The Second Law of Thermodynamics
Direction, Efficiency, and Entropy




Why a Second Law?

The First Law: Conservation Isn't Enough

= Energy Conservation
AU=Q-W

Energy can be converted from one form to another, but cannot be created
or destroyed

© Doesn't restrict direction of processes
© Doesn't explain why heat flows from hot to cold

© Doesn't account for energy quality degradation
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We Need the Second Law!

To establish a direction for spontaneous processes

To quantify efficiency limits of energy conversion
To introduce the concept of entropy
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Everyday Observations Point to Directionality

The "Arrow of Time" in Thermodynamic Processes

Heat Flow Direction
(o) Heat spontaneously flows from hot objects to cold objects,
never the reverse

Tendency Toward Disorder
X Organized systems naturally become disorganized over

time ——,

Heat Flow
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Energy Quallty Degradatlon Heat flow direction illustration showing spontaneous heat transfer from hot to cold objects
Y 4 High-quality energy (work) degrades into low-quality
energy (heat)

W —
W SPONTANEOUS X
Heat Transfer .
The Second Law establishes: Hot Coffee Room Air
A clear direction for spontaneous processes in nature
) W
X ®NOT SPONTANEOUS Lo
Room Air Without Work Input Hot Coffee
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Introducing Irreversibility
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What is Irreversibility’ Reversible Process Irreversible Process

Definition: A process that cannot be reversed Infinitesimal changes Finite changes

exactly, returning both system and surroundings to

their original states. System always in equilibrium System deviates from equilibrium
Maximum work output Reduced work output

Key Point:

: ] o .
Most natural processes are irreversible! Theoretical ideal Real-world reality

Sources of Irreversibility: No entropy generation Entropy always increases

@ Friction and viscous effects

@ Unrestrained expansion i i h

@ Spontaneous heat transfer

. Heat Transfer Fluid Mixing Friction
@ Mixing processes
) ) Coffee cooling in a room - Cream mixed in coffee Mechanical energy lost as
© Chemical reactions heat spreads won't spontaneously heat during braking can't
spontaneously and separate be recovered
irreversibly
Reversible
i \ process
[ State 1| -
<« _(Q
) As B (T)rev
AS|rrev = ASrev
=5-5

Irreversible
process has
the same AS




Heat Engines & The Kelvin-Planck Statement

What is a Heat Engine?

A device that converts thermal energy into mechanical work by
operating in a thermodynamic cycle.

Key Components:

® Hot Reservoir (Ty): Source of heat input

& Working Substance: Fluid that undergoes the cycle

# Cold Reservoir (T.): Accepts waste heat

Thermal Efficiency (n)

N=Wne/Qu =1 - Q1/Qn

Ratio of work output to heat input; always less than 100%

Example: Steam Power Plant

* Boiler (heat input from burning fuel)

e Turbine (converts steam energy to work)
* Condenser (rejects waste heat)

* Typical efficiency: 30-45%

Hot source (T,)

Cold sink (T,)

Standard heat engine cycle showing heat input (QH), work output (W), and
waste heat (QL)

mo
. | Z > a
Hot Reservoir HEAT ENGINE Work (W)
Th

d
8°

Cold Reservoir (T))

© The Kelvin-Planck Statement

"It is impossible to construct a device that operates in a
cycle and produces no other effect than the transfer of
heat from a single body and the performance of an
equivalent amount of work."
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Perpetual Motion Machine of the Second Kind
(PMM2):

A heat engine operating at 100% efficiency (converting all heat to
work) is impossible.




Refrigerators, Heat Pumps & The Clausius

Statement

Refrigeration Devices

® Heat Pump
Delivers heat to warm space from
cooler surroundings

# Refrigerator
Removes heat from cold space to
warmer surroundings

Key Components:
2% Compressor: Increases refrigerant pressure/temperature
=> Condenser: Releases heat to surroundings

# Expansion Valve: Reduces pressure/temperature

R

i

Evaporator: Absorbs heat from refrigerated space

Coefficient of Performance (COP)
Refrigerator Heat Pump

COPr = Q1/Whet COPyp = Qu/Whet

Unlike efficiency, COP is typically > 1

Example: Household Refrigerator

* Typical COP: 2-4

go * Work input: ~100-200W
» Refrigerant undergoes phase changes
* Removes ~300-600W of heat

Standard refrigeration cycle showing work input (W), heat absorption (QL),
and heat rejection (QH)

8° : W §

| T - v
Warm Environment REFRIGERATOR  Work Input (W)
TH

1
8°

Cold Interior (T,)

© The Clausius Statement

"It is impossible to construct a device that operates in a
cycle and produces no other effect than the transfer of

heat from a cooler body to a hotter body."

Perpetual Motion Machine of the Second Vi~ /PR
A - Type 2): Made with Genspark



A refrigerator operating without work input is impossible.




Equivalence of the Statements

& Kelvin-Planck Statement # Clausius Statement
No process is possible whose sole result is the complete conversion of heat into No process is possible whose sole result is the transfer of heat from a colder to
work. a hotter body.

Hot source (T,,)

Cold sink (T;)

A 100% efficient heat engine is impossible A refrigerator without work input is impossible

Logical Equivalence: Two-Way Proof

Kelvin-Planck = Clausius Clausius = Kelvin-Planck
Assume Clausius statement is false Assume Kelvin-Planck statement is false
Then Spontaneous heat transfer from cold to hot is possible Then 100% efficient heat engine is possible
Combine with Normal heat engine (hot to cold) Use output Drive a refrigerator
Result PMM2! (Violates Kelvin-Planck) Result Violates Clausius statement!

= Therefore, the statements are logically equivalent!

Device Comparison Summary

Purpose Produce work Cool space Heat space
Energy Flow Hot —» Cold Cold - Hot Cold - Hot
Work Output Input Input
Performance n = W/Qy COPRr = Q/W COPHp = Qu/W
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Entropy: Quantifying the Second Law

What is Entropy? Entropy and Disorder

I~ A State Property

Measures the degree of molecular disorder or randomness in a system
)
Clausius's Definition (1865)

dS = 6Qre/T e %0
QT‘EV ... . . .
, , . . L . -
Change in entropy equals heat transferred reversibly divided by absolute +4 4 bbb o0'e
PPOOO <& -
temperature OO [ '.
444 -
+4+ 444 ~' .. '.
@, Boltzmann's Statistical View oo %0
a 0g0©®
S = kB ln W Low Entropy High Entropy
Highly Ordered . More Disordered

Entropy is proportional to the logarithm of the number of possible
microscopic states (W)

- QOO®
- QOPO®

Low Entropy High Entropy

As entropy increases, systems move from ordered to disordered states
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The Princinle of Entronv Increase Phase Changes § Temperature Change




Entropy Change in Various Systems

& Phase Changes & Chemical Reactions 8° Thermal Transfer
g

Order Disorder
e y /
AS > 0 P o~
Ice Water
© = >
Solid Liquid Gas
Low Entropy Medium Entropy High Entropy

Melting/Freezing:
AS = AHfysion/Tm
Vaporization:

AS = AH4p/Ty

Reactants 5 Products
+ +
o o o Jugor
AS = Sproducts - Sreactants

Exothermic Reactions:
System: AS may be | or 7
Surroundings: AS T (heat release)

Endothermic Reactions:
System: Usually AS 7
Surroundings: AS | (heat absorption)

Entropy Changes During Heat Transfer
50

40 o

—

A0 —

20 ——

Entropy {J/K

10 e

0
Initial During Transfer Final Equilibrium

[ Hot Object Entropy [_] Cold Object Entropy
[ Total Entropy

Heat Transfer Formulas:

ASgystem = MC:In(T,/Ty)

Example:

» Hot coffee (90°C) cooling to room temp (20°C)
» Coffee: AS < 0 (entropy decreases)

« Room: AS > 0 (entropy increases)

o Total: ASniverse > 0 (always positive)
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X Mixing & Diffusion

Gas Diffusion:
AS > 0 when gases mix in container

Solutions:
AS > 0 when solute dissolves

Examples:

« Perfume diffusing in room
» Salt dissolving in water

« Cream mixing in coffee

Never spontaneously unmixes!

® Entropy in Life & Universe

@ R w

Living Systems Mechanical Universe
Create local order but Friction converts Expanding universe tends
increase total entropy mechanical energy to toward maximum entropy

through metabolism heat, increasing entropy ("heat death")

@ Key Insight:

Entropy provides a "direction" to all natural processes. Spontaneous
changes always lead to a more probable (more disordered) state with higher
entropy.

The Second Law explains why time appears to flow in one direction
only!




Reversible vs. Irreversible Processes

~ Reversible Processes G Irreversible Processes
Definition: Definition:
A process that can be reversed exactly, returning both system and A process that cannot be reversed exactly; system and surroundings cannot
surroundings to their original states with no net change. both return to their original states.
gle Always in equilibrium A Deviates from equilibrium
2 Infinitesimally small steps % Finite, rapid changes
|~ Maximum work output |~ Reduced work output
- ASuniverse =0 > ASuniverse >0
X Can be time-reversed - One-way processes
Examples: Examples:
> Frictionless piston motion > Free expansion of gas
> Isothermal expansion/compression > Heat conduction across temperature difference
> Carnot cycle processes > Friction, diffusion, and viscous flows
Idealized Concept Real-World Processes i
Entropy Generation During Processes . . .
16 Practical Implications:
&
g 14 © Engineering Design: Minimize irreversibilities to approach
% 12 maximum theoretical efficiency
= 10 o o © Energy Conversion: Real processes always less efficient than
Initial Process Final reversible ideals
Process Stage @ Directionality: Irreversibility establishes the "arrow of time" in

physical processes

] Reversible Process [ Ireversible Process
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The Carnot Cycle: The Theoretical Ideal

l».Carnot Cycle PV Diagram

Historical Significance:

Developed by Sadi Carnot (1824) to determine the maximum
efficiency possible for heat engines

Key Insight:
Efficiency depends only on the temperature difference between hot and cold
reservoirs, not on the working substance or engine design

Four Reversible Processes:

o Isothermal Expansion

[}° Heat absorbed from hot reservoir

(Th)
Constant temperature, increasing
volume

e Isothermal Compression

()° Heat rejected to cold reservoir
(T

Constant temperature, decreasing
volume

Carnot Efficiency:

Nec — 1- TL/TH

Significance
@ Establishes theoretical upper
limit for any heat engine

® Benchmark for all real-world
engines

e Adiabatic Expansion

3¢ No heat transfer, temperature

falls to T
Work done by system, volume
increases

o Adiabatic Compression

% No heat transfer, temperature

rises to Ty
Work done on system, volume
decreases

: Temperature of hot reservoir (Kelvin)
TL: Temperature of cold reservoir (Kelvin)

Limitations
© Perfect reversibility impossible

© Real engines: 30-60% of Carnot
efficiency
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Maximum Efficiency: The Carnot Limit

NCarnot — 1- TC/ TH

Why No Heat Engine Can Exceed This Limit Efficiency Based on Temperature Difference

Any heat engine must reject some heat to a cold reservoir o

1 Second Law Requirement: Efficiency vs. Hot Reservoir Temperature (*C)

3
2 Entropy Constraint: )
Entropy generation must be = 0 for any real process 3
=
Ll
3 Reversible Ideal:
Carnot cycle involves only reversible processes where AS pjverse = 0 0 100 200 300 400 500 600 70O 800 900 1000
Hot Reservoir Temperature ("C)
4 Any Irreversibility: [ Camot Efficiency (T_cold = 293K) T =~ = ! Typical Real Engine
Would generate entropy and reduce the overall efficiency
) Hot Cold Carnot Typical Real
Carnot's Theorem: Reservoir (K) Reservoir (K) Efficiency Engine
1. No engine can be more efficient than a reversible engine operating o o
between the same temperatures 873 (600°C) 293 (20°C) 66.4% 35-40%
2. All reversible engines operating between the same temperatures have
the same efficiency 523 (250°C) 293 (20°C) 44.0% 25-30%
\
373 (100°C) 293 (20°QC) 21.4% 10-15%

)
A Fundamental Limit

Even with perfect engineering
and zero friction, the Carnot
efficiency cannot be exceeded

.

@ Engineering Goal

Design engines that approach
the Carnot efficiency by
minimizing irreversibilities
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Real-World Heat Engines vs. Carnot Cycle

Actual Efficiency vs. Theoretical Carnot Limit

I ~ctual Efficiency (%) [ Carnot Limit {%)

Steam Power Plant
Gasoline Engine
Diesel Engine

Gas Turbine

Combined Cycle Plant

=

10

Steam Power Plant

Temp Range: 600°C -» 25°C
Carnot Limit: 66%
Actual: 35-42%

Efficiency
D
0% 42% 66%

Limits: Turbine blade materials, steam
properties, friction

20 30 40

Gasoline Engine

Temp Range: 2200°C - 40°C
Carnot Limit: 87%

Actual: 20-30%

Efficiency

. ]

0% 30% 87%

Limits: Incomplete combustion, heat
transfer, friction

50 60 70
Efficiency (%)

Diesel Engine [, )

Temp Range: 1800°C —» 40°C
Carnot Limit: 85%
Actual: 35-45%

Efficiency
D
0% 45% 85%

Limits: Material constraints, cooling loss,
exhaust energy

80 90 100

Gas Turbine

Temp Range: 1500°C - 30°C
Carnot Limit: 83%
Actual: 25-40%

Efficiency
G
0% 40% 83%

Limits: Blade temperature limitations, rapid
gas flow
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©® Why the Efficiency Gap?
) Heat Transfer Losses: Thermal resistance between components
& Fluid Friction: Pressure drops in pipes and passages

Mechanical Losses: Friction in bearings, gears, and moving parts

© Finite-Time Operation: Need for practical operating speeds

S Engineering Approaches

4 Advanced Materials: Higher temperature operation (ceramics,
superalloys)

> Combined Cycles: Capturing waste heat for additional power generation
#% Better Cooling: Improved heat rejection methods

|~ Optimization: Computer modeling and simulation for design improvement




Refrigerators & Heat Pumps: Reversed Heat Engines

Reverse Operation Concept Real-World Applications
. Refrigerator/Heat — o
Heat Engine 9 X
Pump . .
* u. Home Air Conditioner Heat Pump
s * Refrigerator 18°C inside, 35°C 21°C inside, 5°C outside
- .
Natural Direction Work — Moving Heat 5°C inside, 25°C room outside COP: 3-5
Requires Work Input COP: 2-3 COP: 3-4
W,
Low pressure High pressure
= N s *
Saturated) ‘ Superheated . .
" aor b Transport Industrial Cryogenic
Evaporator % Condenser REfrigeration cooling '1500(: and bE|OW
9, 3 9y
i -18°C cargo, variable Process cooling to -40°C COP: <1

Liquid/vapor Saturated/

mvxme' Expa:nm fubcooled outside COP: 1.2-1.8
|t COP: 1-2

Reversed heat engine cycle - work input pumps heat from cold to hot
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Entropy Generation in Thermodynamic Processes

Entropy Generation (o) Sources of Irreversibility
@ Definition Heat Transfer Across AT High o
Entropy production due to irreversibilities in a process 8
o= Q(L/T_ - 1/Ty)
@ = ASysvaes = Agmmn + ASgmmmmitigs = 0 Example: Heat exchange between furnace gases (1200K) and water (350K)
Free Expansion of Gas High o
Reversible Process: Irreversible Process: x .

o = 0 (ideal, theoretical) o > 0 (all real processes) o = nRIn(Vy/V1)

Example: Gas expanding into vacuum, no work produced

Fluid Friction / Viscous Effects Medium o

" 4

0 « Pressure drop x Flow rate
Example: Fluid flow through pipes, valves, and restrictions

Mixing of Different Substances Medium o

o = -R-Z nyIn(x;)
Example: Mixing of gases or solutions of different compositions

Electrical Resistance Variable o

N

o = I?R/T
Example: Current flowing through resistance generates heat

@ Minimizing Entropy Generation

Reduce temperature differences in heat exchange
Minimize pressure drops in fluid systems

Use multistage processes with smaller driving forces
Improve insulation to prevent heat leakage

Recover and utilize waste energy
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Applications of the Second Law

The Second Law guides the design, optimization, and analysis of numerous engineering systems and technologies

8° o

Key Applications Key Applications Key Applications
» Thermal power plant optimization » Heat pump design and optimization » Internal combustion engine design
» Combined cycle systems » Air conditioning systems » Electric vehicle thermal management
» Cogeneration (CHP systems) » Industrial cooling systems » Jet engine optimization
» Energy storage technologies » Geothermal heating/cooling » Hybrid propulsion systems
Second Law Principles Applied: Second Law Principles Applied: Second Law Principles Applied:
Carnot Efficiency Exergy Analysis COP Maximization Heat Transfer Analysis Combustion Efficiency Waste Heat Recovery

Materials Processing (™ Environmental Engineering @

Key Applications Key Applications Key Applications
» Metal smelting and refining Waste heat utilization » Reaction engineering
» Heat treatment processes Carbon capture systems » Separation processes
» Drying operations Energy recovery from waste » Heat exchanger networks
» Thermal insulation design Building energy optimization » Process integration
Second Law Principles Applied: Second Law Principles Applied: Second Law Principles Applied:
Energy Quality Entropy Minimization Resource Utilization Exergy Flows Minimum Work Process Irreversibility
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Future Engineering Directions

% Improving thermodynamic efficiency continues to drive innovation in sustainable technologies, low-carbon energy systems, and waste heat recovery across all
engineering disciplines




The Second Law and Biological Systems

¥ Living Organisms & Entropy Z Metabolism & Thermodynamics

The Paradox Second Law Predicts: 2 Anabolism J Catabolism

i i i i Increasing disorder (entropy)
!"V'ng Orgaglsms ma'_ntalm and Energy-requiring synthesis of complex Energy-releasing breakdown of molecules
INnCrease ordader, Seem|ng y molecules Total Entro .

- . L. py: Increases

contradicting the Second Law's Life Exhibits: Local Entropy: Decreases
prediction of increasing disorder Complex organization and order E e

Resolution:

Metabolic Efficiency

Living organisms are open systems that:

— % 3~ %
« Import low-entropy energy (food, sunlight) 40% efficient 60% heat loss

» Export high-entropy waste (heat, CO2)

o . ) ATP Cycle: Nature's energy currency works through coupled reactions that
« Create local order while increasing total entropy of surroundings y 9y y 9 P

drive unfavorable processes using favorable ones
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The Second Law and the Fate of the Universe

Cosmic Entropy and Heat Death Alternative Perspectives

The Second Law's principle of increasing entropy applies to the entire universe

as an isolated system. . v
s

Key Concept: The universe is evolving from a state of low entropy

(order) to high entropy (disorder). Cyclic Universe Multiverse
Universe undergoes cycles of expansion Our universe may be one of many, with
and contraction, potentially resetting different thermodynamic properties and

Heat Death Hypothesis entropy fates

The ultimate fate of the universe where:

o Temperature differences approach zero o ti
.. en Questions
o Energy becomes evenly distributed @ op Q

« No more work can be extracted « How did the universe begin in such a low entropy state?
o Can entropy decrease in expanding space?
o What role does dark energy play in thermodynamics?

e Is information conserved in black holes?

o Maximum entropy state is reached
« No more physical processes occur

Lord Kelvin (1852):

"The entire universe will inevitably come to a state of maximum entropy
where all energy is uniformly distributed."
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Key Concepts and Implications of the Second Law

Implications .

Core Statements & Key Concepts "/

» ek

Fundamental Formulations Engineering & Scientific Impact
@ Efficiency Limits

Kelvin-Planck Statement: No heat engine can exceed Carnot efficiency

No process can convert heat completely into

work in a cyclic process © Process Design

Minimizing irreversibilities improves performance

© Biological Systems

Clausius Statement: _ = _
Life creates local order while increasing total entropy

Heat cannot spontaneously flow from cold to
hot without work input © Cosmic Implications

Universal tendency toward maximum entropy state

Mathematical Form:
ASniverse = 0 for any process

Entropy

Measure of disorder,
randomness, and energy
dispersion

Directionality

Natural processes have a
preferred direction

Irreversibility
Real processes are
irreversible and generate
entropy

Energy Quality
Energy degrades from
higher to lower quality
forms
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The Profound Significance of the Second Law

Arrow of Time Resource Utilization Interdisciplinary Impact

X Establishes time's directionality |ﬁ Guides sustainable use of
in physical processes energy and materials

Fundamental Principle

OO Remains unviolated across all
observed natural phenomena

‘. Extends beyond physics to
biology, information theory,
economics
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@ Thank you for your attention! Questions and further discussions are welcome.
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