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Outline

• Heat Engines

• Analyze a Cycle: compute η
• 2nd Law in Kelvin Form 

• The Carnot Cycle

• Carnot Efficiency

• 2nd Law in Carnot Form

• The Otto Cycle



Heat Engine: Heat to Work

Efficiency=Work done/Heat Input 

η =
∆W

QH

ΔW

Engine undergoes
Thermodynamic Cycle

Heat 
Input

Waste 
Heat



Concept Test
An ideal gas undergoes the 4 step cycle shown, which is 
a combination of isochoric and isothermal processes.
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The work done by the gas is:
A. Positive
B. Zero
C. Negative

The net change in internal energy is:
A. Positive
B. Zero
C. Negative

Image: http://en.wikipedia.org



Analyze Simple Cycle I
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1 0
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An isochoric process does no work;
an isothermal process doesn’t change internal energy

An ideal gas undergoes the 4 step cycle shown, which is 
a combination of isochoric and isothermal processes.

Image: http://en.wikipedia.org



Analyze Simple Cycle II
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1 0 -nR T0 log 2

2 0

3 0 nR 3T0 log 2

4 0

total nR 2T0 log 2

W =
� V2

V1

(nRT )
dV

V
= (nRT ) log

�
V1

V2

�Work done during
isothermal expansion

Image: http://en.wikipedia.org
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Analyze Simple Cycle III
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ΔQ ΔU ΔW

1 0 -nR T0 log 2

2 nCV 2T0 0

3 0 nR 3T0 log 2

4 -nCV 2T0 0

total 0 nR 2T0 log 2

∆U = nCV ∆TChange in internal energy
of an ideal gas

✓

Image: http://en.wikipedia.org



Analyze Simple Cycle IV
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ΔQ ΔU ΔW

1 -nR T0 log 2 0 -nR T0 log 2

2 nCV 2T0 nCV 2T0 0

3 nR 3T0 log 2 0 nR 3T0 log 2

4 -nCV 2T0 -nCV 2T0 0

total nR 2T0 log 2 0 nR 2T0 log 2

∆Q = ∆U + ∆W1st Law of Thermodynamics

Image: http://en.wikipedia.org



Analyze Simple Cycle V
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1 -nR T0 log 2 0 -nR T0 log 2

2 nCV 2T0 nCV 2T0 0

3 nR 3T0 log 2 0 nR 3T0 log 2

4 -nCV 2T0 -nCV 2T0 0

total nR 2T0 log 2 0 nR 2T0 log 2
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QC

W

Image: http://en.wikipedia.org
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2nd Law of Thermodynamics

How efficient can a heat engine be?

William Thomson,
Lord Kelvin



The Carnot Engine
1→2 & 3→4
isothermal

2→3 & 4→1
adiabatic

NB: idealized and impractical!



nRTH log
V2

V1
nRTH log
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nRT log
V4

V3
nRTH log

V4

V3

ΔQ ΔU ΔW

1→2 0

2→3 0 nCV ΔT -nCV ΔT

3→4 0

4→1 0 -nCV ΔT nCV ΔT

total ? 0 ?

Carnot Cycle

W =
� V2

V1

(nRT )
dV

V
= (nRT ) log

�
V1

V2

�Work done during
isothermal expansion

∆U = nCV ∆TChange in internal energy
of an ideal gas

Cc



Carnot Efficiency

∴ V2

V1
=

V3

V4

TH(V2)γ−1 = TC(V3)γ−1 & TH(V1)γ−1 = TC(V4)γ−1

W = nR(TH − TC) log
V2

V1

QH = Qin = nRTH log
V2

V1

ηCarnot = 1− TC

TH

U =0

An

Q

Qout= -(0Q)3->4 Q= Goat= -URTclog = nRT, log
Thus for carnot cycle,

"absorbed" heat Q
w = Q- Q, G Qui

-

---



Carnot Engine Reversible!

ηCarnot = 1− TC

TH KCarnot =
TC

TH − TC

Heat Pump or 
RefrigeratorHeat Engine

Cocks)
(0 <<1)



2nd Law: Carnot Form

1796 –1832

Sadi Carnot

Image: http://en.wikipedia.org



SuperCarnot Impossible!



Concept Test

A.

B.

C.

D.



Otto Cycle

Images:  http://www.grc.nasa.gov & http://en.wikipedia.org
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W = QH −QC

η =
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Ideal Gas Otto Cycle
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Image:  http://www.grc.nasa.gov

W = QH −QC

n moles of an ideal gas

QH = nCV (TC − TB) QC = nCV (TD − TA)

η =
W

QH

= 1− QH

QC

= 1− TD − TA

TC − TB

VB = VC & VA = VD TBV γ−1
B = TAV γ−1

A & TCV γ−1
B = TDV γ−1

A

η = 1−
�

VB

VA

�γ−1

= 1− TA

TB
= 1− TD

TC

∴ TD − TA

TC − TB
=

�
VB

VA

�γ−1

=
TA

TB
=

TD

TC Hottest: TC

Coldest: TA<ηCarnot!



Summary
• Heat Engines transform heat into work

• ΔU=0 over entire cycle, ΔQ=ΔW

• Analyze a Cycle: step by step!

• 2nd Law in Kelvin Form

• Input heat cannot be completely 
converted to work, η<1 always!

• The Carnot Cycle

• Carnot Efficiency

• No engine can be more efficient than 
Carnot!

ηCarnot = 1− TC

TH


