

melted from the ice) will be warmer than —20°C. This is
a consequence of

A. The first law of thermodynamics.
¢/'B. The second law of thermodynamics.
C. The third law of thermodynamics.
D. Both the first and the second laws.
E. Joule’s law.
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Chapter 18 Summary Slides
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General Principles

The micro/macro connection relates the
macroscopic properties of a system to the motion
and collisions of its atoms and molecules.

The Equipartition Theorem

Tells us how collisions distribute the energy in the system.
The energy '-;tured in each mode of the 9y§tem (each degree
of freedom) is 5 Nk, T or, in terms of moles, 5 nRT.
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General Principles

The micro/macro connection relates the
macroscopic properties of a system to the motion
and collisions of its atoms and molecules.

The Second Law of Thermodynamics

Tells us how collisions move a system toward equilibrium.
The entropy of an isolated system can only increase or, in
equilibrium, stay the same.

* Order turns into disorder and randomness.
* Systems run down.

» Heat energy is transferred spontaneously from a hotter to a
colder system, never from colder to hotter.
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Important Concepts

Pressure 1s due to the force of the
molecules colliding with the walls:

IN , 2N
p=_——mv.. = - €

3V CIE
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Important Concepts

The average translational kinetic energy of a molecule is

Civy — %kBT. The temperature of the gas T = ﬁswg

measures the average translational kinetic energy.
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Important Concepts

Entropy measures the probability that
a macroscopic state will occur or,
equivalently, the amount of disorder

in a system.

Increasing entropy -
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Important Concepts

The thermal energy of a system is

E,;, = translational kinetic energy + rotational
Kinetic energy + vibrational energy

* Monatomic gas E, = %NkET = %HRT
« Diatomic gas Ey = 3NkgT = 2nRT
* Elemental solid Ey, = 3NkgT = 3nRT
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Important Concepts

Heat 1s energy transferred via
collisions from more-energetic O— | <O

molecules on one side to less-

energetic molecules on the other. —0O | @ .

Equilibrium 1s reached when

(€1)ave = (€3)4ye, Which implies >
T\ = Ty 0
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End of chapter problems

= Concept questions, page 522.



