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HERMODYNAMICS

A cube of 25 mm on a side and containing a monatomic gas at atmospheric has
approx1mately 1020 atoms. To completely describe each atom one needs 6 X 1020
Ack 3for each atom VeloCity). (sonntag & van Wylen)

&

A ,KCIass;;‘: thermodynamics deals with a different approach. It uses the gross or
average effects taken over many molecules. Therefore, this.is a MACROSCOPIC
- pointief view. Pressure IS a good example as it results from change of momentum of

.. the molecules as they collide with'the.wall.

Boltzmann connected the world ©f'molecules (microscopic) with the world we can
measure (macroscopic) via a well'lknown equation (see slide background). He stated

" that the microstates arrangement of maximum probability«(W) for a given macrostate
is given by S = k log(W). S is the entropy, which is measure of the disorder in that
macrostate.




THERMODYNAMICS - A THEORY BASED ON EXPERIMENTAL EVIDENCE

In 1865 Clausius (also quoted in The Scientific Papers of J. Willard Gibbs, V. 1, Dover, NY, 1961)
stated the two basic laws of Thermodynamics:

v'Die Energy der Welt ist konstant. (The Energy of the Universe is Constant)

v'Die Entropy der Welt strebt einem Maximum zu. (The Entropy of the Universe
tends toward a Maximum)

Classical Thermodynamic is build up on those two simple laws.




THERMODYNAMIC TIME TABLE




SOME DEFINITION OF THERMODYNAMICS

It is supposed that fundamental properties are already known.

That means: pressure (P), temperature (T), volume (V), internal energy (U),
entropy (S) are known a priori.

Thermodynamic System

A region of the space which is the subject of study. The system is separated




HEAT
Heat is the form of energy in transit across the boundary separating a system
from its surroundings. A system does not contain or store heat. Heat transfer
takes place to or from the system due to difference of temperatures between
the system and the surroundings. Heat is not associate with mass transfer.
Heat added to a system is a positive number, whereas heat transfered from a
system is a negative number. The Sl unit of heat is joule, J.

WORK




FIRST LAW OF THERMODYNAMICS OR LAW OF CONSERVATION OF ENERGY

A
»
»

Cyclic process: p Q
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By opening the cycle into two processes, one obtains: /

joo=f 60, +[ .00, = [ ow,+[ow,=fow L.

Subtracting
both equations

First law for a process
differential form

First law for a process
integral form




FIRST LAW OF THERMODYNAMICS (cont...)

If the only form of energy relevant is the internal energy (U), then:

Integral form|U, —U; =,0,— W, differential form |dU = 80 — oW

Generally in thermodynamic analyses are allowed to neglected other forms of energy, except
when one is dealing with reacting systems (combustion and other chemical reactions), high
speed flow (kinetic energy is important), magnethydrodynamics (electric field), to name a few
other form of energies.

On the other hand, other forms of energy may play the most important role in other systems.




SECOND LAW OF THERMODYNAMICS

Entropy S — there is a thermodynamic property called entropy defined according to:

is-(%2)
T rev

The index “rev’ means a reversible heat exchange

“The total entropy variation of any system and its surroundings is positive and it approaches
zero for reversible process”. It is also known as “the principle of increase of the entropy of the

Universe”




FUNDAMENTAL PROPERTY RELATION FOR A PVT SYSTEM

Considering that TdS = 6Q and PdV = oW for reversible processes, then by substitution in the
first law equation, one obtains the fundamental property relation

dU =TdS — PdV

Even though this relation was developed for particular processes (reversible) it involves
thermodynamic properties only and, therefore, is always valid, nevertheless of the process.

This relation is also known is The Gibbs Equation.

In this thermodynamic property relation, the internal energy U is function of Sand V, i.e.,




Maxwell Relations

As mentioned, the fundamental property relation U = U(S,V) is EXACT from the
mathematical point-of-view. Thus, one may obtain the well known Maxwell relations.
A rotating diagram is usually used as a rule-of-thumb to recall the 4 possibilities of
combining the cross derivatives:

% T S % P S T P




Legendre Transformations and Thermodynamic Potentials

In the fundamental property relation dU = TdS-PdV, the entropy S and volume V are
said to be natural or canonical variables of the internal energy U in any closed

system.

However, in many thermodynamic system, it may be useful to have independent
variables other than the pair S and V. In engineering, for instance, it is more useful to
have pairs of independent variables from the combination of P, T, and V because they
are measurable quantities. Similarly, in certain thermodynamic analysis it may be

useful to have any other pair of independent variables.




Legendre Transformations and Thermodynamic Potentials (cont...)

By applying the Legendre transformation successively, one obtains:

Action over fundamental

replacing Vby its

replacing S by its

replacing both S

relation: Al conjugate P conjugate T and V
Potential Ues,v) H((PS)=U + PV A (T,V)= U-TS G(T,P)= U+PV-TS
Differential
form: dU = TdS-PdV dH = TdS+VdP dA = -SdT-PdV dG = -SdT+VdP
Natural variables: Sand V Sand P Tand V Tand P
Conjugate variables: Tand P Tand V Sand P Sand V
Mathematical inference: 7= a—Uj dP= —a—U] T = a—H] and V =a—H) S= _a_AJ and P = ﬂj S = —a—Gj and V = —a—GJ
aS ), v ) s ), oP ) T ), v ), aT ), oP ),
Helmholtz Gibbs energy

Potential name:

Internal energy

Enthalpy

free enrgy

Or Free enthalpy




Additional Comments over the Funhdamental Relation and the Potentials

It is known that for a P-V-T system formed by a single compressible substance, the
thermodynamic state is determined by any two independent properties (variables).
Therefore, one may name by convenience two out of its set of properties to be
independent. Any further relation combining these two variables will furnish the

thermodynamic state.

P-V-T equations of state are sometimes called thermal equations of state. A quite
good number of such equations exist, being the ideal gas equation of state, PV=RT,
one of the simplest relating all of those three variables. However, thermal equations
of state do not contain all thermodynamic information necessary to describe the




Example of a Equation of State

Consider the following equation of state, where A and B are U _(v "Axex S-S,
positive constants. The index “0” refers to a reference state. U, P78

Obtain expressions for temperature T and pressure P.

U d AN S-S v, (vY™" S-S\ U
T=—j == UO — XCXPL Oj =—01 T Xexp( sz_
as ), as| °lv, B BV, B B

\%




Specific Heats and Properties Calculation

Specific Heat at Constant Volume: Specific Heat at Constant Pressure:

oU o0H
C,, =—— C,6 =——
' aT]V g aTjP

Now it will be given a set of equations to evaluate thermodynamic properties from measured
P-V-T data set in conjunction with the heat capacities. It is now convenient to have U as
function of Tand V, i. e., U(T,V). Thus, from the exactness of U:

dU =(8—U] dT+(a—U] dv
\dT )y aV )




Specific Heats and Properties Calculation (cont...)

A similar equation can be obtained for H change, which is:

dH = CpdT + {V —T( g_‘; j } dP The enthalpy change can be evaluate
P

from P-V-T data plus Cp!

C oP C oV
In analogous way, it is possible to obtain |dS = —%dT +(—j dV and dS=—LdrT +(—j dP
T oT ), T T ),

By equating both equations (same dS change) (Cp—Cy)dT =T v dP+T oP dv




Example with the Ideal P-V-T Equation of State

)y _R_T

a7 ), V P

ldeal gas: py = RT - . Vv RV

useful derivative calculation : < — | =—=—

By substituting the derivatives into the previous o )p P T
relations, one obtains: V) _ RT* _V
T, — oP T P2 P

Internal energy: dU =CydT = AU =| C,dT =Cy AT :

o7,

o]’ _
Enthalpy: dH =CpdT = AH = | ~ CpdT =Cp AT
I,

dr av T, v,




Phase Equilibria Condition for a P-V-T Pure Substance

From the Clausis inequality:  dS,,; 2 0= dS e +dS roundings =0

For a reversible heat exchange from the ;¢ L 129
system to the surroundings (both at T): surroundings T
X0

ThUS, dSsystem > ?

On the other hand, from the first law: Q =dU — PdV

o . . . . where the index “system” has been dropped for sake of
By substitution, it comes to: dU —TdS +PdV <0 simplicity. All properties are for the closed system.




Phase Equilibria for a Pure Substance

A phase change occurs at constant P and T, resulting in discontinuous change in most
thermodynamic properties, but the Gibbs energy. In liquid-vapor equilibrium system,
saturated liquid properties are quite different from the corresponding saturated vapor
ones. However, the Gibbs energy must be the same across the phase boundary, as
seem above (recall that during phase change P and T are constant).

Let « be one phase and SBthe other phase in a a-f phase equilibrium system, thus:
(dG)p; =0= dG* = dG”

Substituting the differential

dp _ S* -5°
form of Gibbs energy: ~S%dT +V*dP =—SPdT +V?dP or =

dT  vFP_y®

dPSdt ASa,B

Introducing the saturation index, since




Phase Equilibria for a Pure Substance (cont...)

Clapeyron equation relates the slope of the saturation curve with the enthalpy change
and the volume change across the two phases.
For a pure substance, phases can be (1) solid-liquid; (2) solid-vapor; and (3) liquid-vapor

From the exact Clapeyron equations, one can obtain practical equations for data fitting.
Such is the case of the well known Antoine equation that can be used to adjust vapor
pressure data using three constants, A. B, and C.

B
T+C

iven a nearly straight line.

InP* = A—

Usually a plot Psat versus 1/T is construct




FINAL REMARKS AND THANKS

Evidently, classic thermodynamics goes much beyond of the material presented here.
We did not deal with open system analysis, thermal machine analysis, and other fields of
applications of the subject. Here it was presented just the highlights of thermodynamics.

Thanks the ARCUS organization and profs. Julio C. Passos and B. Stutz for the
invitation.




