Chapter 19 Heat Engines and Refrigerators

Chapter Goal: To study the physical principles that
govern the operation of heat engines and refrigerators.
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Announcements

= Student evaluations today.

Please pick up evaluation form at back or room.
Complete form during class.

Deliver to box at front at end of class.

A student will take them to the physics office.

Forms will be given to me only after final grades
are turned In.
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Announcements

= Homework: Ch 17 due today.
Ch 18 due tomorrow, 9:00 am (extra credit).
Ch 19 due Monday, 9:00 am (extra credit).

= End-of-semester postings: http://www.wsu.edu/~collins/201/
Sample final exam, chapter notes, homework.

= Review for final exam, Monday, 11:00-13:00.

= Final exam: Wednesday, Dec. 11, 10:10-13:00.

You must sit in assigned seat; attendance will be taken.
Eight problems, equation sheet same as sample exam.

Not responsible for sections 12.10 and 12.11.
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Chapter 19 Preview

Hot reservoir
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Cold reservoir

Isotherm

You will learn that heat engines

B Follow a cyclical process that can be
shown on pV diagrams and on energy-
transfer diagrams.

B Require not only a source of heat but also
a source of cooling. These are called the
hot reservoir and the cold reservoir.

B Are governed by the first and second
laws of thermodynamics.
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Chapter 19 Preview

Heat Engines Refrigerators

Heat engine is the generic name for any A refrigerator is a heat engine in
device that uses a cyclical process to reverse, using work to “pump energy
transform heat energy into work. uphill” from cold to hot.
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In a refrigerator, a

Wl %\\N'Il'w compressor does work

' \ to pump heat energy
from the colder inside
to the warmer room.

Air conditioners are
“refrigerators” pumping
- . heat energy from the
The heat from burning fuel boils water to cool inside of a house to
make high-pressure steam that then does the hot outside.

work by spinning this turbine at an electric
generating station.
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Chapter 19 Preview

Efficiency

How good 1s a heat engine at trans-
forming heat into work? We’ll define
an engine’s thermal efficiency as

work done

efficiency =
Y heat required

You’ll learn that the laws of thermody-
namics set limits on the maximum
possible efficiency. The fact that no heat
engine can have an efficiency of 100%
prevents us from extracting and using
the vast thermal energy in the air and
water around us.

© 2013 Pearson Education, Inc. Slide 19-7



Chapter 19 Preview

The Carnot Engine

We’ll use the second law of thermodynam-
ics to show that a perfectly reversible heat
engine—called a Carnot engine—has the
maximum possible thermal efficiency.

You’ll learn that the efficiency of a Carnot

engine depends only on the temperatures
of the hot and cold reservoirs. Any real

engine’s efficiency will be less—often
much less.
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Thermodynamics

= Thermodynamics is the branch of physics that studies
the transformation of energy.

= Many practical devices are designed to transform
energy from one form, such as the heat from burning
fuel, into another, such as work.

= Chapters 17 and 18 established two laws of
thermodynamics that any such device must obey:

First law Energy is conserved; that is, AE, = W+ Q.

Second law Most macroscopic processes are irreversible. In particular, heat en-
ergy 1s transferred spontaneously from a hotter to a colder system but never from a
colder system to a hotter system.
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Work Done

by the System

= The work W In the first law is
the work done on the system
by external forces from the
environment.

= The work done by the system

IS called W,

W, = —W = the area under the pV curve

= |n terms of W,, the first law Is:

Q= W,+ AE,
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(first law of thermodynamics)

The external force does
work W= —F_ Ax.

Ax

The system does work W, = E_Ax.
W = —Whbecause F,, = —F__ .

W_is the area
i . under the pV curve.
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QuickCheck 19.1

In an isothermal expansion: p

W =0 and W, > 0. 1
W <0 and W, =0.
W>0and W, =0.
W>0and W, <O0.
W< 0andW,>0. 2

moowp
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QuickCheck 19.1

In an isothermal expansion: p

W =0 and W, > 0. 1
W <0 and W, =0.
W>0and W, =0.
W>0and W, <O0.
v'E. W<0andW,>0. _ 0

o0 ®»
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QuickCheck 19.2

In an isothermal expansion: p
. 1
A. Q>0
B. Q=0
C. 0<0 ‘
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QuickCheck 19.2

In an isothermal expansion: p
vV'A. Q>0 11

B. Q=0.

C. Q<0. ]

Firstlaw: Q =W, + E, + 0 i
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Energy Reservoirs

= An energy reservoir is an object or a part of the
environment so large that its temperature does not
change when heat is transferred between the system
and the reservorr.

= Areservoir at a
higher temperature H(.‘al lb [l‘EllleCl‘l‘Cd

_ from hot to cold.

than the system is Copper bar
called a hot reservoir. 0\ > Qc

= A reservoir at a lower 3}
il
A }

)
temperature than the g@/q‘w@ Y
system is called a Fire \ / Ice
cold reservorr. Hot reservoir at Ty Cold reservoir at 7

~—

i
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Energy-Transfer Diagrams

Heat energy is transferred
from a hot reservoir to a cold
reservoir. Energy conservation

requires O = Oy

Hot reservoir i
k.-" O The_copper
‘ bar is the
system.
m
Syste -

o

Cold reservoir y jm
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The second law forbids a process
in which heat 1s spontaneously
transferred from a colder object
(o a hotter object. -

Hot reservoir §AR

Ao,

System

Qe

Cold reservorir T
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Work into Heat

Hot reservoir Ty
4
= Turning work Into heat is v, System
easy — Just rub two \
objects together! ¥ &
= Shown is the energy Cold reservoir T
transfer d|ag ram for this Energy-transfer diagrams show work

entering or leaving from the side.

Process.

= The conversion of work into heat is 100% efficient, in
that all the energy supplied to the system as work is
ultimately transferred to the environment as heat.
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Heat into Work

= Transforming heat into work is not easy.

= To be practical, a device that transforms heat into work
must return to its initial state at the end of the process
and be ready for continued use.

= |t Is Impossible to invent a
“perfect engine” that transforms
heat into work with 100%
efficiency and returns to its initial
state so that it can continue to
do work as long as there is fuel.

= The second law of
thermodynamics forbids a
“perfect engine.”

Hot reservoir T,

out

Perfect engine
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QuickCheck 19.3

: . : . p
Which is an isochoric
process in which heat is 1 ?
removed from the . 1E

i o < & - )
system? 1<
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QuickCheck 19.3

: . : . p
Which is an isochoric
process in which heat is 1 ?
removed from the . 1E

i o < & - )
system? 1<
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QuickCheck 19.4

In this process:

Q=0andW,>0. L

Q>0and W,>0.
Q>0and W,<0.
Q<0and W,<0.
Q<0and W,>0.

moowp
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QuickCheck 19.4

In this process:

A. Q=0and W,>0. L

v'B. Q>0and W, >0.
Q>0ana W,<O.
Q<0and W,<0.
Q<0and W,>0.

O

O

m

19N e
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Heat Engines

= |n a steam turbine of a
modern power plant,

AN \Q\.\‘~ ding steam does
AW expanding ste
A \\‘ \\\\\ | work by spinning the
S turbine.

| = The steam is then
condensed to liquid
water and pumped back
to the boller to start the
process again.

= First heat is transferred to the water in the boller to
create steam, and later heat is transferred out of the
water to an external cold reservoir, in the condenser.

= This steam generator is an example of a heat engine.
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Heat Engines

= Shown iIs the energy- 1. Heat energy Q is transferred
. from the hot reservoir (typically
tranSfer d|ag ram Of a burning fuel) to the system.
heat englne_' Hot reservoir ::': Ty
= All state variables 5 2. Part of the
(pressure Ao energy is used
’ ‘ \ to do useful
temperature, thermal Heat i work W, .
: F_ Wout
energy, etc.) return to engine P
their initial values o l
c
once every cycle. T
= The work done per COITIEREIVOIL g
CyC|e by a heat 3. The remaining en.érgy
. . Oc = Oy — W, 18 exhausted
engine Is. to the cold reservoir (cooling

water or the air) as waste heat.

Wout = Qnet = QH o QC

© 2013 Pearson Education, Inc. Slide 19-34



Heat Engines

= \We can measure Hot reservoir L
the performance ) I— 0y, is what
of a heat engine B vourw,
' i Heat et W = 1nQy 18
In terms of its engine — what you get.
thermal
i I o.=0-mo,
erfriciency n l """"""""""" is the energy that
(lowercase Greek wasn’t used.
(14 1 - C ld 1 T
eta”), defined as: O TEER c
_ W,.  whatyou get or _ Oc
i Oy  what you had to pay g Oy

= Actual car engines and steam generators have
n~0.1-0.5.
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QuickCheck 19.5

The efficiency of this heat
engine is

1.00.
0.60.
0.50.
0.40.
0.20.

moowe»
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QuickCheck 19.5

The efficiency of this heat
engine is

A. 1.00.
B. 0.60.
C. 0.50.

v/D. 0.40.
E. 0.20.
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A Heat-Engine Example: Slide 1 of 3

(a) Heat 1s transferred (b) The gas does work (c) The piston 1s locked and
into the gas from by lifting the mass the mass is removed.
the burning fuel. In an 1sobaric The heat 1s turned oft.

expansion.

ral"
I N I 0 Pi{l_ | M

-

Gas

¢ /ﬁﬁr’//"/‘ﬁ“ WOV W Heat ,«{bﬁ%}iﬁ%[%ﬁﬁf:-fﬂ;'“jg’f}‘iw

VA CHN A I

Isobaric heating and expansion
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A Heat-Engine Example: Slide 2 of 3

(d) The gas cools back to

(e) A steadily increasing external

room temperature at
constant volume.
Then the piston is
unlocked.

Constant-volume cooling

© 2013 Pearson Education, Inc.

force steadily raises the pressure
in an isothermal compression
until the pressure has been
restored to its mitial value.

—p

F

cxl

Isothermal compression
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A Heat-Engine Example: Slide 3 of 3

= Shown is the heat- p Isotherm The mass is lifted in
engine process on \\/ Ou an ls?barlc expansion.
a pV diagram N1 . Mass removed

. ) .2

= No work is done *
during the isochoric 0. The gas
Step 273, ot

= The net work per e S0 Volume
cycle is: An external force compresses the  cooling.

gas back to its initial conditions. v

Wnet = Wlift B Wext

Wiet = (Wo) 15, + (Wo)ss4
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Refrigerators

* |[n a sense, arefrigerator
or air conditioner is the
opposite of a heat engine.

* |n a heat engine, heat
energy flows from a hot
reservoir to a cool
reservoir, and work W,

¥ , ARG W SRR IS produced.

" Ina refrlgerator heat energy is somehow forced to flow
from a cool reservoir to a hot reservoir, but it requires
work W, to make this happen.
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Refrigerators

= Shown is the energy-
transfer diagram of a
refrigerator.

= All state variables
(pressure, temperature,
thermal energy, etc.)
return to their initial

values once every cycle.

= The heat exhausted per

cycle by a refrigerator is:

QH = QC +Win

© 2013 Pearson Education, Inc.

The amount of heat exhausted to the hot
reservoir is larger than the amount of heat
extracted from the cold reservoiur.

Hot reservoir . T,
e
fle
N B .
W, J Refrigerator
-
Fo—1
Oc
Cold reservoir f

External work 1s used to remove heat
from a cold reservoir and exhaust heat
to a hot reservoir.
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Refrigerators

= The purpose of a refrigerator is to remove heat from a
cold reservoir, and it requires work input to do this.

= We define the coefficient of performance K of a
refrigerator to be:

what vou get
e you g

W, B what you had to pay

= If a “perfect refrigerator” could be built in which W, =0,
then heat would move spontaneously from cold to hot.

= This is expressly forbidden by the second law of
thermodynamics:

Second law, informal statement #3 There are no perfect refrigerators with
coefficient of performance K = oo,
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QuickCheck 19.6

The coefficient of performance
of this refrigerator is

1 100 1
A. 0.40. — B
B. 0.60. 4017 _-b_/ - Refrigerator
C. 1.50. \_ 1 Y,
60 J
D. 1.67.
E. 2.00.
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QuickCheck 19.6

The coefficient of performance
of this refrigerator is

1 100 1
A. 0.40. — B
B. 0.60. 4017 T-b_/ - Refrigerator
' C. 1.50. \_ f Y,
60 J
D. 1.67.
E. 2.00.
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No Perfect Heat Engines

A perfect heat engine connected to a refrigerator would
violate the second law of thermodynamics.

Hot reservoir Ty
\
Q/ﬂ 1 4o
Perfect — Y, Refrigerator =
engine w.
4 i
0. Qc

Cold reservoir f g
Heat transfer from
Perfect engine + Refrigerator — cold to hot with no
outside assistance

Second law, informal statement #4 There are no perfect heat engines with
efficiency n = 1.
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ldeal-Gas Heat Engines

= Some heat engines use an ideal gas as the working

substance.

= A gas heat engine can be represented by a closed-cycle

trajectory on a pV diagram.

= The net work done during a full cycle is:

Wit = Wesgmi — | | — | = area inside the closed curve
As the gas expands, As the gas is compressed, The net work done by the
the work W, done the work W, done by gas is the area enclosed
p by the gas is positive. p the gas is negative. p within the curve.

© 2013 Pearson Education, Inc.

Slide 19-47



QuickCheck 19.7

How much work i1s done In

one cycle? re

A. 9000 J. 20007

B. 6000 J. 2000 - Y

C. 3000 J.

D. 2000 J. 1000 D

E. 1000 J. 0 . . — V(m’)
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QuickCheck 19.7

How much work i1s done In

p (Pa)
one cycle? W, = enclosed area
A. 9000 J. 30007
B. 6000 J. — }
C. 3000 J.
«/D. 2000 J. 10007 o
E. 1000 J. 0 l . — V(m’)
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Summary of Ideal-Gas Processes

Process Gas law Work W, Heat QO Thermal energy
Isochoric pil T, = pilT; 0 nCyAT AE, = QO
Isobaric ViIT. = Vi IT; pAV nCp AT AE;, = Q0 — W,
[sothermal piVi = piVi nRT In(V;/V;) Q=W AE, =0
pV In(Vi/V)

Adiabatic p;Vi¥ = p VY (pVi — p;VoI(1 — ) 0 AE, = —W,

TV =Ty —nCy AT
Any piVilT, = piViIT; area under curve AE, = nCyAT

This table shows W, the work done by the system, so
the signs are opposite those in Chapter 17.
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Summary of Ideal-Gas Processes

= You learned in Chapter 18 that the thermal energy of
an ideal gas depends only on its temperature.

= The table below lists the thermal energy, molar
specific heats, and specific heat ratio y= C./C,, for
monatomic and diatomic gases.

Monatomic Diatomic
E, SnRT >nRT
Cy R SR
Cp >R 'R
Y 3= 1.67 s = 1.40
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Problem-Solving Strategy: Heat-Engine

Problems

Heat-engine problems

vooeL Identify each process in the cycle.
nsuntize Draw the pV diagram of the cycle.
.ve There are several steps in the mathematical analysis.

®m Use the ideal-gas law to complete your knowledge of n, p, V, and T at one
point in the cycle.

®m Use the ideal-gas law and equations for specific gas processes to determine p,
V, and T at the beginning and end of each process.

m Calculate Q, W, and AE,, for each process.
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Problem-Solving Strategy: Heat-Engine

Problems

® Find W, by adding W, for each process in the cycle. If the geometry is simple,

you can confirm this value by finding the area enclosed within the pV curve.

Add just the positive values of Q to find Q.

®m Verify that (AEy),., = 0. This is a self-consistency check to verify that you
haven’t made any mistakes.

®m Calculate the thermal efficiency n and any other quantities you need to com-
plete the solution.

ssess Is (AEg) e = 0?7 Do all the signs of W, and Q make sense? Does ) have
a reasonable value? Have you answered the question?
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QuickCheck 19.8

How much heat is Pt

exhausted to the

cold reservoir? 3000 0 = 5000 J

A. 7000 J. 20007

B. 5000 J. 1000 -

C. 3000 J. . | | v
D. 2000 J. 0 1 2 3

E. 0J.
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QuickCheck 19.8

How much heat is PR ,
exhausted to the {'
cold reservoir? 3000 - 0 =50001]
A. 7000 J. 20007
B. 5000 J. 1000 ~ \
¢/ C. 3000 J. " \ 3
0 T T | V(m”)
D. 2000 J. 0 I ) 3\
E. 0J. Both processes are Q.
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QuickCheck 19.9

Which heat engine has the larger efficiency?

P P
Engine 1 Engine 2
D4 - D, - >
p, < P,
T T V | T V
v, v, v, v,
A. Engine 1.
B. Engine 2.
C. They have the same efficiency.
D. Can't tell without knowing the number of moles of gas.
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QuickCheck 19.9

Which heat engine has the larger efficiency?

Same Q; for both
p p
gine\ 1 Engine 2
D - / 2 a »

A A
\ Y
s < D,
Engine 1 does more work
I I V I | V
Vi Vi Vi v

/A. Engine 1.
B. Engine 2.
C. They have the same efficiency.
D. Can't tell without knowing the number of moles of gas.
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The Brayton Cycle

= Many ideal-gas heat engines,
such as jet engines Iin aircraft,
use the Brayton Cycle, as
shown.

= The cycle involves adiabatic
compression (1-2), isobaric
heating during combustion
(2-3), adiabatic expansion
which does work (3-4), and
Isobaric cooling (4-1).

= The efficiency is:

1

Mg = 1— rp(y—l)/y

© 2013 Pearson Education, Inc.

(a)

Fuel —» Combustion

2 chamber | 3

Com-

oA

BTESEE Turbine :@D e
W

(b)

L Heat 2 "
r exchanger <—I

Cooling water

oy

p (atm)

pmax

pmin

Combustion

QQ%
¥

_ Adlaba.tlc
expansion

Cooling

Adiabatic™ -
compression 1 'Qc

T | 4 (mg)
V V

min max

Slide 19-58



Efficiency of a Brayton Cycle

The efficiency first grows quickly
as the pressure ratio is increased,
70% - reaching =~ 50% at r, = 10, then
levels off.

1']Brayton

60% -
R e = pmax/pmin s the
40% - ratio of the maximum
30% A to minimum pressure
20% - In the cycle.
10% -

0 I . I I I — I

p

0 5 10 15 20 25 30

Any increase in efficiency beyond = 50%
has to be weighed against the higher costs of
a better compressor that can achieve a much
higher pressure ratio.
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|deal-Gas Refrigerators

= An ideal-gas refrigerator can
use a Brayton cycle in reverse.

= A gasis compressed
adiabatically to make it
extremely hot (4-3).

= Then heat is lost to the hot
reservoir (3-2).

= Then the gas expands
adiabatically (2-1) making it
extremely cold.

= Lastly, heat flows into the gas
from the cool reservoir (1-4).

© 2013 Pearson Education, Inc.

O A
- Max T
High-T heat &
exchanger 3
Com-
ﬁm«i
pressor W,
Low-T heat 4f
exchanger
Cc A
Cooled side

Oy High-T heat exchanger cools gas.

2 A W3 Adiabatic
compression

Low-T heat exchanger
warms gas and cools

[

the “refrigerator.”

Adiabatic””
expansion
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|deal-Gas Refrigerators

= Even in a refrigerator, heat is
always transferred from a hotter
object to a colder.

= The gas In a refrigerator can
extract heat Q. from the cold
reservoir only If the gas
temperature is lower than the
cold-reservoir temperature T...

= The gas In a refrigerator can
exhaust heat Q to the hot
reservoir only If the gas
temperature is higher than the
hot-reservoir temperature T,,.

© 2013 Pearson Education, Inc.

Hot reservoir Ty
. A (o,
s :a:/ Refrigerator
\—11
Oc
Cold reservoir T
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The Limits of Efficiency

Everyone knows that heat can produce
motion. That it possesses vast motive
power no one can doubt, in these days
when the steam engine is everywhere

so well known. . . . Notwithstanding the
satisfactory condition to which they have
been brought today, their theory is very
little understood. The question has often
been raised whether the motive power of
heat is unbounded, or whether the possible
improvements in steam engines have an
assignable limit.

Sadi Carnot
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The Limits of Efficiency

If a perfectly reversible heat engine is used to operate a
perfectly reversible refrigerator, the two devices exactly
cancel each other.

1y
\
0, 0| 4 0, =0
N,
Y out P
s -> > = Wou =0
Wi
P
‘ Qc Qc Qc=0
I
Perfectly reversible e Perfectly reversible o No work done and

heat engine

© 2013 Pearson Education, Inc.

refrigerator

no heat transferred
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The Limits of Efficiency

A heat engine more efficient than a perfectly reversible
engine could be used to violate the second law of
thermodynamics.

Ty

= W o |
(5= -4

/\

T.

Superefficient
heat engine

Perfectly reversible Heat transfer
refrigerator from cold to hot

_|_

Second law, informal statement #5 No heat engine operating between reser-
voirs at temperatures Ty and 7T can be more efficient than a perfectly reversible
engine operating between these temperatures.
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The Limits of Efficiency

= The maximum possible efficiency of a heat engine 7,
IS that of a perfectly reversible engine.

= The maximum possible coefficient of performance of a
refrigerator K. Is that of a perfectly reversible
refrigerator.

Second law, informal statement #6 No refrigerator operating between reser-
voirs at temperatures 7 and 7~ can have a coefficient of performance larger than
that of a perfectly reversible refrigerator operating between these temperatures.
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The Limits of Efficiency

= A perfectly reversible engine must use only two types of
processes:

1. Frictionless mechanical interactions with no
heat transfer (Q = 0).

2. Thermal interactions in which heat is transferred
In an isothermal process (AE,, = 0).

= Any engine that uses only these two types of processes
Is called a Carnot engine.

A Carnot engine is a perfectly reversible engine; it has
the maximum possible thermal efficiency 7., and, if
operated as a refrigerator, the maximum possible
coefficient of performance K_._..
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The Carnot Cycle

= The Carnot cycle is an
iIdeal-gas cycle that
consists of the two
adiabatic processes
(Q =0) and the two
Isothermal processes
(AE,, = 0) shown.

= These are the two types
of processes allowed in
a perfectly reversible
gas engine.

© 2013 Pearson Education, Inc.

Isotherms

Adiabats -
Oc | ]i:
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The Carnot Cycle

As a Carnot cycle operates:

1. The gas is isothermally compressed at T.. Heat
energy Q. = |Q,,| Is removed.

2. The gas Is adiabatically compressed, with Q =0, until
the gas temperature reaches T,,.

3. After reaching maximum compression, the gas
expands isothermally at temperature T,,. Heat
Q. = Qs Is transferred into the gas.

4. The gas expands adiabatically, with Q =0, until
the temperature decreases back to T..

Work is done in all four processes of the Carnot cycle,
but heat Is transferred only during the two isothermal
processes.
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The Maximum Efficiency

Second law, informal statement #7 No heat engine operating between energy
reservoirs at temperatures 7 and 7 can exceed the Carnot efficiency

Ic

Tcarnot — L= T_H

Second law, informal statement #8 No refrigerator operating between energy
reservoirs at temperatures 7y and 7 can exceed the Carnot coefficient of
performance

I¢
KCamot = 7 =7
H ¢
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QuickCheck 19.10

The efficiency of this 400°C
Carnot heat engine is

A. Less than 0.5. =

B. 0.5. Heat _\“;;»
C. Between 0.5 and 1.0. e

D. 1.0. \ | /

E. 2.0.

200°C
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QuickCheck 19.10

The efficiency of this 400°C
Carnot heat engine is

Temperatures \

V/A. Less than 0.5. mustbeinkelvint /= | y'y )
B. 0.5. Heat .\"‘%—
C. Between 0.5 and 1.0. It 5 )
D. 1.0. l
E. 2.0.

200°C
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QuickCheck 19.11

The efficiency of this
Carnot heat engine Is

0.5. Heqt
Between 0.5 and 1.0. cnste

Less than 0.5. 4

g

400 K

)

2

J

2.0.

moowp»

Can’t say without
knowing Q.

© 2013 Pearson Education, Inc.

200 K
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QuickCheck 19.11

The efficiency of this 400 K
Carnot heat engine Is

A. Less than 0.5. o 1
v'B. 05. Heat < =
C. Between 0.5 and 1.0. eneine J
D. 2.0. S l

E. Can’t say without
knowing Q.

200 K
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QuickCheck 19.12

The efficiency of this heat

o p
engine is
. s < O
A. Less than 0.5. "~600 K
B. 0.5. 1 Y A
C. Between 0.5 and 1.0. \
= & > ®
D. 1.0. R 0 e
E. 2.0. | | | "
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QuickCheck 19.12

The efficiency of this heat

o p
engine is
] * < O
v'A. Less than 0.5. ~600 K
B. 0.5. 1 Y A
C. Between 0.5 and 1.0. \
. & > ®
D. 1.0. S
E. 2.0. | | | o
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QuickCheck 19.13

This heat engine is 600 K
A. A reversible Carnot engine. 8000 J
B. Anirreversible engine. o ‘ )
C. Animpossible engine. otdine L
\_ o
l, 2000 J
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QuickCheck 19.13

This heat engine is 600 K
A. A reversible Carnot engine. 8000 J
B. Anirreversible engine. ’ ‘ )
¢/C. Animpossible engine. gf;tne A
\_ o
l, 2000 J
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Example 19.4 A Carnot Engine
A Carnot engine

A Carnot engine is cooled by water at T = 10°C. What tempera-
ture must be maintained in the hot reservoir of the engine to have
a thermal efficiency of 70%?

MoDEL The efficiency of a Carnot engine depends only on the
temperatures of the hot and cold reservoirs.

soLve The thermal efficiency Mgy = 1 — To/Ty can be rear-
ranged to give

I¢
Ty = = 943 K = 670°C

LIS TNcarnot

where we used T = 283 K.

ASSESS A “real” engine would need a higher temperature than this
to provide 70% efficiency because no real engine will match the
Carnot efficiency.

© 2013 Pearson Education, Inc. Slide 19-78



Example 19.5 A Real Engine
m A real engine

The heat engine of Example 19.2 had a highest temperature of
2700 K, a lowest temperature of 300 K, and a thermal efficiency of
15%. What is the efficiency of a Carnot engine operating between
these two temperatures?

soLVE The Carnot efficiency is

Tc 300 K
Mcamot — == =
7 2700 K

= (.89 = 89%

ASSESS The thermodynamic cycle used in Example 19.2 doesn’t
come anywhere close to the Carnot efficiency.
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Example 19.6 Brayton Versus Carnot

NN ENN Brayton versus Carnot

The Brayton-cycle refrigerator of Example 19.3 had coefficient of performance K = 1.1.
Compare this to the limit set by the second law of thermodynamics.

soLveE Example 19.3 found that the reservoir temperatures had to be 7. = 250 K and
Ty = 381 K. A Carnot refrigerator operating between 250 K and 381 K has

7L 250 K

Camot = 1 —T. 381 K—250K

AsseEss This is the minimum value of K¢, It Will be even higher if 7-> 250 K or
Ty < 381 K. The coefficient of performance of the reasonably realistic refrigerator of
Example 19.3 is less than 60% of the limiting value.
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Example 19.7 Generating Electricity

VIR ERA Generating electricity

An electric power plant boils water to produce high-pressure steam
at 400°C. The high-pressure steam spins a turbine as it expands,
then the turbine spins the generator. The steam is then condensed
back to water in an ocean-cooled heat exchanger at 25°C. What is
the maximum possible efficiency with which heat energy can be
converted to electric energy?

MODEL The maximum possible efficiency is that of a Carnot en-
gine operating between these temperatures.

soLVE The Carnot efficiency depends on absolute temperatures, so
we must use Ty = 400°C = 673 K and 7. = 25°C = 298 K. Then

298
=1 ——>=0.56 = 56%
T’max 673 0
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Example 19.7 Generating Electricity

VIR ERA Generating electricity

ASSESS This 1s an upper limit. Real coal-, oil-, gas-, and nuclear-
heated steam generators actually operate at = 35% thermal ef-
ficiency, converting only about one-third of the fuel energy to
electric energy while exhausting about two-thirds of the energy
to the environment as waste heat. (The heat source has nothing
to do with the efficiency. All it does 1s boil water.) Not much can
be done to alter the low-temperature limit. The high-temperature
limit is determined by the maximum temperature and pressure the
boiler and turbine can withstand. The efficiency of electricity gen-
eration is far less than most people imagine, but it is an unavoid-
able consequence of the second law of thermodynamics.
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Chapter 19 Summary Slides
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Announcements

= Student evaluations today.

Please pick up evaluation form at back or room.
Complete form during class.

Deliver to box at front at end of class.

A student will take them to the physics office.

Forms will be given to me only after final grades
are turned in.
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General Principles

Heat Engines

Devices that transform heat into work. They require two energy

reservoirs at different temperatures.

/ Hot reservoir

e Enerey 1n
‘ Oy o

Cyclical process
I|:&Elh;'m.:l =)

y ’“-j— Useful work done

”rl.!u o i}]] - L}l

/s
Thermal efficiency
W,,  what you get

i Oy N what you pay
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Cold reservoir

Second-law limit:

=1-—
n T

.- Unused energy is
lTQC exhausted as waste heat.
\
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General Principles

Refrigerators

Devices that use work to transfer heat from a colder object to a

hotter object.

Energy
0= 0+ W, Ty

Hot reservoir

is exhausted to

the hot reservoir.

Work must be done
to transter energy
from cold to hot.

Heal energy is »==*""
extracted from

Cyclical process

l:ﬁ‘,:_:ﬂ'l}nul =4

the cold reservoir. T

Coefficient of performance

o Oc  what you get

W,  what you pay
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Cold reservoir

Second-law limit;
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Important Concepts

A perfectly reversible engine (a Carnot engine) can be operated as either a
heat engine or a refrigerator between the same two energy reservoirs by
reversing the cycle and with no other changes.

* A Carnot heat engine has the maximum possible thermal efficiency of any
heat engine operating between T and 7 :

T¢
Ncarmot — I = T_H
* A Carnot refrigerator has the P 4

maximum possible coefficient of
performance of any refrigerator
operating between 7y and 7 :
I
KCarnm = TI—I . TC

Isotherms

- Tn
The Carnot cycle for a gas engine A, ’
. . apats =ik
consists of two isothermal processes I
and two adiabatic processes. %
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Important Concepts

An energy reservoir 1s a part of the environ-
ment so large in comparison to the system that its
temperature doesn’t change as the system extracts
heat energy from or exhausts heat energy to the
reservolr. All heat engines and refrigerators oper-
ate between two energy reservoirs at different
temperatures Ty and 7.
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Important Concepts

The work W, done P

by the system has the W = st
opposite sign to the

work done on the system.

W, = area under pV curve

e
<
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Announcements

= Homework: Ch 17 due today.
Ch 18 due tomorrow, 9:00 am (extra credit).
Ch 19 due Monday, 9:00 am (extra credit).

= End-of-semester postings: http://www.wsu.edu/~collins/201/
Sample final exam, chapter notes, homework.

= Review for final exam, Monday, 11:00-13:00.

= Final exam: Wednesday, Dec. 11, 10:10-13:00.

You must sit in assigned seat; attendance will be taken.
Eight problems, equation sheet same as sample exam.

Not responsible for sections 12.10 and 12.11.
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Have a great winter break!
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