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Review of basic concepts: Vlain consequence of the First Law:

definition of property Energy
First Law:
Assertion 1: any pair of states A; and A, with compatible values of the
amounts of constituents and the parameters of a (well-defined) system A can
always be interconnected by means of a weight process.

Assertion 2: the product mg (2o — z1) assumes the same value for all weight
processes that connect the two given states A; and As.

@),
A z

o K g
A, —> A4, zZ,

only effect external to A

The most important consequence of the First Law is that it provides support to the
definition of property energy for every (well-defined) system A in any state

A A A
1 E = E; —mg(z)—z)
where A, Is a reference state to which we assign the arbitrary value E,,.
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Review of basic concepts: Consequences of the First Law:

Energy balance equation

Energy balance equation for a process for system A:

A
A, — A4,

or, equivalently,

A
A, — A,

For a continuous proce

E

A

A
e

ES—E! =E5T

Eée energy exchanged between A and its
environment during the time interval from ¢,
to t, (if positive, the net transfer is into A)

4> 12 ES-E!=-E5
. Eé_) energy exchanged between A and its

environment during the time interval from ¢,
to £, (if positive, the net transfer is out of A)

ss, consider an infinitesimal time interval (t,=t and {,=t+df)
dE*
dr

. E Ae net power, net rate of energy transfer
(into A if positive, out of A if negative)

EA(—

A
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Review of basic concepts: IMportance of the second part of the statement of the
Second Law of Thermodynamics

Second Law:

Assertion 1: in the subset of states of a system compatible with given values
of the amounts of constituents n and of the parameters B, there is always
one and only one SES for each value of the energy FE.

Assertion 2: Starting from any state of the system, it is always possible,
through a reversible weight process, to reach a SES with arbitrarily fixed,
compatible values of the amounts of constituents and the parameters.

Reversible weight process for AR ending with A and R in MSE

System Reservoir
A R

Initial Final Initial Final
state SES SES  SES
Al —> AR R1 —> RQ

O

—) .

A=G )
Wiax G

The only effect external to AR
is the lifting of a weight
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Review of basic concepts: COnseqllenceS of the (FirSt&)SeCOHd Law:
Measurement procedure defining
the “constant temperature of a thermal reservoir”

System Reservoir O
A R o n
auxiliary to the object of .
this measure this measure i Std. rev. w.p. for AR
Measure the change in ER
State  State S.e.s S.e.s
R R
—> —> _
A 1 AZ Rsl Rs2rev (ESZ rev Es 1 )Alel = AR e
WIevV
Repeat for the same A, and A,, but with a ( ER" B ERO )
reference reservoir RY (water at the triple point) s2rev sl JA4RY = AR,
W Irev
@)
System Reference "
4 reservoir g ~
the same 0
as above R m Std. rev. W.pP. for AR°

Measure the change in ER
State State S.es S.e.s.

A, —> 4, R, >R

sl s2rev
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Review of basic concepts: C()nseqllences of the (FirSt&)SeCOHd Law:
definition of property Entropy

System Reservoir O
A R o =
the object of auxiliary to -
this measure this measure m Std. rev. w.p. for AR
Measure the change in ER
State  State S.e.s S.e.s
—» —» state A, is an arbitrarily chosen state to which

s0rev| we assign the arbitrary reference value S,

(ER — ER ) * is independent of reservoir R and of its
. sOrev slZARg = AoRorer jnitial state R,
The ratio. T * It depends therefore only on system A
R and the pair of states A, and A,

R R
(Es()rev - Esl)Alel = AyR

WIev

R

sOrev

Hence it defines a property: S, =S, +
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Review of basic concepts: COnseqllenceS of the (FirSt&)SeCOHd Law:
engineering meaning of Entropy

From the relation

Qfe :(E1 _ER)_TR(SI _SR)

Energy of system A which is
unavailable w.r.to reservoir R
(it cannot be given to a weight
without other effects)

We obtain the following interpretation
of the physical meaning of entropy:

A constant, independent
of the state A,

So, the entropy is a linear function of that part of the energy of the system which
IS unavailable with respect to reservoir, the constant of proportionality being the
inverse of the temperature of the reservoir.
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Review of basic concepts: COnseqllenceS of the (FirSt&)SeCOHd Law:
Theorems on criteria for the reversibility of a weight process

A z
o ¥ |
A, — A4, Z,

Theorem. The following equivalent conditions are necessary and sufficient for a
weight process for system A to be reversible or irreversible:

reversibile iff: irreversible iff: impossible iff:
Ez—\P2 =El—\Pl Ez—\Pz >E1—\Pl E2_\P2 <El_\P1
E,-Of =g —of || E,-QF s g -of || E,-QF <E -Qf
S2 = S& .LS‘[2 > iSl Srz < Srl
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Review of basic concepts: C()nseqllences of the (FirSt&)SeCOHd Law:

Entropy balance equation

Entropy balance equation for a process for system A:

A

A, — A,

A A _ QA< A

Sz _Sl - Slz +(Sirr )12
A« :

. Slz entropy exchanged between A and its

environment during the time interval from ¢, to t, (if

positive, the net transfer is into A)

4 : .
- (Sjrr )12 > () entropy generated by irreversibility
within the system during the process (=0 if reversibile)

For a continuous process, consider an infinitesimal time interval (t,=t and t,=t+adft)

‘/S/R—

ds”
dt
net rate of entropy transfer (into A if positive,
out of A if negative)

= 4 +(S,, )A
SA(—

: A
. (Sﬁ.r) >(0rate of entropy generation by
irreversibility within the system (=0 if the process is
reversible)
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Review of basic concepts: C()nseqllences of the (FirSt&)SeCOHd Law:
Maximum Entropy Principle

and Minimum Energy Principle (except for special systems)
Maximum entropy principle: among all the states with the same given values of
the amounts of constituents, the parameters, and the energy, only the stable
equilbrium state has the maximum value of the entropy.

(it is a direct consequence of the definition of s.e.s. and the statement of the Second
Law; it holds in general for all systems)

y Given the s.e.s. A, (E ) with energy £, and any other
. state A, with the same E |, we have:
n and B fixed I I’
Sl < Ses (El)
Al Aes(El)

Minimum energy principle: among all the states with the same given values of
the amounts of constituents, the parameters, and the entropy, only the stable
equilbrium state has the minimum value of the energy.

(it holds in general for all systems with translational, rotational, and vibrational degrees
of freedom, which from any state can receive energy in a w.p.)
(there are 'special’ systems -- those that have an upper bound to the energy -- that

admit two s.e.s. for every value of the entropy, one with minimum energy and positive
temperature and the other with maximum energy and negative temperature)
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Review of basic concepts: C()nseqllences of the (FirSt&)SeCOHd Law:
(Stable equilibrium) State Principle and Fundamental Relation

State principle: among all the states with the same given values of the amounts
of constituents, the parameters, and the energy, one and only one is a stable
equilbrium state (Second Law) and therefore the value of any property is
uniquely determined by the values of the amounts of constituents, the
parameters, and the energy (r+s+1).

P — P(Ea nl:"'7nr7/817'-'9 /85)

Fondamental relation for the s.e.s. (in entropy form): it is the state principle
applied to property entropy

S — S(Ea nla---anraﬁlrﬂa )83)

Fondamental relation for the s.e.s. in energy form: obtained by solving the
above relation to obtain

E=E(S,n,,..n.B....5)

Taylor series expansion around a s.e.s. :

2
S(E+AE,n,ﬁ)=S(E,n,,3)+a—S pgae D (AE)? +-..

2
OF | - 2 OF -
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Review of basic concepts:

Maximum entropy principle,
State principle,
Fundamental relation for the SESs,
Temperature, pressure, and chemical potentials,
Gibbs relation
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Review of basic concepts: COnseqllenceS of the (FirSt&)SeCOHd Law:
Partial derivatives of the fundamental relation
Gibbs relation

Fundamental relation for a system with volume as the only parameter
S = S(E, V,nl,...,n,,)

Gibbs relation in entropy form

S =~ dE+ Lay - g~ P gy
T T

Fundamental relation in energy form

E = E(S,V,nl,...,n,,)

Gibbs relation

dE =T1dS — pdV + ydny +---+ 1,.dn,
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Review of basic concepts: COnseqllenceS of the (FirSt&)SeCOHd Law:
Partial derivatives of the fundamental relation

Each partial derivative of the fundamental relation, either in entropy or energy
form, represents a property of the family of s.e.s. of the system.

Note = we often consider systems that have volume as the only parameter,
therefore, S=S(E, n, V) and E=E(S, n, V).

The (absolute) temperature is defined by

| oF oS 1 : :
I'=| — or | — = — Notation for  partial
OS Jur ok ),, T derivatives
The chemical potential of the i-th constituent is Given the relation z=z(x,y)
defined by the Symb0|
= oL or oS N (GZ] oz(x, y)
T\ 5, Y A ) T
on; ) v on; ) v T ox ), Ox
The pressure is defined by Contains ~ also  the
information about what are
p=- OF or oS _P the other variables of the
oV ‘n ov i T function being differentiated
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Review of basic concepts: Consequences of the Maximum Entropy Principle:
Necessary conditions for mutual equilibrium

Two systems are in mutual equilibrium if the respective states are such that the
composite system is in a stable equilbrium state.

« Equality of the temperatures of the two
y B systems is a n.c. for m.e. if the two
f systems can exchange energy.

/
Diathe/‘,rmal wall

« Equality of the pressures of the two
systems is a n.c. for m.e. if the two A H B
systems can exchange volume. 7
Mova'éle pistone
« Equality of the chemical potentials of
4 4 B the i-th constituent in the two systems is
7 a n.c. for m.e. if the two systems can
Wall p/ermeable exchange the i-th constituent.

to the i1-th costituent
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Graphical representation of basic concepts on

Energy vs Entropy diagrams

y-s-v surface
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Graphical representation of basic concepts on Energy VS Entl‘Opy diagramS:
Projection of the state space on the E-S plane

- States are points in a multidimensional space with one axis for every amount,
parameter, and independent property (almost always infinite dimensional)

« Consider the subspace corresponding to fixed values of the amounts of
constituents and the parameters

* Project all points in this subspace on the two-dimensional energy vs entropy
plane

1

We obtain a 2D representation of all the states of a system with given values of
amounts and parameters
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Graphical representation of basic concepts on Energy VS Entl‘Opy diagramS:
Representation of notSE states and SE states

E 4 : . .
\'i‘eg\i‘p Ii“of‘t\hé”‘statgs\‘"‘\\_\ /T £, |mand V fixed
‘of Thermodynamics-. . / 1
o] S S £
line of the states |~ . I~ ~f
of Mechanics— |~ [ -
R curve of the s.e.s.
(S=0) ve of the s.
| /,:::; ‘S = *S (Ea na p )
E(S;,mV) e or
BV g Sl
A P |
1 >
S=0 S, S(E.nV) f

« A point in the region above the s.e.s. curve represents the projection of an
infinite number of states that are not s.e.

A point on the s.e.s. curve represents one and only one state, the unique
s.e.s. with that value of the energy

» The slope of the tangent line to the s.e.s. curve is equal to the temperature of
the s.e.s. represented by the point of contact

« Second Law and State Principle: for every value of E (horizontalline) there is a
s.e.s. and it is the one with the maximum entropy

 The states considered by Mechanics are a subset of those considered by
Thermodynamics, namely, those with zero entropy
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Graphical representation of basic concepts on Energy VS EntrOpy diagramS:
Special systems with upper bounded energy

E fixed values
of n and B
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Review of basic concepts: Consequences of First&Second Law:
definition of property Adiabatic Availability

System
A

State State
A, T Aqg

@)
m
g ~
mi| z=()
Only effect

external to A

Zmax (A 'l)

Y, =mgz

max

The adiabatic availability V~, of system A in state A, measures the maximum

amount of energy that can be transferred from the system to a weight in a weight
process for A starting from state A,.

Theorems: Adiabatic availability is a property, but it is NOT additive.

From the energy balance we obtain

Y, =E —Eg

It is zero if and only if the state is stable equilibrium.

It obtains when the weight process is reversible and A ends in stable equilibrium.
A unique stable equilibrium state Ag, can be reached in this way from state A,.
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
Adiabatic availability of notSE states

E 4 1 and V fixed
L, Al
T /
| /
| /
ST | 0
lPl i El [QI : /_// lPl - El - ESI
E S' : /*// TS]
ad]
ST ASI
¢ —
>
S = 0 S 1 Sr

Adiabatic availability (\V): it is the part of the energy of A in a given state A,
which can be transferred to a weight with no other external effects. It is
obtained by means of rev.w.p. which ends in a stable equilibrium state, A,

» ltis zero iff the state is a stable equilibrium state
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Review of basic concepts: Mutual equilibrium and definition of
Thermal Reservoir

Mutual stable equilibrium: Two systems A and B are in mutual stable
equilibrium if their respective states are such that the composite system C=AB
IS in a stable equilbrium state.

Thermal Reservoir (with constant amounts and parameters): a system R that in
any of its stable equilibrium states is in mutual equilibrium with a given system
C in a given state Cp

Thermal
reservoir R

Example of a reservoir: in state 12 _f/ = Az,
«  H,0 at the triple point with energy Ef* | 4 //ﬁ%& %@-@f{fa/
2
2

- System C'
Iy =273.16K pp =011.60Fa in state C'
as long as all the three phases Thermal m‘ﬁ‘“\ "
are present in a finite amount reservoir R N\\i\.{o{xﬁ‘“
in state R, . — o™
with energy Eif
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
notSE and SE states of a thermal reservoir

A
E N and V fixed | T
Lo X R
,/:/
R
E: ”
52 // |R“‘2
/'/, :
7 | R R R R
. /o Ey—Ey =1, (Ssz - Ssl)
B e A |
51 /| Rsl :
S
i ] >
R R
S sl S 52 S

For a reservoir R:
« The s.e.s. curve is a line (all states have the same temperature, T)
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Review of basic concepts: C()nseqllences of the (FirSt&)SeCOHd Law:
definition of Available Energy w.r.to a thermal reservoir

Max weight lift in a std. w.p. for AR:

O
System Reservoir m (A,R)
A R g o / max |
ml|”
z=()

State State Ses Ses Given state A, and the reservoir R, the
. o S | maximum weight lift obtains when A ends in
Al AR Rsl RereV state Az (mutual equilibrium with R) and the

standard weight process for AR is reversible.

We denote the energy transferred to the weight by from the energy balance
R

B (E E )+(Esl erev)

and we call it the available energy of A in state A, with respect to reservoir R.
From the definition of entropy, chosing state A as the reference state A,,

E. -E"

Sl — SR + ere} - Qfe :(El _ER)_TR(Sl _SR)
R

Q' =mgz

max
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
Available energy with respect to a thermal reservoir

R Do
Qp =E1—Ep—Tr(51-5Rr) ,

E N and Vﬁxed/
kL
A 7'y A
S E ¥ =E —E,
R
ok !
To(Sz—9)) ES.1 v
\ 4 v
e
S =
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Graphical representation of basic concepts on Energy VS Entropy diagramS:
a system in a SES cannot

release energy unless... receive entropy unless...
A A
nand Vfixed R and V fixed
."f; J."J;f
E_ S NSNS DS & sl E ————————————————
sl & /Asl s2 /'/AS2
4 .
__________ A N,
Ef’z - _T s2 E*-l _ — lAQl
——— l | |
> _ - >
) Se Sa =4 S S
To extract energy from a system in a To give entropy to a system in a
s.e.s., we must also extract entropy s.e.s., we must also give energy
Ssl_S.sz >(E51_E52)/7;1 Esz_qu >21(S.-,-2_Ssl)
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Next:

Necessary conditions for mutual equilibrium
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