
ChemE 2200 – Chemical Thermodynamics Lecture 6
Today:

Heat Engines and Heat Pumps.
The Carnot Cycle.
The Rankine, Otto, and Diesel Cycles.

Defining Question:
“What is a Carnot Cycle?” 

Reading for Thermodynamics Lecture 7:
McQuarrie & Simon, Chapter 21.1-21.5

Reading for Today’s Lecture:
McQuarrie & Simon, Chapter 20.7.



1st Prelim
Tuesday, March 11, 7:30 – 9:30 p.m.

245 Olin Hall
Covers –

Atomic Orbitals
Molecular Orbitals
Atomic and Molecular Spectroscopy
Electrons in Solids
Classical Thermodynamics through 1st Law

Covers –
Lectures through 1st half of Monday, 2/24 (Lecture T4)
Homework through Homework 5
Calculation Sessions through Calculation Session 5

You may use a hand-written, double-sided reference sheet.
Reference sheets will be submitted with the Prelim.

Reference sheets will be returned Wednesday, March 12.



Team
Competition
Wednesday
March 12:
“How well
Do you know
Your peers?”



Recap

1st Law of Thermodynamics:  dU  q +  w

2nd Law of Thermodynamics:  S > 0 for spontaneous processes.

 
T
qS rev

qrev  dU  wrev

Combining the 1st and 2nd Laws of Thermodynamics:

TdS  dU  PdV



Heat Engines
heat  work

thermo dynamics

Thermodynamics was developed to analyze
and improve steam engines in the early 1800s.

“Steam engines contributed more to thermodynamics
than thermodynamics contributed to steam engines.” 

Nicolas Léonard Sadi Carnot (1796 – 1832)  French Mechanical Engineer

How much heat can be converted to work?

How to improve efficiency?

1st Law analysis:  w  q 100% efficiency possible?

2nd Law analysis: Consider a molecular basis

wq
engine

q

heat increases internal energy,
more molecular K.E.

to convert all heat to work on the piston,
all molecular motion must be toward piston.

Improbable.
Efficiency 

is limited by
the 2nd law.

q



Heat Engines
Thermal energy is converted to mechanical energy.

heat
engine

w

heat source
Thot

qhot
heat sink

Tcold

qcold

system

surroundings

2nd Law:  cannot convert all heat to work; some heat must be discarded.



The Carnot Cycle for a Heat Engine

Thermal energy is converted to mechanical energy.

PA, Thot, VA

heat source
Thot

isothermal
expansion PB, Thot, VB

gas does work
w < 0 adiabatic

expansion
gas does work    

w < 0

PC, Tcold, VC

heat sink
Tcold

isothermal
compression

work done on gas
w > 0

adiabatic
compression

work done on gas      
w > 0

PD, Tcold, VD

qhot > 0

qcold < 0

Working fluid is an ideal gas.



The Carnot Cycle, cont’d

0
0

state A
APA

VA

state B

B
PB

VB

state C

C
PC

VC
state D

DPD

VD

isothermal
at Thot

isothermal at Tcold

adiabatic

adiabatic

volume

pressure

Calculate net work


B

A

PdVw 
C

B

PdV 
D

C

PdV 
A

D

PdV

























 

A

D

D

C

C

B

B

A

PdVPdVPdVPdV

area under A-B-C area under A-D-C

net work = area enclosed by cycle



hotrev,

hot

cold
hotrev,hotrev,

efficiencymaximum
q

T
Tqq 












The Carnot Cycle, cont’d

1st Law analysis of cycle:

Uengine  0   wcycle  qrev,hot  qrev,cold

hotrev,
efficiencymaximum

q
w


hotrev,

coldrev,hotrev,

q
qq 

 <  1

2nd Law analysis of cycle: Plot on a map of S and S’s complementary parameter, T

S

T
A B

CD











hot

cold
hotrev,coldrev, T

Tqq

substitute

hot

coldhot

T
TT 



Actual engines 
do not have
reversible paths.

Actual engines 
have lower
efficiencies.

isothermal
expansion

adiabatic
expansionisothermal

compresssion

adiabatic
compression

 
D

C

B

A

0 dSdSS 






cold

coldrev,

hot

hotrev,
T

q
T

q



The Carnot Cycle Efficiency

Carnot cycle efficiency

For steam at 1 atm, Thot = 100C (373K) and ambient cooling Tcold = 25C (298K)

20.0
373

298373
hot

coldhot 






T

TTCarnot cycle efficiency

For atomic energy typical Thot = 950C (1220K) and typical cooling Tcold = 450C (720K)

Carnot cycle efficiency 41.0
1220

7201220
hot

coldhot 






T

TT

For Tcold = 0K, efficiency = 1.

For Thot = Tcold, efficiency = 0.

hot

coldhot
sourcehot  fromheat 

engine fromwork 
T

TT 




Heat Pumps
Thermal energy is pumped from a cold source to a hot sink.

heat
pump

w

heat sink
Thot

qhot
heat source

Tcold

qcold

system

surroundings

2nd Law:  Heat does not spontaneously flow from cold to hot.  Must provide work.



The Carnot Cycle for a Heat Pump

The Carnot Cycle:  Four States Connected by Four Reversible Paths.

PA, Thot, VA

heat sink
Thot

isothermal
compression PB, Thot, VB

work done on gas
w > 0 adiabatic

compression
work done on gas    

w > 0

PC, Tcold, VC

heat sink
Tcold

isothermal
expansion

gas does work
w < 0

adiabatic
expansiongas does work      

w < 0

PD, Tcold, VD

qhot < 0

qcold > 0

Working fluid is an ideal gas.

Your home

ambient air
outside your home



The Carnot Cycle Efficiency

Carnot cycle efficiency

For a home at Thot = 20C (293K) and outside air at Tcold = 0C (273K)

heat
pump

w

heat sink
Thot

qhot
heat source

Tcold

qcold

system

surroundings

An electric heater would require 1000 kW,
whereas a heat pump requires only 70 kW.

hot

coldhot
sinkhot  heat to
pumpheat  work to

T
TT 



sink)hot  heat to(pumpheat  work to
hot

coldhot







 


T
TT

sink)hot  heat to(
293

273293






 



sink)hot  heat to(07.0



The Carnot Water-Steam Cycle for a Heat Engine

H2O liquid
at bubble pt
PA, Thot, VA

heat source
Thot

isothermal
expansion

H2O vapor
at dew point

PB = PA, Thot, VB
H2O does work

w < 0 adiabatic
expansion

H2O does work    
w < 0

H2O vapor +
some liquid
PC, Tcold, VC

heat sink
Tcold

isothermal
compression

work done on H2O
w > 0

adiabatic
compression

work done on H2O      
w > 0

mostly liquid
+ some vapor

PD =PC, Tcold, VD

qhot > 0

qcold < 0

Working fluid is H2O - liquid and vapor



The Carnot Water-Steam Cycle for a Heat Engine

V

isothermal
expansion

liquid

not
log(P)

not log(V)0
0

A B

CD

state A state B

state C

state D

P

vapor

liquid + vapor

adiabatic
expansionisothermal

compression
adiabatic

compression

S

T

liquid vapor

liquid + vapor

A

isothermal
expansion

B

CD

adiabatic
expansionisothermal

compression

adiabatic
compression



adiabatic
expansion.

no con-
densation

The Rankine Water-Steam Cycle for a Heat Engine
Similar to Carnot Cycle, but expand 100% vapor and compress 100% liquid.

Carnot Cycle

V

heat water to
superheated steam

0
0

A B

CD

P vapor

liquid + vapor

isothermal
condensation
to all liquid

adiabatic
pumping

Rankine Cycle

S

T

liquid
vapor

liquid + vapor

A

heat water to
superheated steam

B

CD

adiabatic
expansion.

no con-
densationisothermal

condensation
to all liquid

adiabatic
pumping

V

isothermal
expansion

0
0

A B

CD

P

vapor

liquid + vapor

adiabatic
expansionisothermal

compression
adiabatic

compression

S

T

liquid vapor

liquid + vapor

A

isothermal
expansion

B

CD

adiabatic
expansionisothermal

compression

adiabatic
compression



The Rankine Water-Steam Cycle for a Heat Engine
Similar to Carnot Cycle, but expand 100% vapor and compress 100% liquid.

William Rankine
1820-1872



The Otto Cycle for a Heat Engine
An internal combustion engine

V

P A

B

C

D

heat at
constant V
(sparked

combustion)

adiabatic
expansion

cool at
constant V

adiabatic
compression

of air+fuel

exhaust/intake cycle

9rationcompressio 
A

D

V
V

S

T A

B

heat at
constant V

(sparked
combustion)

C

adiabatic
expansion

cool at
constant VD

adiabatic
compression



The Otto Cycle for a Heat Engine
An internal combustion engine

Nicolaus Otto
1832-1891



The Diesel Cycle for a Heat Engine 
An internal combustion engine - Rudolf Diesel (1858-1913)

V

P

A B

C

D

heat at
constant P

(combustion)

adiabatic
expansion

cool at
constant V

adiabatic
compression

of air+fuel

S

T

A

B
heat at

constant P
(combustion)

C

adiabatic
expansion

cool at
constant V

D

adiabatic
compression

exhaust/intake cycle



Any Cycle for a Heat Engine

V

P
area = net work

adiabatic
isothermal

Any heat engine
can be analyzed

with the formalism
of the Carnot Cycle.


