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The future lies ahead;
N Mort Sahl

Ordered and D isordered Energy

The T* law tells us that internal energy can be changed either by heat flow or by work
done. It makes no difference to the internal energy which of these methods we use. But
there is an important practical difference:

¥ Heat flow is a tran sfer of energy of randommotion from one system to another.

¥ Work done by the system on an external OloadO changaandommotion of molecules
of the system into orderedmotion of the load. Work done onthe system by an
external object does the reverse, conerting orderedmotion into randommotion.

Conversion between ordered and disordered energy is not the same in both directions.
One can easily convert energy of ordered motion completely into that of random

motion, but not the reverse. In fact, processes ttat convert energy from ordered motion
into random motion are very common. An example is the slowing and eventual

stopping of a block sliding on a rough surface. The kinetic energy of it original motion

N ordered motion, with all its particles moving togeth er N is converted into thermal
energy N disordered thermal motion of the particles of the block and surface N by
friction. But the reverse does not happen spontaneously. One never sees a block at rest
absorb thermal energy from itself and the surface, and start to move spontaneously.

A process that can happen in one order in time but not in the reverse order is called
irreversible . The slowing of the block by friction is an irreversible process.

One way to visualize the difference between reversible and irr eversible is to imagine the
process being shown in a motion picture. If the projector is run backwards (time is
reversed) a reversible process will appear to be a different but possible process. An
irreversible process will appear absurd, because we know it does not happen. A
perfectly elastic collision is an example of the former; an egg being cooked is an
example of the latter.

Although complete conversion of disordered motion into ordered motion cannot occur,
it is possible to make a device that achievespartial conversion of random (thermal)
energy into ordered energy. Such a device is called aheat engine. Heat enginesN of
which the steam engine was the first to make an important impact N have greatly
changed society since the 18th century. The sciencef thermodynamics grew out of the
study of heat engines in an attempt to make them more efficient.
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We will begin by discussing heat engines, and their OreverseO counterpart, refrigerators,
in general. This leads to an account of the seminal work of Sadi Garnot in the early
18000s. Then we will discuss these issues in a more general theoretical framework, using
the concept of entropy.

Heat Engines and Refrigerators

The effectiveness of an engine in converting thermal energy to work is measured by its
efficiency :

ici i _ Wout
Efficiency of Heat Engine e= 0.
in

Here W,,; is the netamount of work done by the engine on the external load, and Q;,
is the heat input in those steps of the operation where heat istaken in.
The OperfectO engine would convert all the heat taken in into work, and thus havee= 1.

In a less than perfect engine there are also steps where heat is taken out of the engine.
The total amount of heat taken out in those steps isQ; .

We consider only engines running repetitively, using some kind of cycle in which the
engine returns repeatedly to its original state. In each cycle the overall change inU is
zero, so the work out is equal to the net heat input, or

W =Qj, ! Qout -
An alternative and useful way to write the efficiency of the cyclic engine is thus
e=11 Qout.
n

Another cyclic device that involves conversion between work and thermal energy is a
refrigerator . Consider an ordinary kitchen ref rigerator. In each cycle it takes a certain
amount of heat Q. from its Ocold reservoirO (the freezer compartment) and expels an

amount Q,, into the Ohot reservoirO (the kitchen itself). In the process, an amunt of

work W, is done onthe device (by the compressor).

The measure of effectiveness of a refrigerator is thecoefficient of performance :

Coefficient of Performance CP= Qc
in

Again, because in a complete cycleU does not change,W,, =Q, ! Qs. A OperfectO
refrigerator would simply take Q. from the cold reservoir and expel it to the hot
reservoir, with no work input. Its CP would be infinite.
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The Second Law of Thermodynamics

No principle we have discussed so far forbids the perfect engine or the perfect
refrigerator. But we know from experience that they do not occur. There must be a law
of nature that forbids them. There are various equivalent ways to state the new law, but
we will give first two 19 ™ century statements that arose from the study of heat engines
and refrigerators:

No device can exist that has no effect other
than to take in an amount of heat and
convert it entirely into work.

2nd Law of Thermodynamics
No device can exist that has no effect other
than to take a heat from a colder body and
transfer it entirely to a hotter body.

The first form (due to Kelvin and Planck) denies the possibility of a perfect engine. The
second form (due to Clausius) denies the pacssibility of a perfect refrigerator.

It is surely strange that a fundamental law of nature should be expressed in terms of
the impossibility of certain devices. We will give later a more abstract statement, in
terms of a state variable called entropy.

The Carnot Cycle

So there is no engine with 100% efficiency. What determines the maximum possible

efficiency? That was the question analyzed by Carnot in the early 1800'sN decades

before the enunciation of the law of conservation of energy, and of either the 1% or 2™
laws of thermodynamics.

Carnot proposed an ideal engine based entirely on reversible steps. To reduce the
process to its minimum number of simple steps he proposed a cycle in which heat
flows into the engine during one step and out during an other, with adiabatic steps in
between. To make the heat flow steps as simple as possible he assumed they are
isothermal. In this way he arrived at the following cycle:

1. The engine is placed in thermal contact with a body of very large heat capacity
(the Ofot reservoirO) at temperature T, . Heat Q,, is taken in while the Oworking
substanceO of the engine (usually taken to be a gas) expands isothermally.

2. The engine is now isolated so that there is no heat flow in or out of it. The
substance further expands adiabatically until the temperature is reduced to T.
In these two expansion steps work is done by the engine.
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3. The engine is placed in thermal contact with another body of very large he at
capacity (the Ocold reservoirO) afl.. The gas is compressed isothermally while

heat Q. is transferred from the engine to the reservoir.

4. The engine is again isolated so there is no heat flow. The gas i$urther
compressed adiabatically until the temperature rises again to T . In these two

compression steps work is done onthe engine.

The cycle is now complete and can be repeated. On &-V diagram it is as shown below.

P

Carnot Cycle

\Y
By reversing all the steps, one can make a refrigerator using the same cycle.

This cycle is conceptually simple, but are other cycles more efficient? Carnot proved
that they are not. In a famous theorem and its corollary, he showed that operating
between given hot and cold reservoirs, an engine using only reversible steps is the most
efficient, and that all such engines have the same efficiency, no matter what reversible
steps they use. Thus his simple cycle is as good as any, and can be used to determine
the maximum possible efficiency.
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No engine operating in a cycle between
two given reservoirs can be more efficient
than a reversible engine operating
between those two reservoirs.

CarnotOs Theorem

(Corollary) All reversible engines
operating between two given reservoirs
have the same efficiency.

By Oreversible engineO we mean one that uses only reversible steps. It can be run backwards as a
refrigerator using the same steps except in reverse.

The modern proof of the theorem, using the 2" law, is by contradiction. One assumes that an irreversible
engine is more efficient, and then by coupling it with a reversible engine running backwards a composite
device can be made that violates the 2° law.

The corollary is proved the same way.

So the maximum possible efficiency is that of a Carnot engine. But what is that
efficiency? CarnotOs corollary shows that it can depend only on the reservoirs, not on
the details of the engine. But in fact the only property specified for the reservoirs is their
temperature. Therefore the maximum possible efficiency must depend only on the
temperatures of the two reservoirs.

Kelvin, decades later, used this fact to propose a temperature scale such that the
maximum possible efficiency is given by a simple formula:

.
Carnot Efficiency ec =1! T—C
H

By applying the Carnot cycle to an ideal gas, it is easy to show that this temperature
scale is the same as the one used in the ideal gas law. It is now called th&elvin scale .

We see that perfect engines cannot exisN as long asT is above zero.

Using CarnotOs theorem €< €& ) itis easy to show that for any engine running between
reservoirs at the given temperatures

Qe Te

Qu Th
The equal sign applies only if the engine is reversible. This is a very useful formula in
applications.

D
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Rules of the Game

It appears that one could have a perfect engine if one madeT. equal to (absolute) zero.

But there is a 3rd Law of Thermodynamics, stating that no system can be taken to
absolute zero by any finite number of processes.

The situation we find ourselves in when we devise heat engines to do work can be
summarized as follows:

1st Law: You can't win. (You get out no more work than the heat you put in.)

2nd Law: You can't break even, except in the perfect case. (In converting heat to
work you have to waste some, unless T =0.)

3rd Law: There is no perfect case. (You cannot reacii. =0.)

And they call economics Othe dismal science.O

Entropy

We will introduce a new state variable that allows us to make a general statement of the
2nd law in terms of state variables, rather than engines and refrigerators.

Consider the 1st law for an ideal gas:

NnRT dv.

dQ=nc, dT +PdV =nc, dT +

Dividing through by T we get

Both terms on the right side involve only state variables and infinitesimal changes in
them, so the whole expression must be the infinitesimal change of some state variable.
Following Clausius, we call it entropy :

dQ n2dQ
Entro dS==—= orS,! 5 ="
py T 2 1 1T

Since entropy is a state variable, the integral between states 1 and 2 can be evaluated

using any process that takes the system from 1 to 2. In particular, a reversible process

(which can be represented by a curve on a PV diagram) can be used, even if the actual
process being studied is irreversible. For example:

¥ If the initial and final states ar e at the same temperature, then an isothermal process
can be used to calculate the entropy change. In that case we find simply

15=2,
=
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where Q is the total amount of heat taken in.
¥ For any adiabatic process, the entropy change is clearly zeo.

¥ For other processes, we can use the relatiordQ = mcdT to find

T;
1'S=mcln—.
Ti

Here m is the mass andc the specific heat (per unit mass) for the process; if a gas is involved, one usually
hasn instead of m, and one of the molar specific heats instead ofc.

Entropy and the 2nd Law

Consider a heat engine running between a given pair of hot and cold reservoirs. We are
interested in the change in entropy of everythingN engine plus reservoirs N as the
engine runs through a cycle.

The engine returns to its original state. Since entropy is a state variable, the net change
in the engine's entropy is zero. But the reservoirs do not return to their original states.
When the engine takes in heatQ, from the hot reservoir at temperature T,,, that
reservoir's entropy changes by ! S, =" Q,/ Ty.

The negative sign shows that the entropy of the reservoir decreaselsecause heat is takerfromit.

The engine later expels heatQ- at temperature T~ to the cold reservoir, causing the
entropy of that reservoir to change by ! S =Q./ T.. This change is positive.

The total entropy change for the cycle is thus

~Qc. Qu
o=t S

Applying Eq (1) above, we see that the total entropy change obeys

'Sot * 0,
where the equal sign applies only if the engine is reversible.

What is the logical status of this inequality? We derived Carnot's theorem from the 2™
law, so that law implies the inequality. If we take the inequality as a postulate, then we
can prove Carnot's theorem and also derive our previous statements of the 2 law.
Thus this inequality is logically equivalent statement of the 2 ™ law itself, and can be
used as an alternate statement of the law.

The inequality applies to any system where energy exchanges occur onlywithin the
system, i.e., if the system is Oclosed.O We have a new and very general statement of the
2" law:

2" Law in Terms of Entropy For any closed system,! §,; " 0

PHY 53 7 Thermal Physics 3



A more grandiose statement is: OThe total entropy of the universe never decreases.O

What is Entropy?

We have been able to relate the other state variables to average behavior of the
microscopic particles. What about entropy?

Recall that the 2nd law restricts conversion of disordered energy into ordered energy. A
process is irreversible when the final state is more disordered than the initial state. In
that case the entropy of the final state is greater than that of the initial state. Entropy
seems to be related to the degree of disorder. It is a quantitative measure of disorder.

An analysis in statistical physics carried out by Boltzmann showed that entropy
measures the number of distinct ways the system's energy can be dividedup among the
particles. The larger the number of such ways, the greater the degree of disorder and
the larger the entropy.

At the microscopic level all basic phenomena are reversible: if we imagine a movie of a
microscopic process played backwards, it will show us another possible microscopic
process. But macroscopic processes, being always to some extent irreversible, are
different. A movie of such a process, played backwards, looks absurd because things do
not happen that way. We can easily tell that the projector must be running backwards,
since irreversible processes only run OforwardO in time. We sometimes speak of entropy
as Otime's arrowO: it shows us which way is the future.

PHY 53 8 Thermal Physics 3



