
Physics 5D - Lecture 8 - Dec 2, 2013 
Thermodynamics of Earth and Cosmos; 

Overview of the Course

Reminder: the Final Exam is next Wednesday December 11, 
4:00-7:00 pm, here in Thimann Lec 3.  You can bring with you two 
sheets of paper with any formulas or other notes you like.  A 
PracticeFinalExam is at http://physics.ucsc.edu/~joel/Phys5D 

The Physics Department has elected to use the new eCommons Evaluations System 
to collect end of the quarter instructor evaluations from students in our courses. All 
students in our courses will have access to the evaluation tool in eCommons, whether 
or not the instructor used an eCommons site for course work.  Students will receive an 
email from the department when the evaluation survey is available. The email will 
provide information regarding the evaluation as well as a link to the evaluation in 
eCommons. Students can click the link, login to eCommons and find the evaluation to 
take and submit. Alternately, students can login to ecommons.ucsc.edu and click the 
Evaluation System tool to see current available evaluations. 
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20-8 Heat Death of the Universe
If we look at the universe as a whole, it seems 
inevitable that, as more and more energy is 
converted to unavailable forms, the total entropy S 
will increase and the ability to do work anywhere 
will gradually decrease. This is called the “heat 
death of the universe”.  It was a popular theme in 
the late 19th century, after physicists had 
discovered the 2nd Law of Thermodynamics.
Lord Kelvin calculated that the sun could only shine 
for about 20 million years, based on the idea that its 
energy came from gravitational contraction.  He got 
a similar value for the age of the earth, assuming 
that its internal heat today is left over from its initial 
molten state.  Both calculations disagreed with 
geological arguments indicating far greater ages. 
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Lord Kelvin didn’t know about nuclear      
energy.  The heat of the earth comes 
partly from radioactivity, which was 
discovered in the 1890s. In the 1930s 
physicists showed that the sun is 
powered by nuclear fusion, which 
releases energy as four hydrogen nuclei 

(protons) are converted to a tightly 
bound helium nucleus (2 protons 
and 2 neutrons).  Ernest Rutherford 
was the physicist who coined the 
names alpha, beta, and gamma 
radioactivity.  He used alpha rays 
(helium nuclei) to discover the 

atomic nucleus.  Using radioactive dating, Rutherford 
easily found rocks that were far older than Kelvin 
thought possible.

William Thomson, 
Lord Kelvin
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According to the modern theory of the origin and 
evolution of the universe, most of the entropy is 
actually in the photons and neutrinos in the heat 
radiation of the Big Bang.  There is also a lot of 
entropy associated with supermassive black holes, 
because their entropy scales as the square of their 
mass.  Stars contribute only relatively small 
additional entropy, and they are nowhere near 
burning out.  The stars in our Milky Way galaxy will 
actually get brighter for more than a trillion years, a 
hundred times longer than the present age of the 
universe (13.8 billion years).

Heat Death of the Universe?
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Thermodynamics of the Earth
The sun provides 1350 W/m2 at the earth’s distance, 
so multiplying this by the earth’s cross sectional 
area, the solar power received by the earth is
P = πR2(1350 W/m2) = π(6.4x106 m)2(1350 W/m2) = 1.7x1017 W 

As you found in solving problem 1 on Homework 5, 
setting Power = σAT4 where σ = 5.67x10-8 W m-2 K-4 is the 
Stefan-Boltzmann constant and A = surface area of 
the earth = 4πR2, the resulting temperature is T = 5℃.  
The average temperature of the entire earth is larger, 
about 15 ℃, partly because of greenhouse gases.

While the earth receives solar radiation only on the 
side facing the sun, the atmosphere warms the 
entire earth so it emits heat radiation into space 
over its entire area.
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If an ideal thermally conductive absorber were the same size and distance 
from the Sun as the Earth is, it would have a temperature of about 5 °C. 
However, since the Earth reflects about 30% of the incoming sunlight, the 
planet's effective temperature is about −18 °C, about 33°C below the actual 
average surface temperature of about 14 °C. The mechanism that produces 
this difference between the actual surface temperature and the effective 
temperature is due to the atmosphere and is known as the greenhouse effect.
Solar radiation at the short wavelengths of 
visible light passes through the atmosphere 
to warm the earth’s surface, which then emits 
this energy at the longer wavelengths of 
infrared thermal radiation. Infrared radiation 
is absorbed by greenhouse gases, which in 
turn re-radiate much of the energy to the 
surface and lower atmosphere. The 
mechanism is named after the effect of solar 
radiation passing through glass and warming 
a greenhouse, but the way it retains heat is 
fundamentally different, since a greenhouse 
works mainly by reducing airflow, isolating 
the warm air inside the structure so that heat 
is not lost by convection.
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The sun was much cooler long ago, but earth had a 
much higher concentration of greenhouse gases then.
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Astronomers at UCSC have proposed that our 
distant descendants could keep the earth’s climate 
balmy by steadily moving earth farther from the 
sun.  This could be done using a comet about 100 
miles across to borrow kinetic energy from Jupiter 
and give it to Earth once every 100,000 years or so.

We have a more critical problem of getting through 
the next several decades -- your lifetimes -- when 
we must moderate our increasing use of Earth’s 
resources and in particular decrease our 
production of CO2 and other greenhouse gases.

The fact that people in California use half the 
U.S. national average electricity per capita 
shows that we can greatly reduce energy use by 
being smart.
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U.S. Per Capita Electricity Use  by State and DC in 2010
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Physics 5D - Overview of the Course
Two objects placed in thermal contact will eventually come to the 
same temperature. When they do, we say they are in thermal 
equilibrium.  The zeroth law of thermodynamics says that if two 
objects are each in equilibrium with a third object, they are also in 
thermal equilibrium with each other.

Linear expansion occurs when an object is heated:
Volume expansion is similar

Water behaves differently from most other liquids and solids—its 
minimum volume occurs when its temperature is 4°C. As it cools 
further, it expands, as anyone who leaves a bottle of water in the 
freezer to cool and then forgets about it can testify.

Typically, β ≈ 3α.

V = RT/P = (8.314 J/mol K) (273K) / (1.013x105 N/m2)   = 22.4 L

The ideal gas law is PV = nRT = NkT where n is the number of moles 
and R = 8.314 J/mol K, and where N is the number of molecules and 
Boltzmann’s constant k = 1.38x10-23 J/K.  At STP (P = 1 atm, T = 273K) 
one mole of an ideal gas has a volume of 
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A PT diagram is called a phase diagram; it shows 
all three phases of matter. The solid-liquid 
transition is melting or freezing; the liquid-vapor 
one is boiling or condensing; and the solid-vapor 
one is sublimation.

Phase diagram 
of water 

Te           xt Text Text

Ptp = 4.58 torr = 0.0604 atm
Ttp  = 273.16 K

Monday, December 2, 13



Copyright © 2009 Pearson Education, Inc.

The force exerted on the wall by the 
collision of one molecule is

Then the force due to all N 
molecules colliding with that wall 
is

The averages of the squares of the 
speeds in all three directions are 
equal:

So the pressure is:  P	  =	  F/A,	  	  	  or

vx2 = vy2 = vz2 = v2/3
___ ___ ___ ___
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Rewriting, so

The average translational kinetic energy of the 
molecules in an ideal gas is directly proportional 
to the temperature of the gas.

The Ideal Gas Law and the Molecular 
Interpretation of Temperature

We can now calculate the average 
speed of molecules in a gas as a 
function of temperature:

vp = most probable speed = mode

v = average speed

vrms = (v2)1/2 = root-mean-square speed

_

_

Maxwell
distribution 
of speeds 
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The curves here represent the behavior of the 
gas at different temperatures. The cooler it gets, 
the further the gas is from ideal.

In curve D, the gas 
becomes liquid; it begins 
condensing at (b) and is 
entirely liquid at (a). The 
point (c) is called the 
critical point.

Real Gases and Changes of Phase

Below the critical temperature, the 
gas can liquefy if the pressure is 
sufficient; above it, no amount of 
pressure will suffice.
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Van der Waals Equation of State
We assume that some fraction b 
of the volume is unavailable due 
to the finite size of the 
molecules. We also expect that 
the pressure will be reduced by a 
factor proportional to the square 
of the density, due to particle 
interactions. This gives the Van 
der Waals equation of state; the 
constants a and b are found 
experimentally for each gas:
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Mean Free Path
The mean free path can be calculated, given the 
average speed, the density of the gas, the size of the 
molecules, and the relative speed of the colliding 
molecules. The result, now including the motion of 
all the particles, is 

lM
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Unit of heat: calorie (cal)
1 cal is the amount of heat necessary to raise the 
temperature of 1 g of water by 1 Celsius degree.
The calories on our food labels are kilocalories 
(kcal or Calories), the heat necessary to raise 1 kg 
of water by 1 Celsius degree.

4.186 J = 1 cal
4.186 kJ = 1 kcal

The experiment below found the mechanical 
equivalent of heat by using the falling weight to 
heat the water:
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Temperature: measures molecules’ average 
kinetic energy
Internal energy: total thermal energy of all the 
molecules.  Internal energy of an ideal monatomic 
gas:

Internal Energy

But since we know the average kinetic energy in 
terms of the temperature, we can write:

Free expansion is an adiabatic 
process: when the valve is 
opened, the gas expands with 
no change in its internal 
energy: W = 0, Q = 0, so ΔEint = 
0 ⇒ for an ideal gas ΔT = 0.

valve

insulated walls
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The change in internal energy of a closed system 
will be equal to the energy added to the system 
minus the work done by the system on its 
surroundings:

The First Law of Thermodynamics

The work done in moving a piston by an 
infinitesimal displacement is

For an isothermal process, P = nRT/V. 
Integrating to find the work done in 
taking the gas from point A to point B 
gives:
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Energy is required for a material to change phase, 
even though its temperature is not changing.

Copyright © 2009 Pearson Education, Inc.

The amount of heat required to change the 
temperature of a material is proportional to the 
mass and to the temperature change.

The specific heat, c, is characteristic of the 
material.  Water has one of the highest specific 
heats of common substances, c = 1 cal/g.  

Specific Heat

Latent Heat
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For gases, the specific heat depends on the process—the isobaric 
molar specific heat CP is different from the isovolumetric one CV.  
For a monatomic ideal gas                                              so  

Note that

CP - CV = R 
where the 
gas constant

R = 1.99 cal/mol·K 
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Molar Specific Heats for Gases

At constant pressure, QP = CPΔT = ΔEint + PΔV .

Comparing these two processes for one mole of a 
monatomic gas when ΔT is the same gives          
QP = CPΔT = CVΔT + RΔT, so dividing by ΔT gives

which is consistent with the measured values 
(note that R = 1.99 cal/mol-K).  Then γ = CP/CV is 
approximately 5/3 = 1.67 for monatomic gases, 
7/5 = 1.4 for diatomic gases, and 9/7 = 1.3 for 
triatomic gases.

1st Law: ΔEint = Q - W; ideal gas: PΔV + VΔP = RΔT for 
one mole (n=1).  In a constant-volume process, no 
work is done, so QV = ΔEint= CV ΔT.
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Molar Specific Heats for Gases
Each mode of vibration or rotation is called a degree 
of freedom. The equipartition theorem states that the 
total internal energy is shared equally among the 
active degrees of freedom, each accounting for ½ kT. 
At T ≈ 200 - 700 K, rotations are active and add kT for 
diatomic gases so CV = 5/2 kT so γ = 7/5 = 1.4; rotations 
add 2kT for triatomic gases so CV = 7/2 kT and γ = 9/7.

}T ≈ 200 - 700 K

CV vs. T for 
diatomic 
molecules
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Adiabatic Expansion of a Gas
For an adiabatic expansion, dEint = -PdV, since 
there is no heat transfer, and here dEint = nCVdT.  
From the ideal gas law, PdV + VdP = nRdT.  Then
dEint = -PdV = nCV dT = nCV (PdV + VdP)/nR.  Thus

-RPdV = CV (PdV + VdP),  (CV+R) PdV + CV VdP = 0,  and 
dividing by CVPV gives

We define:

the result for adiabatic expansion of an ideal gas:

.  Integration then gives 

(CP/CV)PdV + VdP = 0.
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The constant σ is called the Stefan-Boltzmann 
constant:

The emissivity 𝝐 is a number between 0 and 1 
characterizing the surface; black objects have an 
emissivity near 1, while shiny ones have an 
emissivity near 0. It is the same for absorption; a 
good emitter is also a good absorber.

Heat Transfer by Radiation
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Heat conduction can be visualized as occurring 
through molecular collisions. 
The heat flow per unit time is given by:

The constant k is called the thermal conductivity.

Here,    is the thickness of the material.

Building materials are measured using R-values 
rather than thermal conductivity:
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Convection occurs when heat flows by the mass 
movement of molecules from one place to another. 
It may be natural or forced; both these examples 
are natural convection:
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Clausius version:  Heat can flow spontaneously 
from a hot object to a cold object; it will not flow 
spontaneously from a cold object to a hot object.

The Second Law of Thermodynamics

Kelvin-Planck version:  No device is possible whose 
sole effect is to transform a given amount of heat 
completely into work.

Entropy version:  The entropy of an isolated system 
is constant in reversible processes and increases in 
irreversible ones.
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Heat Engines
We consider only engines that run in a repeating cycle; the change in 
internal energy over a cycle is zero, since the system returns to its 
initial state.
The high-temperature reservoir transfers an amount of heat QH to the 
engine, where part of it is transformed into work W and the rest, QL, is 
exhausted to the lower temperature reservoir.  Thus W = QH − Q L   .    Note 
that all three of these quantities are positive.

The efficiency of the heat engine is the ratio of 
the work done to the heat input:

Using conservation of energy to eliminate W, 
we find:
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The Carnot cycle consists of:
• Isothermal expansion ab
• Adiabatic expansion bc
• Isothermal compression cd
• Adiabatic compression da

We can alternatively draw 
the Carnot cycle in a T-S 
diagram.  The area in the    
T-S diagram is the heat Q 
transferred since dQ = T dS.  
It is also the work done W, 
by energy conservation.

T

S

a b

cd

The area enclosed in the P-V 
diagram is the work W done 
in the cycle since dW = P dV.

.

. .

.

QH

QL

TH

TL

Q = QH - QL
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Proof that for a Carnot cycle
with an ideal gas 

In the isothermal processes

and

PVγ = constant and PV/T = constant ⇒

Substituting into the expressions above for QH, QL

we see that 

the efficiency

Thus for a Carnot cycle,
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These appliances are essentially heat engines 
operating in reverse.

By doing work, heat is extracted 
from the cold reservoir and 
exhausted to the hot reservoir. 

Refrigerators, Air Conditioners, and Heat Pumps

Refrigerator performance is 
measured by the coefficient of 
performance (COP):

For an ideal Carnot refrigerator QH/QL = TH/TL, so
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A heat pump can heat a house in the 
winter:

The heat pump 
coefficient of 
performance is 
defined as

As usual, it’s 
what we want 
divided by what 
we pay for.

Refrigerators, Air Conditioners, and Heat Pumps
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Entropy

Definition of the change in entropy S when an 
amount of heat Q is added:

if the process is reversible and the 
temperature is constant. Otherwise,
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Entropy is a State Variable
For a Carnot cycle QH/QL = TH/TL so QH/TH − QL/TL = 0.  
Thus, if we approximate any reversible cycle (a) as 
an infinite sum of Carnot cycles as in (b), we see 
that the integral of dQ/T around a closed path is 
zero. This means that entropy is a state variable —
like potential energy, the change in its value 
depends only on the initial and final states.

(a) (b)
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Entropy & the 2nd Law of Thermodynamics

The fact that after every interaction the entropy of 
the system plus the environment never decreases 
is another way of putting the 2nd Law:

The entropy of an isolated system never decreases. 
It either stays constant ΔS = 0 (reversible processes) 
or increases ΔS > 0 (irreversible processes).

ΔS = Q/TL - Q/TH > 0 for                         shows that THTL
Q

Heat can flow spontaneously from a hot object to a 
cold object; it will not flow spontaneously from a 
cold object to a hot object. (Clausius 2nd Law)
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How much higher entropy does a mole of 
ideal gas at 20 ºC occupying 100 liters 
have compared to a mole of gas at 20 ºC 
occupying 10 liters?
To calculate this, consider a reversible 
isothermal expansion.  Since the internal 
energy of an ideal gas depends only on T, it 
doesn’t change in the expansion.  Thus
dQ = dW = PdV, and P = nRT/V, so

∆S = ∫dQ/T = ∫(nRT/V)dV/T = nR ln(Vf/Vi)

Here ∆S = R ln 10 = (2.0 cal/K)(2.3) = 4.6 cal/K .
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Statistical determination of entropy:  Determine the 
change in entropy for the adiabatic free expansion 
of one mole of an ideal gas as its volume increases 
by a factor of 10. Assume W, the number of 
microstates for each macrostate, is the number of 
possible positions of the gas molecules, and use 
Boltzmann’s formula 

When the volume increases by a factor of 10, the 
number of positions of each molecule increases by 
the same factor.  Thus the number of microstates 
increases by 10N  , where NA = Avogadro’s number.  
Then Boltzmann’s formula for the entropy gives

∆S = k ln 10    = kNA ln 10 = R ln 10
in agreement with the thermodynamic calculation!

A

AN
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Life could not have arisen spontaneously from 
non-life because life is more ordered than non-
life, and this would imply a spontaneous 
decrease in entropy, which is forbidden by the 
second law of thermodynamics. 

A.True

B.False because entropy can decrease in any 
system.

C.False because entropy can decrease in an open 
system such as a living organism.

Monday, December 2, 13



Copyright © 2009 Pearson Education, Inc.

Life could not have arisen spontaneously from 
non-life because life is more ordered than non-
life, and this would imply a spontaneous 
decrease in entropy, which is forbidden by the 
second law of thermodynamics. 

A.True

B.False because entropy can decrease in any 
system.

C.False because entropy can decrease in an open 
system such as a living organism.
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