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H Cold reservoir m Cold reservoir

Qi

Hot reservoir Hot reservoir

n Space

Sun

FIGURE 1. CLIMATE AS HEAT ENGINE. A heat engine produces
mechanical energy in the form of work W by absorbing an amount
of heat Q,, from a hot reservoir (the source) and depositing a
smaller amount Q,, into a cold reservoir (the sink). (a) An ideal
Carnot heat engine does the job with the maximum possible
efficiency. (b) Real heat engines are irreversible, and some work

is lost via irreversible entropy production T8S. (c) For the climate
system, the ultimate source is the Sun, with outer space acting as
the sink. The work is performed internally and produces winds and
ocean currents. As a result, Q, = Q.
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Carnot Engine 1824
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Intake valve Exhaust valve Both valves closed Intake valve ~ Exhaust valve
open closed e

Intake stroke: Pi Compression strokd Ignition: Spark\plug Power stroke: \Hot burned
moves down, causing a Intake valve closes; ignites mixture. mixture expand}, pushing
partial vacuum in cylinder; ixture is compressed as piston down.

gasoline—air mixture enters

through intake valve.
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Y Entropy

I propose to name the quantity S the entropy of the system, after the Greek
word [tponn trope], the transformation. I have deliberately chosen the word
entropy to be as similar as possible to the word energy: the two quantities to
be named by these words are so closely related in physical significance that a
certain similarity in their names appears to be appropriate.
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S=S5C,T)
Table A-18 Properties of superheated refrigerant 134a (CF;H,)

(T, °C; v, m*/kg; v, ki/kg; h, ki/kg; s, ki/kg-K)

T v u h s
0.6 bar (0.060 MPa) (T, = 37.07°C)

Sat. | 0.31003 | 206.12 | 224.72 | 0.9520
=20 | 0.33536 | 217.86 | 237.98 | 1.0062
=10 | 0.34992 | 22497 | 245.96 | 1.0371
0 | 0.36433 | 23224 | 254.10 | 1.0675
10 | 0.37861 | 239.69 | 262.41 | 1.0973
20 | 0.39279 | 247.32 | 270.89 | 1.1267
301 040688 | 25512 |i 27953 | i1.1557
40 | 0.42091 | 263.10 | 288.35 | 1.1844
50 | 0.43487 | 271.25 | 297.34 | 1.2126
60 | 0.44879 | 279.58 | 306.51 | 1.2405
70 | 0.46266 | 288.08 | 315.84 | 1.2681
80 | 0.47650 | 296.75 | 325.34 | 1.2954 | 0.28464 | 296.40 | 324.8
90 | 0.49031 | 305.58 | 335.00 | 1.3224 j§ 0.29302 | 305.27 | 334.5

1.4 bars (0.14 MPa) (T, = —18.80°C) | 1.8 bars (0.18 MPa) (T, =

Sat. | 0.13945 | 216.52 | 236.04 | 0.9322 | 0.10983 | 219.94 | 239.7
—10 | 0.14549 | 223.03 | 243.40 | 0.9606 | 0.11135 | 222.02 | 242.0
0 | 0.15219 | 230.55 | 251.86 | 0.9922 | 0.11678 | 229.67 | 250.6

v u h
1.0 bar (0.10 MPa) (T, =

0.19170 | 212.18 | 231.3
0.19770 | 216.77 | 236.5
0.20686 | 224.01 | 2447
0.21587 | 231.41 | 2529
0.22473 | 238.96 | 261.4
0.23349 | 246.67 | 270.0
0.24216 | 254.54 | 278.7
0.25076 | 262.58 | 287.6
0.25930 | 270.79 | 296.7
0.26779 | 279.16 | 305.9
0.27623 | 28770 ¢« 31548
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JULY 1851.

I. On the Moving Force of Heat, and the Laws regarding the
Nature of Heat itself which are deducible therefrom. By
~ R. Cravsius¥,

THE steam-engine having furnished us with a means of con-

verting heat into a motive power, and our thoughts being
thereby led to regard a certaini quantity of work as an equivalent
for the amount of heat expended in its production, the idea of
establishing theoretically some fixed relation between a quantity
of heat and the quantity of work which it can possibly produee,
from which relation conclusions regarding the nature of heat
itself might be deduced, naturally presents itself. Already, in-
deed, have many instructive experiments been made with this
view ; I believe, however, that they have not exhausted the sub-
ject, but that, on the contrary, it merits the continued attention
of physicists; partly because weighty objections lie in the way
of the conclusions already drawn, and partly because other con-

Clausius jRFE0JJEL A E EEE R IEHERT I 2



rendered necessary by our maxim.

In the annexed figure let oe
represent the volume, and ea the
pressure of the unit weight of
gas when its temperature is ¢ ;
let us suppose the gas to be
contained in an expansible bag,
with which, however, no ex-
change of heat is possible. If
the gas be permitted to cxpand,

no new heat being added, the
temperature will fall. Toavoid
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20.271 + A sophomore with nothing better to do adds heat
to 0.350 kg of ice at 0.0°C until it is all melted. (a) What is the
change in entropy of the water? (b) The source of heat is a very
massive body at 25.0°C. What is the change in entropy of this
body? (c) What 1s the total change in entropy of the water and the
heat source?

~[ QO

M{ESHAVIRES © AS =S, —S; =

SET Up: For water, L, =3.34x10° J/kg.
EXECUTE: (a) The heat flow mto the i1ce 1s O =mL; =(0.350 kg)(3.34 x 10° J/kg) =1.17x10° J. The

5
heat flow occurs at 7 =273 K, so AS = e = L17x107] =429 J/K. Q 1s positive and AS 1s positive.
T 273K
~1.17x10° J
(b) O=-1.17x10" T flows out of the heat source, at 7 =298 K. AS = % = 29;K =—393J/K. Q0

1s negative and AS 1s negative.
(c) AS, =429 J/K+ (393 J/K)=+36J/K.
EVALUATE: For the total 1solated system, AS >0 and the process is irreversible.
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Example 14.2

Consider two systems, with pressures p; and ps and temperatures T
and T5. If internal energy AU is transferred from system 1 to system 2,
and volume AV is transferred from system 1 to system 2 (see Fig. 14.3),
find the change of entropy. Show that equilibrium results when 7} = T5

and P1 = p2.
AU, AV Solution:
Tl - T2 Equation 14.18 can be rewritten as
1
P1 P2 ds = —dU + %dv. (14.24)

If we now apply this to our problem, the change in entropy is then
straightforwardly

AS = (i - i) AU + (p—l - p—2) AV. (14.25)

Fig. 14.3 Two systems, 1 and 2, which
are able to exchange volume and inter-
nal energy.

AT B 7y Ty

Equation 14.9 shows that the entropy always increases in any physi-
cal process. Thus, when equilibrium is achieved, the entropy will have
achieved a maximum, so that AS = 0. This means that the joint system
cannot increase its entropy by further exchanging volume or internal en-
ergy between system 1 and system 2. AS = 0 can only be achieved
when T1 = T2 and P1 = p2.
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Thermodynamic
potentials are
useful for the

description of F
non-cyclic - U-TS
processes. Internal Helmholtz

energy free energy

U = energy needed to F = energy needed to
create a system create a system

PV minus the energy
+ you can get from
the environment.

H = U+PV G = U+PV-TS

They are used Enthalpy Gibbs

along with the free energy

First Law of H=energy neededto | G =total energy needed

Thermodynamics. create a system to create a system
plus the work and make room for

System work and needed to make it minus the energy

room for it you can get from
entropy play a the environment.
major role.
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Extent of reaction,




N, + 3H, - 2NH;
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N, + 3H, - 2NH;
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i

ATlNZ:ATlHZ: ATlNH3 =—-1:-3:2

AG = (un, - Any, + pp, - Ang, + ping, - Anng,) = (—#n,€ + pu,3€ + pnp, 2€) = 0
—un, — 3un, + 2unn, =0
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Formation of Light and matter Light and matter  Dark ages First stars Galaxy evolt
light and matter are coupled separate Atoms start feeling The first stars and

Dark matter evolves * Protons and electrons  the gravity of the galaxies form in the

independently: it starts form atoms cosmic web of dark densest knots of the

clumping and forming - Light starts travelling ~ mMatter cosmic web

a web of structures freely: it will become the

Cosmic Microwave
Background (CMB)
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Figure 3.8: Free electron fraction as a function of redshift.
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The first law of thermodynamics
Energy is conserved and heat and work are both forms of energy.

A system has an internal energy U, which is the sum of the energy
of all the internal degrees of freedom that the system possesses. U is a
function of state because it has a well-defined value for each equilibrium
state of the system. We can change the internal energy of the system
by heating it or by doing work on it. The heat Q and work W are
not functions of state since they concern the manner in which energy is
delivered to (or extracted from) the system. After the event of delivering
energy to the system, you have no way of telling which of Q or W was
added to (or subtracted from) the system by examining the system’s
state.

The following analogy may be helpful: your personal bank balance
behaves something like the internal energy U in that it acts like a func-
tion of state of your finances; cheques and cash are like heat and work in
that they both result in a change in your bank balance, but after they
have been paid in, you can’t tell by simply looking at the value of your
bank balance by which method the money was paid in.

The change in internal energy U of a system can be written

AU = AQ + AW, (11.6)

where AQ is the heat supplied to the system and AW is the work done
on the system. Note the convention: AQ is positive for heat supplied to
the system; if AQ is negative, heat is extracted from the system; AW
is positive for work done on the system; if AW is negative, the system
does work on its surroundings.

We define a thermally isolated system as a system that cannot
exchange heat with its surroundings. In this case we find that AU =
AW, because no heat can pass in or out of a thermally isolated system.

For a differential change, we write eqn 11.6 as

[dU =dQ +aw, | (11.7)

where dW and d@Q are inexact differentials.
The work done on stretching a wire by a distance dz with a tension
F is (see Fig. 11.2(a))
dW = Fdz. (11.8)

The work done by compressing a gas (pressure p, volume V') by a piston
can be calculated in a similar fashion (see Fig. 11.2(b)). In this case the
force is F' = pA, where A is the area of the piston, and Adz = —dV, so

that
dW = —pdV. (11.9)

In this equation, the negative sign ensures that the work dW done on
the system is positive when dV' is negative, i.e., when the gas is being
compressed.

(a)

dx

Fig. 11.2 (a) The work done stretching
awire by a distance dz is F dz. (b) The
work done compressing a gas is —pdV.



14.3 The first law revisited

Using our new notion of entropy, it is possible to obtain a much more
elegant and useful statement of the first law of thermodynamics. We
recall from eqn 11.7 that the first law is given by

dU =dQ +dw. (14.14)
Now, for a reversible change only, we have that
dQ =TdS (14.15)

and
dW = —pdV. (14.16)

Combining these, we find that

dU = TdS — pdV. (14.17)

Constructing this equation, we stress, has assumed that the change is
reversible. However, since all the quantities in eqn 14.17 are functions
of state, and are therefore path independent, this equation holds for
irreversible processes as well! For an irreversible change, dQ < T'dS
and also dW > —pdV, but with dQ being smaller than for the reversible
case and dW being larger than for the reversible case so that dU is the
same whether the change is reversible or irreversible.

Therefore, we always have that:

|[dU =TdS — pdV. | (14.18)

This equation implies that the internal energy U changes when either
S or V changes. Thus, the function U can be written in terms of the
variables S and V', which are its so-called natural variables. These
variables are both eztensive (i.e., they scale with the size of the system).?  2See Section 11.1.2.
The variables p and T are both intensive (i.e., they do not scale with the
size of the system) and behave a bit like forces, since they show how the
internal energy changes with respect to some parameter. In fact, since

mathematically we can write dU as
au U
dU = (ﬁ)v ds + (W)de’ (14.19)

we can make the identification of T and p using

T

(%)v and (14.20)

- _(%)s. (1421)
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1. dU =TdS — PdV; hence, (8—T) = —(BP) :
%

), \os
2. dH =TdS + V dP; hence, 8—7: = ?L/ :
OP)¢ \OS/p
55 9p (10.33)
: = —SdT — PdV; A=) =l= .
3. dA S dV’; hence, (6V)T (8T>V
oS oV
4. dG=-SdT +VdP; h — | =—=]) .
G SdT + V dP; hence, (BP)T (DT)P

The four equations on the right are known as Maxwell’s relations. These
equations do not refer to a process but express relations that hold at any
equilibrium state of a hydrostatic system. Of course, the reciprocals of
Maxwell’s relations are also valid equations.

dU =TdS — PdV

dH =d(U + PV) =dU + PdV + VdP = TdS — PdV + PdV + VdP = TdS + VdP



