Thermodynamics — The ThreeLaws and Entropy

Thermal equili brium —two bodes are said to bein thermal equili brium if, when
conreded to eat ather, their combined thermal state (temperature) is the same & their
individual thermal states (temperatures).

The Zeroth Law of Thermodynamics gives the important property of temperature.

If bodes A andB arein thermal equili briumwith athird bod/ C, then AandB arein
thermal equili brium with each ather.

Think o the “third body C” as the thermometer, the instrument for measuring
temperature.

Hed is defined as a quantity of energy. It is most commonly measured in cdories, but
can be expressed asjoules (mks), ergs (cgs) or btus (english).

1 cdorie = energy required to raise the temp o 1 gram of water from 14.5Cto 15.5C

The First Law of Thermodynamics expresses the anservation d energy with resped to a
thermal system and the hed it absorbs and the work it does. Remember that work isforce
times distance and hes the same units as energy.

AU=0-W

AU = changein internal energy (kinetic, paential and hea) of the system
Q = hed energy inpu to the system (can be +or -)
W = work dore by the system (can be +or -)

The First Law says nothing abou temperature. What we redly neel is alaw that relates
hea energy (Q) input to the system, work (W) dore by the system and the temperature
(T) of the system. The Second Law of Thermodynamics brings temperature into the
picture and, in dang so, informs us of universal limitations of physicd systems. It also
givesus an indicaion d which diredionanatural processwill take. For example, the
SewmndLaw tellsusthat hea energy will always flow from awarmer body to a clder
body, never the other way.

The physicd quantity employed in the Second Law is entropy. Entropy may be thought
of asameasure of the aility of a system to dowork. However, thisis ssmewhat
confusing because the system’ s ability to dowork deaeases as the entropy of the system
increases. More onfusing isthe fad that entropy (S) is defined as a diff erential rather
than as an integral. Here' s the definition.

dS= dQIT

dS= asmall changeto the entropy of a system



dQ = asmall changeto the hea inpu to the system
T = the asolute temperature of the system

What is of interest is the change in the value of S (the entropy) for a system and for the
universe when a system goes from one state of thermal equili brium to another. The
SeoondLaw of Thermodynamics gates that

A natural processalways takes placein such a dredion asto cause anincreasein the
entropy of the system plus environment. In the ase of anisolated system, it isthe entropy
of the system that tends to increase.

Inwhat is cdled a “reversible” process where the state transition takes place & an

infinite number of infinitesimal intermediate states of thermal equili brium, the dhangein
entropy can be expressed as an integral equality.
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For an “irreversible” process where the state transition involves gates of thermal non
equili brium

ASzSz—SpLZO_'r—Q

For an isolated system, where dQ =0,

S = S for areversible system, and

S > S for anirreversible system.
Animplicaion d the SeaondLaw isthat in every thermal state transition for a physicd
system, the entropy of the universe ather remains the same or increases. It never
deaeases.
Some comments on entropy and the Second Law.
1.The entropy of a system is defined for equili brium states only.
2. The entropy of a system in equili brium is independent of its past history.
3. For pradicd problems, we ae generaly only interested in changes in entropy. For
convenience, the entropy of a substance may be esumed zero in some cnvenient
reference state and anumericd value can then be assgned to the entropy in any other

state. Tables of such values have been prepared. For example, the entropy of water is
asumed zero when it isin the liquid phese & 0°C and 1atm presaure and values are



tabulated for the entropy over awide range of temperatures and presaures, in the vapor as
well asintheliquid phase. Such tables can be used in determining changes in entropy for
reversible or irreversible processs.

4. Entropy is an extensive property of the system, propationa to its massor number of
moles.

5. The Second Law of Thermodynamicsis not an absolute law, like the First Law, which
istrue under al circumstances. At the microscopic level, where small numbers of
moleaules are invalved, the Second Law must be expressed using probability, where
thereisasmall, athough norezero, probability of aviolation d the law.

Two ill ustrative problems from the Halli day and Resnick textbook.

1. Compute the entropy change when 1 kg of ice & 0°C (=273%K) melts to water at 0°C,
taking the latent hea of melting of iceto be 79.6cd/gm.

Ffa0=2

Q=10°gm * 79.6 cd/gm = 7.96 * 10 cd

Swater— See = foQ Q_1

Svater — Sce = % cd/°K =292cd/°K

In the processof melting, the icetakes hed from the surroundngs which must be & a
temperature ebove 0°C. The gain in entropy of the ice excealsthelossin entropy of the
surroundngs, so that the processas awhaleinvoves an increase in the entropy. To
reverse the process that is, to freeze water, would require that hea be anducted from the
water to abody at atemperature below 0°C. For such a system (water + cold body) the
total entropy would again increase.

2. Calculate the entropy change that N moles of an ided gas undergoesin areversible
isothermal [i.e. hed is added to kegp constant temperature] expansion from avolume V;
to avolume Vs.

Recdl that for anided gas pV=NRT, where

p = presaure (atm)

V =volume (l)

N = number of moles
R =1.986cd/mole-°’K
T = temperature (°K)

Presaure times change in vdume (p times AV) is the work done by the gas. The First
Law, expressed as differentials, becomes



dU=dQ-pav=0
dU = 0 because U depends only ontemperature for an ided gas, and T is constant.
dQ = pav

dQ _ pdV _ NRTdV_  dV

dS= =NR—
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dv
S-S= INRT =NRIn V_ [In means natural |ogarithm]

SinceV; > V;, §> S andthe entropy of the gasincreases.

In order to carry out this processwe must have areservoir at temperature T which isin
contad with the system and supgi es the hea to the gas. Hencethe entropy of the
reservoir deaeases by

- 9Q _ \RinYe
v i

so that in this processthe entropy of system + environment does not change. Thisis
charaderistic of areversible process
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