AP Physics B
® December

LAWS OF THERMODYNAMICS

o Zeroth Law of Thermodynamics:
¢ Thermometer in equilibrium with system A
¢ Thermometer in equilibrium with system B
» = Aand B must be in equilibrium

o transitive

‘ CHAPTER 15 LAWS OF THERMODYNAMICS




LAWS OF THERMODYNAMICS
First Law: Whenever heat flows into or out of a system, the
gain or loss of thermal energy equals the amount of heat
transferred.
Conservation of energy: something gives energy to something else.
Rub your hands together. Why did the temperature increase?
Second Law: Heat naturally flows from hot to cold substance.
Winter time: warm air from house gives energy away to cold air
outside.
Summer: Warm air outside gives energy to cold air inside.
Air conditioning: To pump cold air toward warm air, it needs work.

Third Law: Nothing can reach Absolute Zero

CHAPTER OPENING QUESTION

Thermal pollution. Part of the heat produced by burning fuel
is not converted to electrical energy. The reason is:
efficiency is higher if some heat is allowed to escape.

Engineering technology has not yet reached the point where
100% waste heat recovery is possible.

Some waste heat must be produced; this is a fundamental
property of nature when converting heat to useful work

The plants rely on fossil fuels, not nuclear fuel.

None of the above



15.1 FIRST LAW: CONSERVATION OF ENERGY

10 8  t+R]J
QJ = AU
14 foster

heat moewle 5

W>0: system does mechanical work (on container)
AU = change in internal energy (PE + KE)

Ex1)

2500 J of heat is added to system
1800 J work done on system
Change in system’s internal energy?

& ey
0 “—— AJ= Qin-
25971 ,Qé}/p Z 2500— (~1500.)

A) 2500 J heat added, 1800 J work done by system

Change in system’s internal energy?




I[F THE SYSTEM IS MOVING AND HAS POTENTIAL ENERGY TOO

o AKE + APE + AU
(total energy change)

Qa - W
input — output

o Example 2
» 3.0 g bullet goes 400 m/s
° Enters a tree
« Exits the other side at 200 m/s
* Where'd the KE go? How much energy was transferred?

15.1 FIRST LAW: CONSERVATION OF ENERGY
AU = Q - W

o State Variables: U,P,V, m~n, T
* Asystem has a state

* Asystem does not “have” heat or work, which is a transfer of energy
19.7 The popcom in the pot is a thermo-

dynamic system. In the thesmody nami
process shown here, heat ix mlded 10 the
system, und the system does work on s
surroundings to bit the Bd of the pot




19.9 Ina lhcmlmd.,\'lumic process, the
15.1 FIRST LAW: CONSERVATION OF EN () e o Y s
AU ) Q _ W :i:, * '(;") or {€) remain the same

a) Muwe: heat bs achdesd 50 systens thun sy st
19.3 A thermodynamic system may (.) l i

oew work s lmternal energy of aysten mcrcas
exchange energy with its surroundings 2 o122 desroesrs
(environment) by means of heat, work, or Survoundings (environment )
(o) both. ?\'ou the sign conventivas for ¢ Q=150 W= 1001
and W i —
(environment) AU =Q - W= +30)
— ez (D) Maee beut Mows cur af syetem tan wenk s
Q..-(J‘ ’m W;U done: Internal xmergy of svsvtem decrens
{ / Samoundengs (environment )
Heat is positive when  Work s positive whes @ 130 - W= 1001
I eatery the sysiem s doee by the systeim < . ere
negative whan negative wheno i s doss ! System
feirvey e Ay iem oy het awalegy o 5
. AU Q0 W 501
| Surroundings
!
: 'mvk‘f"w, i (€) Maw ndded v eystem egquuls work done by
g0 = weu yateny: Internal eorgy of wysiens unchanged
SN s Surroundings (environment )
! _,! B @ = 1501 W= 1504 .
System

AU =Q - W=0

15.1 FIRST LAW: CONSERVATION OF ENERGY

o Hot coffee has been poured into an aluminum cup. Positive or negative?
¢ Qwith coffee as the system
¢ Qwith the cup as the system

o A block slides on a surface that has friction. Is the work done by the
block positive or negative?




15.1 FIRST LAW: CONSERVATION OF ENERGY

AU = Q - w
o Work depends on path! (Process/order by which the P, V, T state
changed from one state to another state)

o Heat depends on path! por-borSindepmareiys Autrin.aerk

state—hom muoch water and grousd codfee

o AU does not depend on pathl It contales, and what lts temperature is. 1

does not depend on the history of how 1he

° Verlfled experlmenta”y coffoe was peepared—thar is, the thermo.

dynamic path that lod to its currest stale

« Uinternal energy only depends
on the present state P, V, T.

It does not depend

on how the system got there!

o U =internal energy
» KE + PE of all molecules in system

« Putting a glass of water on a high shelf does not increase U since the
molecules’ interactions are not affected.

15.2 WORK DONE DURING VOLUME CHANGES

. . . . 18.4 A mokcule stiking a piston (3
Gas in cylinder with @ MoVable PIStON e posie sk i de s i+ s

.. . . away from the molecule and (b) does nega-

* Seen in internal-combustion engines, tive work if the piston ks moving toward the
molecule. Henoe & gas does positive work

steam engines, Compressors in when it expands as in (a) but does negative
refrigerators and air conditioners Wi oo 2 tontpriecie: % ki ().
» No heat input example: ® s e T
. gas expands VT, W>0, AU<0 Il Molecale it W™ Mocioa of
bownces off . = piston
»  Gas gets compressed V, W<0, AU>0 peston 9 >

A ¢ 'v:\»-:q .
o Maotkon of

_) O - Piston
"—
| P
dows negative wark on poson




15.2 WoRK DONE DURING VOLUME CHANGES

o System does work

18.5 The infinmesmal wark dose by the
system during the small expamwion fr is P = constant

W = oA dy,
W =Fd =PAAx=P AV

vy

W= . pdv (work done in a volume change)
( vy
P that vy -
‘ o cn pstie = area under the PV curve
(€) pV-diagram for a syséem

wndergoing an expasion with
constant pressure

P

1 2
Pr—%

i

|

| Wark = Areas =

:'(\', “ Vb

|

i »
ol v, [}

15.2 WORK DONE DURING VOLUME CHANGES

o System does work

18.6 The work done equals the area under the curve on a pV-diagram.

(&) pV-lhagram for n sytem (b) pV-dingram for & system
uedorgoing an ¢ xpatiaion with undergoing a compression with
varymng pressure varymg pressure
r r
o | P Croms fuatehiineg
1 mdicoles negative
|
i 2 |
] e Py fee o
| Work = Area | I Work = Aren
(= v =al b f¥pav <
| IRt ' oA Tebhfer ow
| i i AN
of Ty v, o 2 v,
Expand. Work done by system Compress. Work done on system




15.2 WoRK DONE DURING VOLUME CHANGES

o

15.2 WoRK DEPENDS ON PATH AU

(o]

Test Your Understanding of Section 19.2 A quantity of ideal gas (‘
undergoes an expansion that increases its volume from Vj to Vo = 2V, The final MF
pressure of the gas is p,. Does the gas do more work on its surroundings if the
exXpansion is at constant pressure or at constant temperature? (i) constant pressure;

(i1) constant temperature; (iii) the same amount of work is done in both cases; (iv) not
cnough information is given to decide.

I
j@)
I
=

19.7 The work done by a system during

a transition b two states depends on
the path chosen.
(a) ©
These paths give thnee ogrtions for »
potting from stane | oo stoe 2 \
P 1 M First desvemse preaswoy frinm p
10 Py st constand volume V',
L Weerm i rosse viksene Dty
V, o V. st constant peessure 31y
Pa}-
' =
M !
v
ol v, v,
b) @
First v vobame from V, r
» o ¥y al ctnmtan) peessure p, . '
Mt - 3 ! = W\ Increase volusme from Vs V.
. then docrease | while docresving prowssies
pressaste from v, H
¥ 10 py wt canstamt I
W= Arm vodume ¥y
o ) mb W= Arns
Pi- b | " 12
1= L i v
iy ol v, v,
o] v, V. =




15.2 WoRK DEPENDS ON PATH AU = Q - W

Test Your Understanding of Section 19.3 The system described in (\.
Fig. 19.7a undergoes four different thermodynamic processes. Each process is rep- MP)

resented in a pV-diagram as a straight line from the initial state to the final state.

(These processes are different from those shown in the pV-diagrams of Fig. 19.7.) Rank
the processes in order of the amount of work done by the system, from the most positive
to the most negative. (i) 1 — 2: (ii) 2 — 1: (iii) 3 — 4: (iv) 4 — 3.

15.2 WoRK DEPENDS ON PATH AU = Q - W

o 19.3 Answert (i) and (iv) (tie). (i) and (i) (tie) The accompany.
ing figure shows the pV-diagrams for cach of the four processes,
The trupezosdal arca under the curve, and hence the absolute value
of the work, is the same in all four cases. In cases (1) and (iv) the
volume increases, »o the systom does positive work s #t expands
against its surroundings. In cases (ii) and (i) the volume decrcases,
w0 the system does negative work (shown by cross-hatching ) as the
surrcundings puash inward on it

0} (i) (iil) ()




15.2 HeAT DEPENDS ON PATH AU

Vacuum.

Free expansion

W = 0 since no volume change.
Q =0 since isolated

AU =0 (ideal or not)

Heat up slowly

(since gas does work, need heat input to

maintain temperature)

AU =0, Qin>0 > W>0 (isothermal)
(cannot for heat engine)

19.8 (3) Stlow. convrudled isothermal
expansson of & gas froms an initkal state 110
a tinal state 2 with the ssme temperatane
but kower pressure, (b) Ragpid, uncomralled
expansiom af tae same gas starting ol (he
same stae | and eoding ot the same suse S

(&) ¥y doves wewk on pistonsc het plat ]
ackin heat 4o sysmemn (W dhamd 0+ €
State | 3

VocaB

(D) By stern s o ik, 0 Dioat comets (v
lcares systcm (W Oanl Q- 1),

=Q - W

* (ideal gas, no temperature change. U
= 3/2nRT)

* (non-ideal gas, temperature drops
since U = KEY + (PET farther, less
attraction)

Stase |

Inwlanon
e A\

o Cyclic Process: initial and final states are the same

. Ul=U2, AU=0, Q=W (=0)

- E.g. Eat Q >0, walk/breathe W>0, AU =0

e P,
Lanch P

15 homr

Atersoon wirk “ZNE
OO i >
14 howrs) f: »

<5
e - SR W= a3
Q=30 100/ w07« 10") ‘/\
Dinner Y

19.11 Every day. your body (s thermo-
dyammic system) goes throaph a cyclc
W thermodymamic peocess like this one. Hea
O # added by metabolizing food, and your
body does work W in heeathing, walking,
und other activities. If you resurn 1o the

A AR
‘:u:,:,’,‘_‘,.m‘ b ” (Uhaun) i e wlale ol the eond of the day, @ = W
= [ R T | Q=63 1] N ¥ w0t e ) and the net change im your internal ener,
ge ny &Y
[} In 2eco
Neeak faat Py —— r"i
{1 3ow) ot Thaur) Q>
Q=50 s " W07 s W= 21ty
=N
Sleep AN Ssadying, A N
A howres) P wnldmpﬂ":-\
AL W =205 00 aan) S L7« 100y
Totuks ]
Q 6S < ) '/
w ns wrl
AU=0 w=0|
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VocAB

o Isolated System: Qin =0, W =0 (no interaction, no heat and no work )
AU=0,U1=U2
e.g. free expansion

o Problem Solving Tip
U final is the state. It is the same, no matter what path was taken.

15.2 EXAMPLE

o m A cyclic process

Figure 19.12 shows a pV-diagrum for a cyelic process in whichthe o \AN/here is the -500 )

inital and final stetes of some thermodynamic system are the

same. As shown, the state of the system starts at point 2 and pro- in the picture?

ceeds counterclockwise in the pV-diagram 1o point b, then back to
a; the total work is W = ~500 J. (a) Why is the work negative?
(b) Find the change in intemal encrgy and the heat added during

this process.

18.12 The net work done by the sysiem in the process aba is
=500 1. What would it have been if the process had proceeded
clockwise in thix pV.diagram?

» e Clockwise: W >0 (System does work)

“

i

Pof=———m—— -

v

L ESRERSC o

" | I—
-

o

EXECUTE: (a) The work done in any step equals the area under the
curve in the pV.diagram, with the area taken as positive if V5 = W)

e Counterclockwise: W<0 (work was done on system)

11



15.2 EXAMPLE

o Bl REEN Comparing thermodynamic processes

The pV-diagram of Fig. 19.13 shows a series of thermodynamic
processes. In process ab, 150 J of heat is added to the system: in
process bd, 600 J of heat is added. Find (a) the internal energy
change in process ab: (b) the internal energy change in process abd
(shown in light blue): and (c) the total heat added in process acd

(shown in dark blue).

18.13 A pVodiagram showing the various thermodynamic
processes.

P
5.0 < 10 Pa g———-—l-'o4—<d
1
30 % 10 Pa -——
ay e
| |
‘L i i v
020 10 *m? !
50« 107 m'

15.2 EXAMPLE (ISOBARIC)

Thermodynamics of boiling water

One gram of water (1 em?) becomes 1671 ecm’ of stcam when
boiled at a constant pressure of 1 atm (1.013 = 10° Pa). The heat
of vaporization at this pressure is L, = 2.256 % 10" J/kg. Com-
pute (a) the work done by the water when it vaporizes and (b) its
increase in internal energy.

| must supply energy to
these magnets in order
to pull them apart.

L e b — e

12



15.2 EXAMPLE

Test Your Understanding of Section 19.4 Rank the following thermo-
dynamic processes according to the change in internal energy in each process,
from most positive to most negative. (i) As you do 250 J of work on a system, it
transfers 250 J of heat to its surroundings: (ii) as you do 250 J of work on a
system, it absorbs 250 J of heat from its surroundings: (iii) as a system does 250 J
of work on you, it transfers 250 J of heat to its surroundings; (iv) as a system does
250 J of work on you, it absorbs 250 J of heat from its surroundings.

15.2 KINDS OF THERMODYNAMIC PROCESSES

o Isothermal (T = constant, AU =0)
* U=3/2nRT (ideal gas)
» Qin 2> W to expand piston
* Heat up slowly (heat reservoir)

_~Movable
piston P
A
AI
B

Higher T

Lower T

0 v

13



15.2 KINDS OF THERMODYNAMIC PROCESSES
Adiabatic (Q=0)

Isolated or expands/compresses so fast there’s not time for heat transfer
19.14 When the cork is popped on a

bottle of champagne, the pressunzed gases
Insade the botte expand rupidly and do
work on the outside air (W = 0), There is

. no time for the gases to exchange beat with
Examples' their surroundings, so the oxpansion i
o Wine bottle adinbatic (Q = 0). Hence the indernal
cnergy of the éxpanding gases decreases
o sonic boom cloud Al =W <0} and their temperature
drops. This makes water vapor condense
o Diesel engine’s rapid compression*15, and form a miniature cloud

TT ignite without spark plugs.

15.2 KINDS OF THERMODYNAMIC PROCESSES
Adiabatic (Q=0)

Isolated or expands/compresses so fast there’s not time for heat transfer

Expand: W>0, AU <0
o Particles do work in expanding
o Temperature and U decrease.
See how the curve switches an isotherm
Condensation

(ideal gas, expanded slowly)
Compress: W<0, AU >0 P A
o Add energy into system, 3

all becomes internal energy

oT?T Isothermal
Examples: B

o Wine bottle Adiabatic

o sonic boom cloud C

o Diesel engine’s rapid compression*15,

™™ ignite without spark plugs. 0 V

14



15.2 KINDS OF THERMODYNAMIC PROCESSES

1815 Mo cooklng isvalves obatic
Processes. That's hocuee Mo alr presswrs
above & ssticeyun of frytny pus, or inaode =
MICEUW RYE UV, st cocnlially con.
shisst whhide the Tood bs being Moated

o Isobaric (P = constant)

e W=PAV

* AU=Qin—-W

¢ Example: Cooking at atmospheric pressure
o Isovolumetric, Isochoric (V = constant)

* W=0

* AU=Qin
« All heat goes into faster molecules
P P A
A B
e e
B
L S A
(a) Isobaric (b) Isovolumetric

15.2 KINDS OF THERMODYNAMIC PROCESSES

TABLE 15-1 Simple Thermodynamic Processes and the First Law

Process What is constant:

The first law, AU = Q — W, predicts:

Isothermal

T= Aconsrmr‘l-tu AI =-0‘ ma“kcs Ai/ = 0, so Q = IW

Isobaric P = constant Q=AU +W =AU + PAV
Isovolumetric V' = constant AV =0 makes W =10, so Q = AU
Adiabatic Q=0 AU = -W

19.16  Four different processes for

—
a constant amount of an ideal gas, all s_)
starting at state a. For the adiabatic
process, 0 = 0: for the isochonc process,
W~ O and For the isothermal process,
AU = 0, The temperature increases only
during the isobanc expansion,

st | Vguipni@ 3 luobanc
=1,

_ kothermal
_/// T.=1,

ol v 1\ v

15



15.2 KINDS OF THERMODYNAMIC PROCESSES

Test Your Understanding of Section 19.5 Which of the processes in Fig. 19.7
are isochoric? Which are isobaric? Is it possible to tell if any of the processes are isother-

mal or adiabatic? I
These paths give three option:
p getting from state | to state 2.
2
Pi- : — R
\
P2~ -
4] 12
1 I
|4
ol v, Vs

15.2 KINDS OF THERMODYNAMIC PROCESSES

o Example 5

o Engine 0.25 mol of monatomic ideal gas
o Rapid expansion (adiabatic) against piston
o T goes from 1150K to 400K

© How much work did the gas do?

16



15.2 KINDS OF THERMODYNAMIC PROCESSES

Example 5

Engine 0.25 mol of monatomic ideal gas
Rapid expansion (adiabatic) against piston
T goes from 1150K to 400K

How much work did the gas do?

W=Qin-AU=0- AU
=3/2nRAT(P.392 N*3/2R/N, AT)
=3/2 * % * 8.314()/molK) * 750K
= 2300

15.2 INTERNAL ENERGY OF AN IDEAL GAS

Ideal Gas
U depends on temperature only, noton P or V
19,17 The partition is brokea (of
U= 3/2 nRT removesd) to start the free expansion of
gis into the vacuum reglon.,

Insulation

Breakabk

Vacusum >
14 "t)lh“-vl]

I | Gasat
-
wmperature J

Free expansion
AU =0 (Q=0isolated. W = 0 walls don’t move)
true for any gas, ideal or not
Ideal: U = constant, T = constant
Nonideal: U = constant, T-constant. (distanceT, U=PET+KE!, T~L)

17



Test Your Understanding of Section 19.6 Is the internal energy of a solid
likely to be independent of its volume, as is the case for an ideal gas? Explain your rea-
soning. (Hint: See Fig. 18.20.)

18.20 To visualize the forces between
nelghboring atoms in a crystal, envision
every atom as being attached to its
nelghbors by springs,

Test Your Understanding of Section 19.8 You have four samples of (\.
ideal gas, each of which contains the same number of moles of gas and has the w
same initial temperature, volume, and pressure. You compress each sample to one-

half of its initial volume. Rank the four samples in order from highest to lowest value of
the final pressure. (i) a monatomic gas compressed isothermally; (ii) a monatomic gas
compressed adiabatically: (iii) a diatomic gas compressed isothermally: (iv) a diatomic
gas compressed adiabatically. 1




Test Your Understanding of Section 19.8 You have four samples of (\.
ideal gas, each of which contains the same number of moles of gas and has the MP
same initial temperature. volume, and pressure. You compress cach sample to one-

half of its initial volume. Rank the four samples in order from highest to lowest value of
the final pressure. (i) a monatomic gas compressed isothermally; (ii) a monatomic gas
compressed adiabatically: (iii) a diatomic gas compressed isothermally; (iv) a diatomic

gas compressed adiabatically, 1
adidpatic
2
o ii>iv>i=iii A
— 1 3o
ART
&2=0

a
W) = 4du )le,—mu

1
Ll vl P

15-3 HUMAN METABOLISM

o metabolism = energy-transforming
processes in an organism

oAU = Q - W

TABLE 15-2 Metabolic Rates

(food) = (lose heat) — (walking) (65-kg human)
Metabolic Rate
(approximate)
o Example: e
Activity keal/h watts
How many Calories should a 65 kg person Sleeping 0 70
eat for the energy used in a day of: Sitting upright 100 115
: Light activity 200 230
sleeping 8.0 hours (eating, dressing,
. houschold chores)
Walkmg 1.0h Moderate work 400 460
light activity 4.0 h (tennis, walking)
L Running (15 km/h} 1000 1150
sitting 11.0h Bicycling (race) 1100 1270 ’

19



2ND LaAw OF THERMODYNAMICS
o High to Low temperature flow. Preferred direction.

o Entropy increases naturally.
o 100% efficiency in heat engine is impossible.

o Irreversible process (naturally)
* Car brakes
o AT
* Free expansion

o Reversible ~ near equilibrium

(8) A block of ioe meelts irreversiv'r when we (b) A block of lee ut O0C can be mehed 20.17 Reversible and isreversible
plaee it m a hot (PCT mertal box veroihiy (I we put i in o OFC metad box PIOCTSSES.
Metal box wt MFC Mutal o al 40°C  Metal bos a (°C Metal box at (Y C
1 an R
|
lce Lagud r loe at E Liguad
oC . wader al e e S water
\ ’—‘,/‘ wc \ oc
o H | T
| + + + | i
$ ! T —
Foeat florws fremm the box mo the ioe and waser By infiostesinslly misimg of krwvring (e
never (e revers vnpecaiiee of 10w bo, wir can mmhe heat Now
WO e i 0 et it o ek bast Olow ouil ¢

Dhe woatet 30 oo e U

Test Your Understanding of Section 20.1 Your left and right hands are nor-
mally at the same temperature, just like the metal box and ice in Fig. 20.1b. Is rubbing
your hands together to warm them (i) a reversible process or (ii) an irreversible process?

20



HEAT ENGINE

20.2 All motorized vehicles other than
purely clectric vehicles use heat engines
for propulsion. (Hybrd vehicles use their
internal-combuslion engine to help charge
the batteries for the electric motor.)

HEAT ENGINE

2

21



15-5 HEAT ENGINE

o Device that changes thermal energy to mechanical work
o Basis of modern technology. Car, turbines in generator.

© Only when high to low temperature Steam engine
. o Hot reservoir (boiler)
o Must have Q; #0. Efficiency < 100% Q,, = from flame and hot gas in the
o Cyclic process (or near it ) boiler
AL = Q Working substance = steam
Q- W= 0
Oy B _ Cold reservoir = cold water and air
l O“H C‘2l-_ W to condense/cool steam.
Engine (lake)
h— = GAW
Q= W = &l“&L:l_G_L Want big AT
Q Qy GH ant big
car e~35% Tc limited by lake
T,, by boiler vapor pressure, i
XL >0 H ’
( N j boiler strength.
modern day: 235 atm, 500°C
20.16 To maximize efficiency, the tem- 20.12 The temperatuse of the firebox of
peratures inside a jet engine are made as o steam engine is much higher than the
high as possible. Exotic ceramic materials temperature of water in the boiler, so heat
are used that can withsiand temperatures Aows irreversibly from firebox 1o water
in excess of 1000°C without melting or Carnot’s quest to understand the efficiency
becoming soft, of steam engines led him o the iden that
an ideal engine would involve only
reversible processes.




STEAM ENGINE

(@) Reciprocating type Expansion:
eintake valve open, exhaust valve closed

High temperature T,
’ B —." *High pressure gas does work on piston

Boiler | l \ +(like Carnot steps 4, 1)
Steam ||
~t Water k| Compression:
P i / | | Intake valve eintake valve closed, exhaust valve open
* ; ( ) (open during oni
S LWL ESE 0 cxpansion) piston does work on low pressure gas

Heat input *(like Carnot steps 2,3)

Exhaust valve l(i w Gas on piston >W piston on gas

. »
(closed during () Piston (high pressure)  (low pressure)
expansion) l |

; -

Why AT needed

Pump [ Can Replace wheel with turbine blades
\ —y__u | Condenser

~ Low temperature 7y

FOUR-STROKE INTERNAL COMBUSTION ENGINE

é, B,D, E
Intuke Exhaust Both valves Both valves Both valves Exhaust
valve valve closed clomed closed valve
(open) ( (closed) ( ‘| \ (open)
=N ! | £.] | il 1Y | X To exhaust
i .’!'.‘ | I- N . Spark - | = ht pepe
Gas-alr . { t Cylinder plug e ! .
mibxture from o ) l = Hinng) E ff ——
carburetor - ~—;J' Piston P2 B Rings I’
I % | ' Fe n
Connecting oy \ i /
rod A\ 2 | ./
( & b)) (Y &9 &
Crankshaft \/ ‘ 4 “_/ Ay ,
(a) Imake (b) Compression (c) Ignition (d) Expansion (¢) Exhaust
{power stroke )
*a) intake
*b/c) compression/ignition.
*Usually by 8~10 volume ratio. Adiabatically
vi ptoTT
ecompress x15 > explodes spontaneously (instead of burning evenly by the spark)
*makes knocking sound, bad for engine “Pre-ignition, detonation” ‘

egasoline octane rating is the compression ratio
*premium high-octane gasoline 10~13 for anti-knock qualities

23



20.5 Cycie of o fowr-stroke mtermal-combustion engine

Intake valve Exhaust valve Both valves closed Insake valve Exhaust valve
open chosed closed open
‘ Sk pluy
Tires

N ‘“(";ﬂ r‘i\“ 4 Q’g}«(‘:‘-ﬂ [?.f, el 13 - rii 1 if j
e Oxlinder { j 1 f | |

T (N S
[ .J..u...n\ ‘ - :‘::uulu:: \ \ (v

Entuhe strvhes 1 Catpesssinn strohs Fgmitinn: Sjpak | Power sarmhis Hiot buemadd  Exhosst atrokes Bxhol

hrowgh intak

*If there were just enough gas for complete combustion to H,0 and CO,, the ignition would be
unreliable.

*A richer gas mixture is needed.

*The resulting incomplete combustion

gives CO and pollution ’
ecatalytic converter. Palladium, platinum, rhodium metals speed up rate of converting NO to N, anc
0, and unburned hydrocarbons to H,0 and CO

Catalytic converter Tail pipe
\ /

Before it reaches the  After it has passed through

catalytic converter, the the catalytic converter,

exhaust contains such the exhaust contains water .
pollutants as NO, CO, vapor, N3, O,, and CO,.

and hydrocarbons.

T
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HUMAN METABOLISM LIKE COMBUSTION

o combustion oxidation-reduction reactions occur in the body.

Simplified view: substitute food molecule for the methane.,

Food gives electrons to the oxygen inhaled and becomes CO,

H20, and energy.

Water
Oxygen ”‘
Methane
0 ‘
Carbon
dioxide
5
a5
0:0 H O
+H
(a) Reactant oxygen atoms share (b) Product oxygen atoms pull
electrons equally in O, electrons away from H atoms
molecules. In H20 molecules and are
reduced.
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EXAMPLE 15-8

o Auto efficiency 20%

o Produces average of 23 kJ work per second
o A) Heat input required?

o B) waste heat per second?

m Analyzing a heat engine

A gasoline truck engine takes in 10,000 J of heat and delivers 2000 J
of mechanical work per ¢ycle. The heat is obained by buming
gasoline with heat of combustion L, = 5.0 % 10* J/g. (a) What is
the thermal efficiency of this engine? (b) How much heat is dis-
carded in cach cycle? (¢) If the engine goes through 25 cycles per
second, what is its power outpul in waltts? In horsepower? (d) How
much gasoline is barned in cach cycle? (e) How much gasoline is
bumed per second? Per hour?
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Test Your Understanding of Section 20.2 Rank the following heat ('\
engines in order from highest to lowest thermal efticiency. (1) an engine that in one -

cycle absorbs 5000 J of heat and rejects 4500 J of heat; (i) an engine that in one
cyele absorbs 25,000 J of heat and does 2000 J of work; (iii) an engine that in one cycle
does 400 J of work and rejects 2800 J of heat. I

CARNOT CYCLE: USE KELVINS!

o Hypothetical, idealized heat engine
o Max efficiency under 2" Law, given the 2 heat reservoirs at T,, and
TC
o Rationale: work—> heat is irreversible
o Try partial reversal as efficiently as possible
» Avoid all irreversible processes

» Heat flow through finite temperature drop is irreversible
o Isothermal Ty, T. (compression/expansion)
o When T changes, make Q = 0 (adiabatic)
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CARNOT CYCLE: USE KELVINS!

| B bettherm:
" .
3 b
v \\ ]
o o I
(3)AU=0>W=Q, % W
=0iff y [P
*molecules are “not moving”
+0 Kelvins (impossible) o

*So Q= 0, e=100%

*Actually, at molecular level at 0K,
*there’s a minimum of KE + PE

*Due to quantum effects, KE is not really 0
*T< 107 K has been achieved so far in labs

CARNOT CYCLE: USE KELVINS!

[ 0 (1) Work done on piston.
== Q,, needed to maintain internal U, T
wesan More T, more Q needed

1
=t the

W A AT needed

wn

y

QH T H
T, =constant > AU=0-> W =Q,

Q H™ W Gas on piston
= area under PV curve (P =nRT/V)

— [PRT. 4v — nRT, In( e

Y Vv,
cW 9 T
QH QH TH

done slowly as series of equilibrium states (and reversible)
Practically: turbulence, friction, quickly done. Irreversible.

w

Q. T

Max efficiency possig%in a heat e%hne with thg_thO

temperatures given.

Carnot is reversible. Real engines are irreversible.
Well-designed heat engines can reach 60~80% of the Carnot

efficiency.

)...
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EXAMPLE 9 STEAM ENGINE EFFICIENCY

o A steam engine operates between 500°C and 270°C.
o What is the max possible efficiency of this engine?

o Example 10 A Phony claim?

o Heat input per second: 9.0 kJ at 435 K
0 Heat output per second: 4.0 KJ at 285 K
o Really?

OTTO CYCLE (IDEALIZED GASOLINE COMBUSTION ENGINE)

Test Your Understanding of Section 20.3 For an Otto-cycle engine
with eylinders of a fixed size and a fixed compression ratio, which of the following
aspects of the pV-diagram in Fig. 20.6 would change if you doubled the amount of
fuel burned per eycle? (There may be more than one correct answer.) (i) the vertical
distance between points b and ¢ (ii) the vertical distance between points ¢ and o,
(iii) the horizontal distance between points b and a,

20.8 The pV.diagram for the Ouo .r““"‘)v
covele, an kealized model of the -~
thermodynumic processes in a

gasolioe engine

Ot cyele
r
2! Heatimg ot consts
t‘“ ‘\ i ot I
\ 3 Adimbatic
b j )
' -
! w
\ o
\ k)
by \\* Qa
o
O v R

(
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DIESEL CYCLE (ALSO A GASOLINE COMBUSTION ENGINE)

Diesel engine is similar to gasoline
engine.

The only difference is there’s no
fuel in the cylinder during most of
the compression. Fuel is injected
at end of compression and
beginning of power stroke, just
fast enough to keep Pressure
constant.

No fuel during compression means

less chance at pre-ignition. Very
efficient, but high maintenance.

20.7 The pV-duagram for the
idealized Dicsel cycle

Diesel vyoke

15.6 REFRIGERATORS, AIR CONDITIONERS, HEAT PUMPS
heat engine: hot to cold flow = work done

Fridge, AC
Work done = push cold to hot

heat pump

work done = pump heat from cold outside to warm inside
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15.6 REFRIGERATOR, AIR CONDITIONER

o Absorb energy from inside fridge/room and release it outside.

20.8 Schematic energy-flow diagram of
a refrigerator,

Refrigerator

- |Oc| = |Qcl (coefficient of performance
Wl loul — lgc]  of arefrigeraton)

refrigerator and (1‘
air conditioner

15.6 REFRIGERATOR ‘

20.9 (a) Principle of the mechanical refrigeration cycle. (b) How the key elements are arranged i a practical refrigerator,
{a) (k)

COLD
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15.6 REFRIGERATOR

o compressor: adiabatic. vi PT 1T fluid > gas,

o outside: hot gas gives heat off to environment. partially
becomes liquid

o Expansion valve controls rate of adiabatic expansionV TP {
T4 gas > fluid

o Inside: cold fluid absorbs heat from food, cooling them and
partially vaporizing.

o The fluid then enters the compressor to begin another cycle.
The compressor, usually driven by an electric motor requires
energy input and does work on the working substance during
each cycle.

15.6 REFRIGERATOR, AIR CONDITIONER

(

Hot air

A1 Blower

Condenser
Cool air

Expansion _ 7
valve B - 0 : ~N
’ ~ L z : >

Warm L ;
outside '1/(\

air

Warm, humid air

™ Evaporator

Compressor
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Chlorine Monoxide and the Ozone Hole

e TERE
5 10 1§ 20 25 140 180 220 260 300 340
. 915 molecules/in.? DU above 100 hPa

. T ——

ST in ome o8 e
(RS JT, (BB o ese

20y —30; 20, %L 30,
Reaction progress —» ~Reaction progress —»
(a) Without catalyst (b) With chlorine catalyst

e ]

33



15-6 HEAT PumMPS

A heat pump can heat a house in the winter:

Qu.

COpP = W

2014 Pearson Education, Inc.

15.6 FRIDGE, AC, HEATER

o Example 11
o freezer K =2.8 uses 200Watts power
* How long to freeze ice cube of 600g water at 0°C?
o Le=333kl/kg
o0 Example 12: Heat pump has K= 3.0 and is rated to do work at
1500 W
* a) How much heat can it add to a room per second?
¢ b) Turn it around into an AC. K same?

* ¢) 1500 W of power for 4500 W heat. Are we getting something for
nothing?

o Example 12 had 3000 W of heat extracted from the room. In
example 11, how much heat is extracted from the fridge?

[heat pump] (15-7)
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15.6
m Analyzing a Carnot engine |

A Camot engine takes 2000 J of beat from a reservoir at 500 K.
does some work, and discards some beat to a reservolr at 350 K.
How much work does it do, how much heat is discarded. and what
is its efficiency?

m Analyzing a Carnot refrigerator

If the cycle described in Example 20.3 is run backward as a refrig-
erslor, what is it coeflicient of performance”

SEER RATING

(o]

SEER — heat removed in Btu (1 Btu =1056 J

electrical input in watt - hours

Test Your Understanding of Section 20.4 Can you cool your house by lea
ing the refrigerator door open?




2N L Aw OF THERMODYNAMICS
o High to Low temperature flow. Preferred direction.

o Entropy increases naturally.
o 100% efficiency in heat engine is impossible.
o cold to hot flow needs work

2ND AW OF THERMODYNAMICS

o High to Low temperature flow. Preferred direction.
o Entropy increases naturally.
o 100% efficiency in heat engine is impossible. )Kevin-Planck “Engine” statement)

20.15 Proving that the Camot engine has the highest passible efficiency. A “supereffi-
cient” engine (more efficient than a Carnot engine) combined with a Carnolt refrigerstor
could convert heat completely into work with no net heat transfer to the cold reservoir.
This would violate the second law of thermodynamics,

1w smperetficsent engine wone possibde, it could be used n
conjunction with & Camot refrigenator to convert the boat A
completely o werk, with o et trasfer 10 the cold reservoir
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0 100% efficiency in
heat engine is
impossible. &

o cold to hot flow needs
work (Clausius
statement.)

(@) The “wmgione™ statwrment of thy secomd faw of Sermodynamics

)

engine

W n wanh lose sefraperator wepe prsvible, o cosid b osed in conpection with s ondmary
beat engine 10 foem & HEEsiYiownt sgine. comvoraeg hest (3, — ({7 comploiels (o work

(b) The “rofrigeratoc™ statement of the second law of temodynamics

172 PSS o lic e pngine wors pussilile. 8 conld Yo med o conpumetion wi an vedioary
relnigermne 10 fomm o work b vingerses, transferring Sear ¢4 fromm the colid we the hot
ownervinr with v wpul of wnk

Test Your Understanding of Section 20.5 Would a 100%-efficient engine
(Fig. 20.11a) violate the first law of thermodynamics? What about a workless refrigerator

(Fig. 20.11b)?
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2ND LAw OF THERMODYNAMICS

o High to Low temperature flow. Preferred direction.
o Entropy increases naturally.

o 100% efficiency in heat engine is impossible.

o cold to hot flow needs work

o Entropy = measure of disorder of system
depends on state (like P, V, n, T, U) unlike heat, work

o Change in entropy 0
Q>0 absorb heat, entropyT AS = —, (15-8)
Q<0 absorb heat, entropyy

15.7~15.9

o High to Low temperature flow. Preferred direction.
o Entropy increases naturally.

AS = ? (15-8)

o Entropy of an isolated system can never decrease. It can only stay
the same (for idealized only) or increase (all natural processes).

AS +AS >0

system environment
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15.7~15.9

o Entropy increases naturally.
ASsystem +A S environment

\J ™

animal takes food = cell (very ordered)

>0

a great deal of waste is produced
(disordered)

ENTROPY

O Example 13: ice cube 56 grams at 0°C
o half melts to 0°C water
o change in entropy?

Application Entropy Changes in a
Living Organism

When a kitten or other growng animal ests, it
takes ordersed chemical anargy fram the food
and uses it W maks new celle that are even
more highly ordered. This process alone low-
ors antropy. But most of tha energy in the
food is sther excreted n the animal’s feces or
used to genarate heat, processes that lead to
& large incresse in entropy. So while the
ertropy of the animal alona decreases, the
ttal entropy of animal plus food Ncrssses.

o Example 14: Temperature changes — use computer, calculus,

or average
0 50.0 kg water at 20.00°C is mixed with
o 50.0kg water at 24.00°C

o Change in entropy?

39



15-10 ENTROPY AND STATISTICS

O microstate

» X(t), v(t) of each and every particle

¢ no computer can keep track of all molecules in a room
O macrostate

* PV,nTU,S

o 1 macrostate can have many possible microstates

(event) (equally likely samples)
ENTROPY
Possible Microstates Number of
Macrostate (H = heads, T = tails) Microstates
4 heads HHHH

Jheads, 1tail HHHT, HHTH, HTHH, THHH

2heads, 2tails HHTT, HTHT, THHT. HTTH, THTH, TTHH
lLhead, 3tails TTTH, TTHT, THTT, HTTT

4 tails P e

— DN & -

o What is the probability that there will be at least 2 heads?




ENTROPY AND STATISTICS

o More coins/gas particles, order is less likely

o Entropy increases is equivalent to saying that disorder is the most
probable event.
TABLE 15-3 Probabilities of Various Macrostates

for 100 Coin Tosses
Macrostate
- Number of
Heads Tails Microstates Probability
100 0 1 7.9 % 10
99 1 L0 x 107 79 % 10
o0 10 1.7 = 10" 1.4 <107
80 20 $.4 x 107 42 x 107"
60 40 1.4 x ™ 0011
55 45 6.1 x 10°% 0.047
S0 50 1O = 107 0.077
45 33 6.1 x 10" 0047
40 60 1.4 x 10™ 0011
20 80 5.4 x 107 42 x 10"
10 90 1.7 x 10 14 x 10"
1 99 1O x 100 79 % 10
0 100 1 7.9 % 1071

THERMAL POLLUTION, GLOBAL WARMING, ENERGY RESOURCES

Cusl

o Thermal Pollution:

e CO2 traps too much infrared el gy

* hot lakes make 02 less for fish.
ecosystems

» solar panels contribute to surface Aebistesn
warming

SN gt

may affect weather.

o ozone depletion with refrigerant

o Resources:
» fossil fuels (nonrenewable)
* Nuclear energy (nonrenewable)

Flgure 4 A single uranium
fuel pellet contains the energy
equivalent of about 1 metric
ton of coal.
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Table 1 Advantages and Disadvantages of Energy Resources

Energy Resource | Advantages Disadvantages
Fossll fuels * provide a large nt of th | * are nontenewable
energy unit of mass « produce smog
+ are easy to and « release substances that can cause acid
« can be to generate electricity and precipitation
to make pi such as « create a risk of oil spills
Nuclear sisa concentrated form of energy -gmduoesu&omm
+ does not produce air pollution * 1 nonrenewsble
Solar = is an almost limitless source of energy « Is expensive to use for large-scale
» does not produce energy production
« Is practical only in sunny areas
Water -krmewaﬂ;od d - = requires dams, which disrupt a
« does not uce alr polhution fiver's ecosystem
« is available only where there are rivers
Wind oi;tenew&le « is practical only in windy areas
« does not produce air pollution
Geothermal * is an almost limitless source of energy « is practical only in areas near hot spots
+ power plants require little land * produces wastewater, which can
damage soil
Blomass * is renewable « requires large areas of farmiand
* is inexpensive * produces smoke
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