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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: INTRODUCTION TO HEAT ENGINES
● The first law of thermodynamics can be interpreted several ways
- One important interpretation we have used since the beginning: heat transfer can change internal energy
- Another interpretation of the first law is that work can change internal energy
● There is another interpretation that we touched upon briefly:
- Consider a gas contained in a cylinder with a moveable piston
- If that gas is heated up, we know that the pressure increases
- As the pressure increases, a net force is placed on the piston
- This net force causes the piston to rise  WORK is being done!

𝑄𝑖𝑛

● Above is our first encounter with a HEAT ENGINE: a machine that converts heat into ________________________
- You could imagine that moving piston then transferring its mechanical energy to another system
- This is the basis for how a car’s combustion engine works
– the piston delivers energy to the crank shaft, which eventually delivers energy to the wheels
● A heat engine has three important components:
- The _________________________

𝑇𝐻
𝑄𝐻

- The _________________________
- The _______________

𝑊
𝑄𝐶

𝑇𝐶
● The energy powering heat engines is the HEAT FLOW from the hot reservoir to the cold reservoir
- As heat flows from the hot reservoir to the cold, the engine converts SOME into work
- An engine CANNOT convert all heat into work – some heat MUST go to the cold reservoir
- This would violate the SECOND LAW OF THERMODYNAMICS, which will be covered later

EXAMPLE: An engine can compress a gas at a constant pressure. If at atmospheric pressure, the engine requires an input
of 500 J of heat to compress the gas from 0.001 m3 to 0.0005 m3, how much heat is transferred to the cold reservoir?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
PRACTICE: A PROPOSED THREE-STEP ENGINE
A proposed engine has three steps: one step that does 30 J of work ON the gas, one step that does no work, and one step
that does 50 J of work BY the gas. Is this an example of an engine? If so, what is the minimum heat input required?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: HEAT ENGINE EFFICIENCY
● Remember! The energy used engines is heat flow from a _______________________ to a ________________________
- The heat emitted from a hot reservoir can NEVER be converted completely into usable work
- This is a consequence of the SECOND LAW of thermodynamics, which is discussed later

● Different engine designs have different amounts of outputted work for a particular heat flow
- How “good” an engine is at converting heat into work is known as the ____________________

● The EFFICIENCY of a HEAT ENGINE is

𝑒 = ________

● From the definition of efficiency, it is easy to see two things:
- If an engine produced no work, it would have a ___________ efficiency  “bad” engine
- If an engine COULD convert all heat input into work, it would have a ___________ efficiency  “perfect” engine
● Theoretically, the most efficient engine is known as the CARNOT ENGINE
- When between a hot reservoir at 𝑇𝐻 and a cold reservoir at 𝑇𝐶 , the efficiency is

𝒆𝑴𝑨𝑿 = _________________

EXAMPLE: You read about a proposed engine that only wastes 30% of the energy input when connected to a hot reservoir
of 1000 K and a cold reservoir of 200 K. Do you think such an engine COULD exist?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
EXAMPLE: FOUR-STROKE INTERNAL COMBUSTION ENGINE
A four-stroke internal combustion engine is the type of engine found commonly in cars. A hypothetical car engine can output
300 hp of power when it is operating at 6000 cycles per minute. If the efficiency of the engine is 40%, how much heat needs
to be input in each cycle of the engine? How much heat is released in each cycle? Note that 1 hp = 746 W.
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: HEAT ENGINES AND PV DIAGRAMS
● Real engines are CYCLIC processes – a process that returns to its _______________ state
- Otherwise the engine would only be good for a single instance when work is produced
- As a cyclic process, an engine can produce work so long as there is a temperature difference
● Remember! On a PV DIAGRAM, the work done in a cyclic process is the area ___________________ by the cycle
- If the cycle is clockwise, the work is [ POSITIVE / NEGATIVE ], so work is done [ BY / ON ] the gas
- This RELEASED energy by the gas is converted into mechanical work by the engine
EXAMPLE 1: An ideal gas undergoes the following cyclic process. How much work is done by this engine?
𝑃
7×106 𝑃𝑎

𝐴

3×106 𝑃𝑎

𝐵

𝐶

0.003 𝑚3

0.01 𝑚3

𝑉

EXAMPLE 2: A gas undergoes the following process: beginning at atmospheric pressure and a volume of 0.1 m3, the gas is
compressed at a constant pressure to 0.05 m3; then the gas is compressed further to 0.01 m3, but with a pressure increase
to twice atmospheric pressure; the gas is then expanded at constant pressure to 0.05 m3, before returning to its initial state.
Could this process be used in an engine?
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CH 22: THE SECOND LAW OF THERMODYNAMICS
EXAMPLE: EFFICIENCY OF A FOUR-STEP ENGINE
A proposed four-step engine is produced when 𝑛 moles of a monoatomic ideal gas undergo the process shown in the
following PV diagram. What would the efficiency of the engine be?
𝑃
𝑃0
1
2

𝑃0

𝑉0

3𝑉0

𝑉
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: FOUR-STROKE INTERNAL COMBUSTION ENGINE
● The most common engines in cars are FOUR-STROKE, INTERNAL COMBUSTION ENGINES
- FOUR-STROKE refers to the four distinct motions that the piston makes in the cylinder
- INTERNAL COMBUSTION refers to the fact that gasoline is combusted within the cylinders to provide energy
- This engine will often be referred to simply as a gasoline engine
● The four strokes of the common gasoline engine are:
- The INTAKE stroke: fuel-air mixture is taken into the cylinder at a constant pressure
- The COMPRESSION stroke: fuel-air mixture is compressed adiabatically by the piston
- The EXPANSION stroke: the ignited fuel-air mixture is expanded adiabatically by the force of the combustion
- The EXHAUST stroke: the exhaust (burnt fuel-air mixture) is pushed out of the cylinder at constant pressure

● In between the compression and expansion stroke is the IGNITION of the fuel-air mixture
- During ignition, heat is input into the system by a spark plug igniting the fuel-air mixture
- Ignition causes a rise in the pressure of the gas without any corresponding change in volume – it occurs quickly

EXAMPLE: A 0.5 L cylinder in a gasoline engine pulls in a sample of fuel-air mixture at atmospheric pressure and room
temperature, 300 K. If the piston has a compression ratio (the ratio of its full volume to the volume after compression) of 10,
how much heat does the fuel-air mixture gain during compression?

Page 8

PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: THE OTTO CYCLE
● Remember! The common gasoline engine in cars is a FOUR-STROKE engine
- The four strokes are: INTAKE, COMPRESSION, EXPANSION, and EXHAUST
- In between the compression and expansion strokes is IGNITION

● The OTTO CYCLE is the theoretical cycle an ideal gas would undergo in a four-stroke, internal combustion engine

● The OTTO CYCLE has 6 steps:
- Step 1: The INTAKE stroke
- Step 2: The COMPRESSION stroke
- Step 3: IGNITION
- Step 4: The EXPANSION stroke
- Step 5: De-pressurization of the exhaust, releasing heat from the piston
- Step 6: The EXHAUST stroke

𝑃

3

4

5
6

𝑃0

2
1

𝑉𝑀𝐼𝑁

𝑉𝑀𝐴𝑋

𝑉

● In the Otto cycle,
- Step 1 Is an ____________________ expansion
- Step 2 is an ____________________ compression
- Step 3 is an ____________________ pressurization
- Step 4 is an ____________________ expansion
- Step 5 is an ____________________ de-pressurization
- Step 6 is an ____________________ compression
EXAMPLE: How much work is done by the gas in the Otto cycle shown in the following figure? Is this work done on or by
the gas? Estimate the work done by finding the area enclosed by the cycle.
𝑃 (×105 𝑃𝑎)

170

25
7
1
0.00005

0.0005

𝑉 (𝑚3 )
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
EXAMPLE: EFFICIENCY OF OTTO CYCLE
3 moles of an ideal, diatomic gas (with rigid molecular bonds) undergoes the following Otto cycle. How much heat is input
by the spark plug? How much heat is output by the exhaust of the engine? How much work is done by this engine? What is
the efficiency of the gasoline engine? DO NOT estimate the work done by finding the area enclosed by the cycle.

𝑃 (×105 𝑃𝑎)

170

25
7
1
0.00005

0.0005

𝑉 (𝑚3 )
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: EFFICIENCY OF THE OTTO CYCLE
● Remember! No heat engine is 100% efficient
- An engine CANNOT convert all the heat coming from the hot reservoir into useable work

● The EFFICIENCY of the OTTO CYCLE is given by

𝑒 = ____________________
- 𝜸 is the HEAT CAPACITY RATIO of the gas
- 𝒓 is the COMPRESSION RATIO of the cylinder, 𝑉𝑀𝐴𝑋 /𝑉𝑀𝐼𝑁
● Air is made up of _________________ and _________________
- Both of these are diatomic gasses whose molecular bonds are best described as RIGID
 AIR has _______ degrees of freedom  AIR has a heat capacity ratio of _______
● Typical COMPRESSION RATIOS are around 10
- This means the maximum volume of the cylinder is 10 times the minimum volume of the cylinder
● A compression ratio too large will produce AUTOIGNITION of the fuel-air mixture
- As the gas is compressed, the temperature rises – too much compression  too high a temperature
- At a very high temperature, the AUTOIGNITION temperature, the fuel-air mixture will ignite without a spark
- Autoignition causing mistiming of the pistons and damage to the cylinders – it’s not good for the engine

EXAMPLE: What is the theoretical efficiency of a gasoline engine that has a compression ratio of 10? Note that the heat
capacity ratio of air is 1.4.
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CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: THE CARNOT CYCLE AND MAXIMUM THEORETICAL EFFICIENCY
● Remember! No heat engine can convert ALL the heat from the hot reservoir into useable work
- SOME of the heat must flow into the cold reservoir
- The efficiency of a heat engine is a measure of how much useable work it can pull out input heat
- The CARNOT CYCLE is, theoretically, the MOST EFFICIENCT engine possible
● The CARNOT cycle is composed of 4 steps:
- Step 1: An ISOTHERMAL expansion at 𝑇𝐻
- Step 2: An ADIABATIC expansion from 𝑇𝐻 to 𝑇𝐶
- Step 3: An ISOTHERMAL compression at 𝑇𝐶
- Step 4: An ADIABATIC compression from 𝑇𝐶 back to 𝑇𝐻
● In the Carnot cycle, heat is transferred during two of the steps
- In step 1, heat is ADDED to the system from the hot reservoir
- In step 3, head is REMOVED from the system by the cold reservoir
- In steps 2 and 4, the processes are adiabatic, so heat is not transferred

𝑃

1
𝑄𝐻
4
𝑄𝐶
3

2

𝑇𝐻
𝑇𝐶

𝑉

● The EFFICIENCY of a CARNOT ENGINE is

𝑒 = __________________
- This is the maximum theoretical efficiency of an engine connected between a reservoir at 𝑇𝐻 and one at 𝑇𝐶

EXAMPLE: A car engine design is aimed at getting as close to the theoretical maximum efficiency as possible. Say the
engine is designed to operate when the engine compartment is cooled to room temperature, 27 oC, by the radiator. What is
the least percentage of wasted heat the designers could hope to get? Note that gasoline ignites around 260 oC.
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CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: REFRIGERATORS
● A REFRIGERATOR is the OPPOSITE of a heat engine
- A heat engine uses heat flow from a hot reservoir to a cold reservoir to produce useable work
- A refrigerator uses work to move heat from a cold reservoir to a hot reservoir, AGAINST its preferred flow
● A refrigerator has the same components as an engine, except a refrigerator is the machine
- A hot reservoir
- A cold reservoir
- A refrigerator
● In the diagram of heat flow in a refrigerator, we can use energy conservation:
 |𝑄𝐻 | = _____________________

𝑇𝐻
𝑄𝐻
𝑊
𝑄𝐶

𝑇𝐶

- This is the same equation for energy conservation that we have for heat engines
● As with heat engines, the second law of thermodynamics limits how “good” a refrigerator can be
- With heat engines, no engine can convert all the heat from a hot reservoir into work
- With refrigerators, no refrigerator can transport heat from the cold reservoir to the hot reservoir without any work
- Instead of an “efficiency” for a refrigerator, we have something known as the COEFFICIENT OF PERFORMANCE
● Something very important with refrigerators is that the hot reservoir and the cold reservoir be THERMALLY ISOLATED
- Heat WANTS to flow from a hot to a cold reservoir – a refrigerator pumps heat against this flow
- If the hot and cold reservoirs are not thermally isolated, the heat will just flow back against the pumping direction

● The COEFFICIENT OF PERFORMANCE of a REFRIGERATOR is

𝐶𝑂𝑃 = __________
- A “perfect” engine would have an efficiency of 100%, but a “perfect” refrigerator would have a COP of __________
- A “horrible” engine would have an efficiency near 0%, but a “horrible” refrigerator would have a COP near ______
EXAMPLE: A refrigerator with a coefficient of performance of 4 is connected to a 25 W power supply. How much work does
the refrigerator use in 2 s? How much heat does the refrigerator generate in 5 s?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
EXAMPLE: HEAT DIAGRAM FOR A REFRIGERATOR
A refrigerator requires 100 J of work to operate properly. If the refrigerator releases 150 J of heat to the environment every
cycle, diagram the heat flow for this refrigerator (the heat flow from the cold reservoir, through the refrigerator, into the hot
reservoir, indicating how much work is required to operate). What is the coefficient of performance?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: MAXIMUM THEORETICAL COEFFICIENT OF PERMFORMANCE
● Remember! The Carnot engine has the maximum efficiency for an engine placed between some hot and cold reservoir
- Any other engine placed between the same reservoirs would have a LOWER efficiency

● Likewise, there is a maximum theoretical “efficiency” for a refrigerator placed between some hot and cold reservoir
- Any other refrigerator placed between the same reservoirs would have a ___________ coefficient of performance
- We call this theoretical refrigerator the CARNOT REFRIGERATOR, as we did with the Carnot engine

● The COEFFICIENT OF PERFORMANCE of a CARNOT REFRIGERATOR is

𝐶𝑂𝑃𝑀𝐴𝑋 = ________________

for a hot reservoir at 𝑇𝐻 and a cold reservoir at 𝑇𝐶

EXAMPLE: A refrigerator is proposed to operate between a cold reservoir of 300 K and a hot reservoir of 500 K. The
refrigerator will draw 15 W of power from a power supply, will expel 20 J of heat into the environment every second, and
operates at 50 cycles per second. Do you believe such a refrigerator could exist?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: REFRIGERATORS AND PV DIAGRAMS
● Remember! A heat engine requires a _____________________ cycle on a PV diagram
- This is required to have energy released by the gas in the engine
● Refrigerators can be described as cycles on a PV diagram, like heat engines
- HOWEVER, a refrigerator requires work to ACT ON the gas  cycle needs to be _________________________

𝑃

𝑃

𝑉

𝑉

EXAMPLE: The cycle a gas undergoes in a refrigerator is shown in the following PV diagram. How much work is required to
operate the refrigerator?

𝑃 (×105 𝑃𝑎)
5

1

0.005

0.007

𝑉 (𝑚3 )
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
PRACTICE: COEFFICIENT OF PERFORMANCE OF REFRIGERATOR
A monoatomic ideal gas is refrigerated in the following cycle. What is the coefficient of performance of the refrigerator?

𝑃
𝑃0
1
3

𝑃0

𝑉0

4𝑉0

𝑉
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: REFRIGERATORS
● A REFRIGERATOR is the OPPOSITE of a heat engine
- A heat engine uses heat flow from a hot reservoir to a cold reservoir to produce useable work
- A refrigerator uses work to move heat from a cold reservoir to a hot reservoir, AGAINST its preferred flow
● A refrigerator has the same components as an engine, except a refrigerator is the machine
- A hot reservoir
- A cold reservoir
- A refrigerator
● In the diagram of heat flow in a refrigerator, we can use energy conservation:
 |𝑄𝐻 | = _____________________

𝑇𝐻
𝑄𝐻
𝑊
𝑄𝐶

𝑇𝐶

- This is the same equation for energy conservation that we have for heat engines
● As with heat engines, the second law of thermodynamics limits how “good” a refrigerator can be
- With heat engines, no engine can convert all the heat from a hot reservoir into work
- With refrigerators, no refrigerator can transport heat from the cold reservoir to the hot reservoir without any work
- Instead of an “efficiency” for a refrigerator, we have something known as the COEFFICIENT OF PERFORMANCE
● Something very important with refrigerators is that the hot reservoir and the cold reservoir be THERMALLY ISOLATED
- Heat WANTS to flow from a hot to a cold reservoir – a refrigerator pumps heat against this flow
- If the hot and cold reservoirs are not thermally isolated, the heat will just flow back against the pumping direction

● The COEFFICIENT OF PERFORMANCE of a REFRIGERATOR is

𝐶𝑂𝑃 = __________
- A “perfect” engine would have an efficiency of 100%, but a “perfect” refrigerator would have a COP of __________
- A “horrible” engine would have an efficiency near 0%, but a “horrible” refrigerator would have a COP near ______
EXAMPLE: A refrigerator with a coefficient of performance of 4 is connected to a 25 W power supply. How much work does
the refrigerator use in 2 s? How much heat does the refrigerator generate in 5 s?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
EXAMPLE: HEAT DIAGRAM FOR A REFRIGERATOR
A refrigerator requires 100 J of work to operate properly. If the refrigerator releases 150 J of heat to the environment every
cycle, diagram the heat flow for this refrigerator (the heat flow from the cold reservoir, through the refrigerator, into the hot
reservoir, indicating how much work is required to operate). What is the coefficient of performance?

Page 19

PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: MAXIMUM THEORETICAL COEFFICIENT OF PERMFORMANCE
● Remember! The Carnot engine has the maximum efficiency for an engine placed between some hot and cold reservoir
- Any other engine placed between the same reservoirs would have a LOWER efficiency

● Likewise, there is a maximum theoretical “efficiency” for a refrigerator placed between some hot and cold reservoir
- Any other refrigerator placed between the same reservoirs would have a ___________ coefficient of performance
- We call this theoretical refrigerator the CARNOT REFRIGERATOR, as we did with the Carnot engine

● The COEFFICIENT OF PERFORMANCE of a CARNOT REFRIGERATOR is

𝐶𝑂𝑃𝑀𝐴𝑋 = ________________

for a hot reservoir at 𝑇𝐻 and a cold reservoir at 𝑇𝐶

EXAMPLE: A refrigerator is proposed to operate between a cold reservoir of 300 K and a hot reservoir of 500 K. The
refrigerator will draw 15 W of power from a power supply, will expel 20 J of heat into the environment every second, and
operates at 50 cycles per second. Do you believe such a refrigerator could exist?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: REFRIGERATORS AND PV DIAGRAMS
● Remember! A heat engine requires a _____________________ cycle on a PV diagram
- This is required to have energy released by the gas in the engine
● Refrigerators can be described as cycles on a PV diagram, like heat engines
- HOWEVER, a refrigerator requires work to ACT ON the gas  cycle needs to be _________________________

𝑃

𝑃

𝑉

𝑉

EXAMPLE: The cycle a gas undergoes in a refrigerator is shown in the following PV diagram. How much work is required to
operate the refrigerator?

𝑃 (×105 𝑃𝑎)
5

1

0.005

0.007

𝑉 (𝑚3 )
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
PRACTICE: COEFFICIENT OF PERFORMANCE OF REFRIGERATOR
A monoatomic ideal gas is refrigerated in the following cycle. What is the coefficient of performance of the refrigerator?

𝑃
𝑃0
1
3

𝑃0

𝑉0

4𝑉0

𝑉
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: INTRODUCTION TO THE SECOND LAW OF THERMODYNAMICS
● Remember! Real engines have an EFFICIENCY, which determines how much work can be done for a given heat flow
- REAL engines never have a 100% efficiency
● There are several forms of the second law, but a very useful form is known as the “engine” form

● The “ENGINE” form of the SECOND LAW OF THERMODYNAMICS states: It is impossible for any cyclic system to
convert heat, absorbed from a reservoir, completely into useable work

● Another form of the second law is the “refrigerator” form

● The “REFRIGERATOR” form of the SECOND LAW OF THERMODYNAMICS states: It is impossible for any system
to transfer heat from a cold reservoir to a hot reservoir without work

● Both of these forms of the second law can be represented by HEAT FLOW DIAGRAMS
- We have seen these diagrams before, we just didn’t name them

𝑇𝐻

𝑇𝐻

𝑄𝐻

𝑄𝐻
𝑊
𝑄𝐶

𝑇𝐶

𝑇𝐶
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: INTRODUCTION TO ENTROPY AND THE SECOND LAW OF THERMODYNAMICS
● We can formulate a concise, single form of the second law of thermodynamics
- This new version will fully explain the engine and refrigerator forms, as well as give us new insights
- In order to do so, we have to define something known as ENTROPY
● The ENTROPY of a system is an energy-like measurement of the amount of DISORDER in a system
- Entropy is NOT a measurement of energy – it is energy-like because it has similar properties to energy
- Entropy has units of 𝐽/𝐾
- The more disorder a system has, the [ LOWER / HIGHER ] the entropy of the system
● The ABSOLUTE entropy of a system isn’t important – the CHANGE in entropy between two states is important
- This is what the second law of thermodynamics concerns itself with

● The SECOND LAW OF THERMODYNAMICS states: a system can only undergo processes that lead to NO
DECREASE in entropy.

● The CHANGE IN ENTROPY during a thermal process at a CONSTANT TEMPERATURE is given by
𝚫𝑺 = _________

● Read carefully – the second law doesn’t say the entropy MUST increase
- It simply says that the entropy cannot DECREASE – the best you can hope for is no change in entropy

● For an ENGINE, there are three entropy changes: the hot reservoir, the cold reservoir (the environment), and the engine
- Δ𝑆𝑠𝑦𝑠𝑡𝑒𝑚 = Δ𝑆ℎ𝑜𝑡 + Δ𝑆𝑒𝑛𝑔𝑖𝑛𝑒 + Δ𝑆𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡
● The entropy of a system is a STATE FUNCTION
- Remember! Changes depend only on state  Changes are _______________________________
- The change in entropy for an IDEAL GAS depends only upon changes in temperature and volume (or pressure)

EXAMPLE: Where will heat flow if you connect a hot reservoir, 𝑇𝐻 , to a cold reservoir, 𝑇𝐶 , with a thermal conductor?
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
EXAMPLE: WHY DO PERFECT ENGINES VIOLATE THE SECOND LAW?
Show that a perfect engine will, in fact, violate the second law of thermodynamics.

𝑇𝐻
𝑄𝐻
𝑊

𝑇𝐶

PRACTICE: ENTROPY GENERATED BY AN ENGINE
An engine operates with the following heat flow diagram. How much entropy is generated in each cycle?

500 𝐾
10 𝐽
8𝐽
𝑄𝐶

300 𝐾
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PHYSICS - CLUTCH NON-CALC
CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: MICROSTATES AND MACROSTATES OF A SYSTEM
● So far, what we have been commonly referring to as the STATE of a system is properly referred to as a MACROSTATE
- The macrostate of a system is defined by its measureable thermodynamic properties
- For IDEAL GASSES, pressure and volume, and therefore temperature, define a system’s microstate
● Something important to realize is that a single MACROSTATE is not unique for a system
- A system can be in a single macrostate while have many, many different microscopic arrangements
- For instance, two samples of gas can have the same temperature, but have different positions for their particles
● A MICROSTATE is a microscopic arrangement of a system that leads to a particular MACROSTATE
- Macrostates typically have multiple microstates, but must have at least one
- The number of microstates a particular macrostate has available to it is known as the MULTIPLICITY, Ω

EXAMPLE 1: Consider 4 coins. A particular macrostate of this system could be 2 heads-up and 3 heads-down. How many
different microstates are there in the given macrostate?

● The ENTROPY of a system can be defined in terms of how many microstates a particular macrostate has
𝑆 = _______________________

where Ω is the multiplicity of a given macrostate

EXAMPLE 2: What is the entropy of the system of coins in the previous problem for a 2 heads-up macrostate?

Page 26
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CH 22: THE SECOND LAW OF THERMODYNAMICS
PRACTICE: ENTROPY PRODUCED BY A CHANGE IN MACROSTATES OF A COLLECTION OF COINS
The macrostate of a set of coins is given by the number of coins that are heads-up. If you have 100 coins, initially with 20
heads-up, what is Δ𝑆 when the system is changed to have 50 heads-up? Note that the multiplicity of k coins which are
𝑁!

heads-up, out of N total coins, is Ω = 𝑘!(𝑁−𝑘)!. Does this change in macrostate satisfy the second law of thermodynamics?
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CH 22: THE SECOND LAW OF THERMODYNAMICS
CONCEPT: THE SECOND LAW OF THERMODYAMIS FOR AN IDEAL GAS
● Remember! Entropy is a STATE function  it only depends on the state of the gas
- This means that the CHANGE IN ENTROPY is path independent  it only depends on the change in state
- The state of an ideal gas is determined by two of the following three: pressure, volume or temperature
- It is common to represent the state of a gas with pressure and volume, as on a PV diagram
- For entropy, it is more useful to represent the state of an ideal gas with temperature and volume
● We can use the first law of thermodynamics to find the change in entropy for an ideal gas
- It will be written in terms of the state – temperature and pressure

● The CHANGE IN ENTROPY for an IDEAL GAS is given by

Δ𝑆𝑔𝑎𝑠 = _______________________________________

● If Δ𝑆𝑔𝑎𝑠 > 0, then the process can occur on its own. If Δ𝑆𝑔𝑎𝑠 < 0, then the process can’t occur on its own:
- There needs to be heat flow from a hot reservoir to a cold reservoir  Δ𝑆𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟𝑠 > 0
- If the heat flow is large enough, then Δ𝑆𝑔𝑎𝑠 + Δ𝑆𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 > 0, and the second law is satisfied
The process can occur despite Δ𝑆𝑔𝑎𝑠 < 0 – this is the basic idea behind heat engines

EXAMPLE: 4 moles of a monoatomic ideal gas is expanded isothermally from 0.005 m3 to 0.008 m3. What is the change in
entropy? Does this satisfy the second law of thermodynamics?
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CONCEPT: INTRODUCTION TO THE SECOND LAW OF THERMODYNAMICS
● Remember! Real engines have an EFFICIENCY, which determines how much work can be done for a given heat flow
- REAL engines never have a 100% efficiency
● There are several forms of the second law, but a very useful form is known as the “engine” form

● The “ENGINE” form of the SECOND LAW OF THERMODYNAMICS states: It is impossible for any cyclic system to
convert heat, absorbed from a reservoir, completely into useable work

● Another form of the second law is the “refrigerator” form

● The “REFRIGERATOR” form of the SECOND LAW OF THERMODYNAMICS states: It is impossible for any system
to transfer heat from a cold reservoir to a hot reservoir without work

● Both of these forms of the second law can be represented by HEAT FLOW DIAGRAMS
- We have seen these diagrams before, we just didn’t name them

𝑇𝐻

𝑇𝐻

𝑄𝐻

𝑄𝐻
𝑊
𝑄𝐶

𝑇𝐶

𝑇𝐶
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CONCEPT: INTRODUCTION TO ENTROPY AND THE SECOND LAW OF THERMODYNAMICS
● We can formulate a concise, single form of the second law of thermodynamics
- This new version will fully explain the engine and refrigerator forms, as well as give us new insights
- In order to do so, we have to define something known as ENTROPY
● The ENTROPY of a system is an energy-like measurement of the amount of DISORDER in a system
- Entropy is NOT a measurement of energy – it is energy-like because it has similar properties to energy
- Entropy has units of 𝐽/𝐾
- The more disorder a system has, the [ LOWER / HIGHER ] the entropy of the system
● The ABSOLUTE entropy of a system isn’t important – the CHANGE in entropy between two states is important
- This is what the second law of thermodynamics concerns itself with

● The SECOND LAW OF THERMODYNAMICS states: a system can only undergo processes that lead to NO
DECREASE in entropy.

● The CHANGE IN ENTROPY during a thermal process at a CONSTANT TEMPERATURE is given by
𝚫𝑺 = _________

● Read carefully – the second law doesn’t say the entropy MUST increase
- It simply says that the entropy cannot DECREASE – the best you can hope for is no change in entropy

● For an ENGINE, there are three entropy changes: the hot reservoir, the cold reservoir (the environment), and the engine
- Δ𝑆𝑠𝑦𝑠𝑡𝑒𝑚 = Δ𝑆ℎ𝑜𝑡 + Δ𝑆𝑒𝑛𝑔𝑖𝑛𝑒 + Δ𝑆𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡
● The entropy of a system is a STATE FUNCTION
- Remember! Changes depend only on state  Changes are _______________________________
- The change in entropy for an IDEAL GAS depends only upon changes in temperature and volume (or pressure)

EXAMPLE: Where will heat flow if you connect a hot reservoir, 𝑇𝐻 , to a cold reservoir, 𝑇𝐶 , with a thermal conductor?
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EXAMPLE: WHY DO PERFECT ENGINES VIOLATE THE SECOND LAW?
Show that a perfect engine will, in fact, violate the second law of thermodynamics.

𝑇𝐻
𝑄𝐻
𝑊

𝑇𝐶
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PRACTICE: ENTROPY GENERATED BY AN ENGINE
An engine operates with the following heat flow diagram. How much entropy is generated in each cycle?

500 𝐾
10 𝐽
8𝐽
𝑄𝐶

300 𝐾
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CONCEPT: MICROSTATES AND MACROSTATES OF A SYSTEM
● So far, what we have been commonly referring to as the STATE of a system is properly referred to as a MACROSTATE
- The macrostate of a system is defined by its measureable thermodynamic properties
- For IDEAL GASSES, pressure and volume, and therefore temperature, define a system’s microstate
● Something important to realize is that a single MACROSTATE is not unique for a system
- A system can be in a single macrostate while have many, many different microscopic arrangements
- For instance, two samples of gas can have the same temperature, but have different positions for their particles
● A MICROSTATE is a microscopic arrangement of a system that leads to a particular MACROSTATE
- Macrostates typically have multiple microstates, but must have at least one
- The number of microstates a particular macrostate has available to it is known as the MULTIPLICITY, Ω

EXAMPLE 1: Consider 4 coins. A particular macrostate of this system could be 2 heads-up and 3 heads-down. How many
different microstates are there in the given macrostate?

● The ENTROPY of a system can be defined in terms of how many microstates a particular macrostate has
𝑆 = _______________________

where Ω is the multiplicity of a given macrostate

EXAMPLE 2: What is the entropy of the system of coins in the previous problem for a 2 heads-up macrostate?
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PRACTICE: ENTROPY PRODUCED BY A CHANGE IN MACROSTATES OF A COLLECTION OF COINS
The macrostate of a set of coins is given by the number of coins that are heads-up. If you have 100 coins, initially with 20
heads-up, what is Δ𝑆 when the system is changed to have 50 heads-up? Note that the multiplicity of k coins which are
𝑁!

heads-up, out of N total coins, is Ω = 𝑘!(𝑁−𝑘)!. Does this change in macrostate satisfy the second law of thermodynamics?
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CONCEPT: THE SECOND LAW OF THERMODYAMIS FOR AN IDEAL GAS
● Remember! Entropy is a STATE function  it only depends on the state of the gas
- This means that the CHANGE IN ENTROPY is path independent  it only depends on the change in state
- The state of an ideal gas is determined by two of the following three: pressure, volume or temperature
- It is common to represent the state of a gas with pressure and volume, as on a PV diagram
- For entropy, it is more useful to represent the state of an ideal gas with temperature and volume
● We can use the first law of thermodynamics to find the change in entropy for an ideal gas
- It will be written in terms of the state – temperature and pressure

● The CHANGE IN ENTROPY for an IDEAL GAS is given by

Δ𝑆𝑔𝑎𝑠 = _______________________________________

● If Δ𝑆𝑔𝑎𝑠 > 0, then the process can occur on its own. If Δ𝑆𝑔𝑎𝑠 < 0, then the process can’t occur on its own:
- There needs to be heat flow from a hot reservoir to a cold reservoir  Δ𝑆𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟𝑠 > 0
- If the heat flow is large enough, then Δ𝑆𝑔𝑎𝑠 + Δ𝑆𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 > 0, and the second law is satisfied
The process can occur despite Δ𝑆𝑔𝑎𝑠 < 0 – this is the basic idea behind heat engines

EXAMPLE: 4 moles of a monoatomic ideal gas is expanded isothermally from 0.005 m3 to 0.008 m3. What is the change in
entropy? Does this satisfy the second law of thermodynamics?

Page 35

