A model of a Stirling engine showing its
simplicity. Unlike the steam engine or
internal combustion engine, it has no valves
or timing train. The heat source (not shown )
would be placed under the brass cylinder

Chapter 16 ~ The Second Law of Thermodynamics

e To examine the directions of thermodynamic processes.

e To study heat engines.

e To understand internal combustion engines and refrigerators.
e To learn and apply the second law of thermodynamics

e To understand the Carnot engine: the most efficient heat
engine.

e To learn the concept of entropy.

Stirling engine is a heat engine with cyclic compression and
expansion producing mechanical work from heat energy



16.1 Directions of Thermodynamic Processes

e Heat flows spontaneously from a "hot" object to a "cold" object.

e A process can be

Tl T2
-

« Spontaneous
» Non-spontaneous
* Reversible

e Irreversible

a drop of ink

0
\4

* In equilibrium
e Overall, there can be an increase or decrease in order.

e Devices can interconvert order/disorder/energy.

free expansion of gas

—  —




16.2 Heat Engine

Cold reservoir at
temperature 7

Energy flow diagram

e A heat engine works in cycles.

® A heat engine absorbs an amount of heat energy Q4 from the
high-temperature reservoir.

e [t does an amount of work Won the surrounding, and, it rejects
an amount of heat energy Q. to the low-temperature reservoir.

e After it complete a cycle, it returns to its initial state, or, AU =
0.

e Apply the First Law of Thermodynamics, Q — W = AU = 0.
So, we have W = Q = Qp + Qc = Qn — |Qc]|

e The thermal efficiency of a heat engine

W _ QutQc _ Qu—|Qcl _ 1 _1Qcl

QH QH QH QH

Note: (a) Qp 1s positive (absorbed into the “system”).
(b) Q¢ 1s negative (rejected from the “system™).
(c) W 1s positive (done by the “system” on surrounding).

e =




The second law of thermodynamics and heat engines
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Intake valve
open closed

Intake stroke: Piston
moves down, causing a
partial vacuum in cylinder;
gasoline—air mixture enters
through intake valve.

16.3 Internal Combustion Engine

Exhaust valve

Both valves closed
&

Compression stroke:
Intake valve closes;
mixture is compressed as
piston moves up.

Ignition: Spark plug
ignites mixture.

Intake valve

Exhaust valve

Power stroke: Hot burned
mixture expands, pushing
piston down.

Exhaust stroke: Exhaust
valve opens; piston moves
up, expelling exhaust and
leaving cylinder ready for
next intake stroke.

Otto cycle

@ Heating at constant

. volume (fuel combustion)

@ Adiabatic expansion
(power stroke)

0 Vi = W

@ Adiabatic compression %
(compression stroke)

Cooling at constant volume
(cooling of exhaust gases)



The ottocycle = gasoline engine

Intake valve = Exhaust valve Both valves closed Intake valve  Exhaust valve

Spark plug

Crankshaft Connecting
O rod
~/

Intake stroke: Piston Compression stroke: Ignition: Spark plug Power stroke: Hot burned Exhaust stroke: Exhaust
moves down, causing a Intake valve closes; ignites mixture. mixture expands, pushing valve opens; piston moves
partial vacuum in cylinder; mixture is compressed as piston down. up, expelling exhaust and

gasoline-air mixture enters piston moves up. leaving cylinder ready for
through intake valve. next intake stroke.
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3 types of heat engines:

1. Gasoline or otto engine e = 56%

2. Diesel engine e= 68%

3. Carnot engine most efficient heat engine e= 90% for large temp difference



Otto cycle

p
2 ) Heating at constant
volume (fuel combustion)
On
3) Adiabatic expansion
b (power stroke)
Qd
i va .
: : -V
0| | 4 rv

1 ) Adiabatic compression
(compression stroke)

4 ) Cooling at constant volume
(cooling of exhaust gases)

Diesel cycle

p 2 ) Fuel ignition, heating at constant
A Qy | pressure (fuel combustion). This
b £ € is a significant difference between

the Diesel and Otto cycles.

3) Adiabatic expansion
(power stroke)

o|v v rv
(1) Adiabatic compression
(compression stroke)

4 ) Cooling at constant volume

(cooling of exhaust gases)
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For Diesel there is no fuel in the compression stroke and r can be large
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16.4 Refrigerators---Heat Engine Running “Backward”

Oc

Outside air at temperature Ty

Refrigerator

Inside of refrigerator
at temperature 7

W

e A refrigerator also works in cycles.
e Work W 1s done on the refrigerator by a motor.
® The refrigerator absorbs an amount of heat Q. from the low-
temperature reservoir, and, it rejects an amount of heat Qg to
the high-temperature reservoir.
e [t completes a cycle and returns to its initial state, AU = 0.
e Apply the First Law of Thermodynamics, Q — W = AU = 0,
we have W=0Q=0Q:+Qu=0Qc—1Qxl
or, |Qul = Qc —W = Q¢ + [W]
e The efficiency of a refrigerator
K = Qc _ _ CQc
Wl 1Qul-Qc
Note: (a) Qg 1s negative (rejected from the “system”).
(b) Q( 1s position (absorbs into the “system”).
(c) W 1s negative (done on the “system” by
surrounding).




Refrigerators

qQ »o 'L/(Oo«ud@"((]

;Q““‘Cj%'c. proeass 4lu=q

Refrigerator

G?#+GZC—U:’U QC_U,_C?H
av- L&CMQ ‘\\j{: - W %J/@#):'Q&

Kq»” ch,)"'lW] At &em'l? ey,

Inside of refrigerator w l"?’““,} sebolavcg aneed y
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' Evaporator
Expansion \)

<« Condenser

Evaporator |«

+— Expansion
valve

Condenser

Inside of
refrigerator

Compressor

(@)

(b)
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16.5 The Second Law of Thermodynamics

Equivalent Statements of the Second Law of Thermodynamics

e The Engine Statement

It is impossible for any heat engine to undergo a cyclic process in which
it

absorbs heat from a reservoir at a single temperature and converts the
heat

completely into mechanical work.

e The Refrigerator Statement
It is impossible for any process to have as its sole result the transfer of
heat from a cooler to a hotter object.




A “workless” refrigerator is
impossible:
It would violate the “engine statement”

\

Impossible

is
equivalent
to

Impossible

Workless
refrigerator

100%-efficient
engine

If a workless refrigerator were possible, it could be used in conjunction with an ordinary
heat engine to form a 100%-efficient engine, converting heat Oy — |Q¢| completely to work.




A “100% efficient” engine is impossible:
It would violate the “refrigerator statement”

A
Sy

100%-efficient Refrigerator
engine

is
equivalent
to

Impossible

Workless
refrigerator

If a 100%-efficient engine were possible, it could be used in conjunction with an ordinary
refrigerator to form a workless refrigerator, transferring heat Q. from the cold to the hot
reservoir with no input of work.



If a workless refrigerator were possible, it could
be used in conjunction with an ordinary heat
engine to form a 100 %-efficient engine,
converting heat O, - |0 | completely to work.

Impossilie]

Workless | Engine
refrigerator pcl

T

(a) The “engine” statement of the second law

If a 100 % -efficient engine were possible, it could
be used in conjunction with an ordinary refriger-
ator to form a workless refrigerator, transferring
heat O from the cold to the hot reservoir with
no net input of work.

100 % -efficient

engine

=

(b) The “refrigerator” statement of the second law

Second law of thermodynamics
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The Essence of the Second Law of Thermodynamics
The one-way aspect of the processes occur in nature----irreversibility.

Tl
RS

T,>T,

T,

a drop of ink

'
\/

free expansion of gas

—  —




Machines of Perpetual Motion that Violate the Laws of
Thermodynamics

e Perpetual Motion of the First Type
Is it possible to build a machine, which, once started its motion, could repeat its motion
all by itself and carry out work perpetually? No, it is not possible.

This machine violates the First Law of Thermodynamics, which dictates that, in cyclic
motion with AU = 0,
W =aQ

e Perpetual Motion of the Second Type
Then, 1s it possible to build a machine that can take heat energy from a source and
turn it 100% into work? No, it is not possible.

This machine violates the Second Law of Thermodynamics, which dictates that part of
the heat energy taken from a heat source must be rejected to a lower-temperature source,

W=0Q=Qy+Qc=0Qy— Q]




16.6 The Carnot Engine---The Most Efficient Engine

» The Carnot Cycle is an ideal model of the heat engine.

d—a:

Adiabatic

0=0
wW<0

c—d:
Isothermal
compression
0=0c<0
W<0

®

a—b:
Isothermal
expansion
0=0y>0
| wW>0

Carnot cycle

o | b—c:
= Adiabatic
expansion
0=0
-y wW>0

Try to avoid irreversible processes

If all the four processes
are

reversible, the efficiency
is

the highest possible.
It can be shown that
Qc  T¢
Qu  Tu
therefore, the efficiency
o — W Qu+ Q¢
Qu Qn
T




Carnot Lugiet = most el {cesul
Mea Loty i el

A

Isothermal
expansion

0=0yg>0

LY

Adiabatic
compression
0=0
w<0

Isothermal
compression
0=0c<0
w<0

od
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The gas expands isothermally at temperature T ,, absorbing heat Q
It Expands adiabatically until its temperature dropsto T .

It is compressed isothermally at T . rejecting heat Q .

It is compressed adiabatically back to its initial state at temperature T |,



16.7  Entropy----Provides a quantitative measure of disorder

Consider an infinitesimal isothermal

Ty 0 T expansion of an ideal gas:

- |_
T.>T W — _ NRT
17 12 Q=W =pAV =—"—AV
or,

a drop of ink %: nRATV

0

W Since AV /V is a measure of disorder,

the change in entropy is define as:

Q
AS=(52—51)=;

free expansion of gas The Entropy Statement of the Second Law of Thermodynamics:

—I—Wl e |t is impossible to have a process in which the total entropy

decreases when all systems taking part in the process are included.
e |t is impossible for the entropy of a closed system to decrease.

Entropy change in a reversible
Isothermal process with units: J/K
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For an Otto engine with a compression ratio of 7.50, you have your choice of using an
ldeal monatomic or ideal diatomic gas. Which one would give greater efficiency?

16.12. SetUp: e =1 -
=

Solve: The monatomuc gas gives a larger e. For a monatomuc gas,

—- For a monatomic ideal gas y = 1.67 and for a diatomic 1deal gas y = 1.40.

1 . —
e=1 - T300F 0.741 = 74.1%.
For a diatomuc gas,
e=1 - : = 0.553 = 55.3%



In one cycle a freezer uses 785 J of electrical energy in order to remove 1750 J of heat
From its freezer compartment at 10 F. a) what is the coefficient of performance
Of this freezer? b) how much heat does it expel into the room during this cycle?

Oc| . ’
16.14. Set Up: For a refngerator. the coefficient of performance 1s K = bHL'" Oc| = 1750Jand |W| = 7851]
Onl = |Qc| + |W]. |
1750]
Solve: (a) K = = 223
olve: (a 7851

(b) |O| = |Oc| + |W| =1750F + 785] = 25351



A refrigerator has a coefficient of performance of 2.10. Each cycle, it absorbs

3.4 E4 J of heat from the cold reservoir. A) how much mechanical energy is required
Each cycle to operate the refrigerator? B) During each cycle, how much heat is
Discarded to the high-temp reservoir?

16.15. Set Up: Forarefrigerator, Qx| = [Qc| + |W].0c > 0,0 < 0.K = %C .
_ | Ocl 340 x 10*] S s

Solve: (a) W = T 310 =162 X 107 J.
®) [Qul =340 x 10*J + 1.62 x 10°T = 5.02 x 10*J.

Reflect: More heat 1s discarded to the high temperature reservoir than 1s absorbed from the cold reservoir
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15. I A Carnot engine whose high-temperature reservoir is at 620 K takes in 550 ] of heat at
this temperature in each cycle and gives up 335 J to the low-temperature reservoir. (a)
How much mechanical work does the engine perform during each cycle? (b) What is the
temperature of the low-temperature reservoir? (c¢) What is the thermal efficiency of the

cycle?

16.15. SetUp: [Quf=[Qg+]W]. 2 =-1C. Qg <0, Q>0 e=
Qi TH oF

Solve: (a) W|=|Qy|-|Qc|=5501-335J=2151.

(0 e--% Te= -TH& = (620 K)(—_P’SS J) =378
Tw Q4 of 550 J
0 o= 207 430123019
550 J

O



17. 1 A Carnot engine is operated between two heat reservoirs at temperatures of 520 K and

300 K. (a) If the engine receives 6.45 kJ of heat energy from the reservoir at 520 K in each

cycle, how many joules per cycle does it reject to the reservoir at 300 K? (b) How much

mechanical work is performed by the engine during each cycle? (¢) What is the thermal

efficiency of the engine?

16.17. Set Up: W[=1Qu|-1Qc] Qe _ T Qc <0, Q4 >0. e= W

Qv Th
Solve: (a) Qc = - QH{TC] —(6.45 10%)[308 E):-syleo%
H

b) W|=|Qu|~|Qc|=6.45x10°) - 3.72x 10°) = 2.73x 10°)

3
(C) e= W _ 213 103J - 0.423=42.3%
Qq  645x10%]

H



16.9. Set Up: ca 1s at constant volume. ab has O = 0. and bc 1s at constant pressure. For a constant pressure
: V
process W = p AV and O = nC, AT pV = nRT gives n AT = L —s0 0 = (—p&l’lfyzl-wthegasxs

R
3 I
diatomic and C, = TR. For a constant volume process " = 0 and 0 = nCy AT pV" = nRT gives n AT = —I‘:E

ndh(w«;em eta,
)V, =90x 10 *m’, p, = 1.5atmand ¥, = 2.0 x 10 * m’. For an adiabatic process p, V. = p, 7y’

L\ (9.0 x 10 m)
P p.(,) = (15am) (5o o] = 123am

?‘?”M wuth Aeat suleos fhb,a.«. pe> ago&’
) Heat enters the gas in process ca. since T increases.

s0 0 ;R )I'Ap For a diatomic ideal gas C, = #R. 1 atm = 1.013 x 10’ Pa
a

Selv

Q= (CR:')lAp“(v)POxw m?)(12.3atm — 1.5am)(1.013 x 10° Pa/atm) = 5470J

= 547
& oo EBE ot avesties gas por pele’
(c) Heat leaves the gas 1n process be, since Tdecreases.

0= (—-’:)p.ﬂ' = (3)(1.5atm)(1.013 x 10’ Pa/atm)(-70 x 10 °’ m’ ) = ~3723)

p (atm) T &‘ ;,;'—7——
> A CO')95 r 2
4 How mgcv;’lz i;:;; _{%‘S pop e Ac,,a.sc’ya& . :‘i:}; Laat l«y,ulv
(W = On + Oc = +5470] Y (=37233) = 17477 gl s R
2. W 1747 ] W:;M/Waﬂ.moa 2 7(,_,_% "‘““:f‘:)‘s ¥
(e)e = = = 0319 = 319% 2 IA .
QH 54701 1.5 b b ”“!‘to
Reflect: We did not use the number of moles of the gas. 0 0.0020 00090~ " ™) 00000~V
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