2.43 ADVANCED THERMODYNAMICS
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LECTURE 02
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Part I: concise review of basic concepts and definitions
Contents:

General course objective:

understand and learn to expose a consistent set of
rigorous foundations of thermodynamics

with emphasis on the assumptions used to model
nonequilibrium and irreversible processes
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Nonstandard statements of the First and the Second Law
Rigorous definition of entropy valid for nonequilibrium
Energy versus Entropy diagrams to illustrate basic results
Rigorous definition of Heat Interaction

Simple system model

Bulk flow and local quasi-equilibrium models

Exergy and second-law efficiency

Allocation of consumptions and productions in hybrid power facilities
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Review of basic concepts and definitions:

system
property
state
process
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Review of basic concepts: The loaded meaning of the word
SYSTEM

System: set of constituents, not subjected to forces that depend on coordinates
of other external constituents, defined by:

« Type(s) and amounts of constituents

« External forces (between constituents of the system and external
constituents), characterized by external parameters (e.g. volume)

« Internal forces (between constituents of the system)

« Internal partitions and constraints characterized by additional internal
parameters and relations between paramaters

« The force between electron and nucleus depends on
; /@ their relative distance
®/ ": — The electron by itself cannot qualify as a system

Environment of a system: the rest of the Universe (or the part of it which is
relevant for the purposes of the model)

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics Slide 02.04



Review of basic concepts: The loaded meaning of the word
PROPERTY

Property: defined by a measurement procedure which, when applied to the
system at time ¢, yields a numerical result P(t), which must not depend on
other instants of time, and be independent of

« Different measuring apparati which apply the same procedure

» Different environmental conditions

Example: path of a material point

Ax-lz IS not a property (it depends on both ¢, and £,)

. Axp is not a property (it depends on both t, and t,)
=4
* w, = lim L5y is a property (it depends on t, only)

t2_>t1 12 —fl
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Review of basic concepts: What exactly do we mean by the word
STATE (of a system)

State: the state of the system at time ¢ is the set of (a) the values of the amounts
of all constituents, (b) the values of the external and internal, and (c) the
values of all the conceivable properties

A(t)= 1, (0)re, (0). B (0).o.. B(2) R(0) B 0)....

r = number of different constituents
S = number of parameters

<= System A in state A,

Time evolution of the state of the system:

The state of the system can evolve

« Spontaneously (due to its internal dynamics, internal redistributions)
« As aresult of interactions with other systems in its environment

Isolated system: a system which cannot be affected by its environment, and
conversely which cannot cause any change of state of the environment.
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Review of basic concepts: What do we mean by
general LAWS of time evolution

State: the state of the system at time ¢ is the set of (a) the values of the amounts
of all constituents, (b) the values of the external and internal, and (c) the

values of all the conceivable properties

A(t)= (0, (1) B (0).. B) R (). B 0)....

General equation of motion:

A(2)

A(f)

time evolution

dA(r)
dr

Two theorems of the equation of Historically discovered before the general
motion hold for all (well-defined)  equation of motion, they are postulated as:

systems: 1. First law of T
1. First theorem 2. Second law of T.

2. Second theorem _
To be acceptable, a general equation of
motion must imply them as theorems.

= f14(). forces(z)] —
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Review of basic concepts: 11me evolution, interactions, and the concept of
PROCESS

Process: it is specified by

« The initial state of the system

« The final state of the system

« The effects produced by the interactions with other systems (in practice, the
change of state of the environment)

Y « System A undergoing a process from state A,
to state A,

A, — A4,

To define a process we must . :
describe also the effects on the =— A g B
environment B of system A ‘ :
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Review of basic concepts: definition of

Processes can be classified. ..

WEIGHT PROCESS

... on the basis of the effects they produce in the environment:

« Spontaneous Process (no effects on the environment)

« Weight Process (external effects are only “mechanical”, such as the change

In elevation of a weight)

A
A, — A4,

o ¥

)

O

2

g

The only effect external to A

Note1 = A system is isolated if it can only undergo spontaneous processes.
Note2 = A spontaneous process is a weight process with no change in elevation

of the weight
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Review of basic concepts:
First Law,

definition of Energy,
Energy balance
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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:

Stable equilibrium states,
Reversible process,

Second Law,

Impossibility of PMM2,
Adiabatic Availability
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Review of basic concepts: States can be
Steady/Unsteady or Equilibrium/Nonequilibrium

States can be classified on the basis of:
* whether they change or not as a function of time

« whether such time behavior is due or not to interactions with other systems

...even if external
interactions are
turned off

...because of
external interactions

The state changes
with time...

Nonequilibrium

Unsteady state state

The state does not

change with time. .. Steady state Equilibrium state
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Review of basic concepts: Equilibl‘ium states can be
Unstable/Metastable/Stable

An equilibrium state is:

« Unstable, if it can be changed to a different state by means of a process
which produces an infinitesimal temporary external effect, but no net
permanent external effect

« Metastable, if it can be changed to a different state by means of a process
which produces a finite temporary external effect, but no net permanent
external effect

« Stable, if it cannot be changed to a different state by means of any process
which produces no net permanent external effect

Unstable equilibrium
«

* Nonequilibrium

Metastable equilibrium

/

Stable equilibrium
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Review of basic concepts: Hatsopoulos-Keenan statement of the

Second Law of Thermodynamics

Addresses the question:
Among all the states of a system that have the same values of the amounts of

constituents 77 and the parametersﬁ of the external forces, how many are the
stable equilibrium states?

Answer in the domain of Mechanics:
One and only one: the state with minimum energy, Eg (n, 3)

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 B3, 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.
’ 4 U 3
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Review of basic concepts: Hatsopoulos-Keenan statement of the

Second Law of Thermodynamics

Addresses the question:
Among all the states of a system that have the same values of the amounts of

constituents 77 and the parametersﬁ of the external forces, how many are the
stable equilibrium states?

Answer in the domain of Mechanics:
One and only one: the state with minimum energy, Eg (n, 3)

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.

Answer in the domain of Thermodynamics:
One for every value of the energy £©

This apparent contradiction is rationalized only when we realize that the domain
of states contemplated by Thermodynamics is broader than that of Mechanics,

and contains it.
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Review of basic concepts: First Law and Second Law together entail
many consequences

Kelvin-Planck statement. impossibility of perpetual motion of the second
Kind.

Supports the definition of property adiabatic availability.

Supports the definition of property temperature of a thermal reservoir.
Supports the definition of property entropy.

Principle of nondecrease of entropy. Entropy balance.

Criteria to determine if a process is reversible or not.

State principle and fundamental relation for the stable equilibrium states.
Conditions for mutual equilibrium between systems.

Clausius statement: Conditions for the spontaneous exchange of energy
between systems initially in stable equilibrium states but not in mutual
equilibrium.

Et cetera, see Gyftopoulos and Beretta, Thermodynamics.
Foundations and Applications, Dover 2005

(or first edition, Macmillan 1991)
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Review of basic concepts: Consequences of First&Second Law:
Theorem: Kelvin-Planck statement of the Second Law

PMM2: perpetual motion machine of the second kind

System
YA o Vo
=3
State State
Ag 4,
stable
equilibrium

@)

Z

g

Only effect external to A

Theorem. It is impossible to extract mechanical energy without other effects from

a system initially in a stable equilibrium state.

(Valid for all systems with translational, rotational and vibrational degrees of
freedom, that from any state can receive energy by means of a weight process)
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Review of basic concepts: Consequences of First&Second Law:
Proof of the Kelvin-Planck statement of the Second Law

Ab absurdo, assume that a perpetual motion machine of the second kind be possible
(further assume, for simplicity of proof here, that system A is composed of two separate parts)

System A

A’

A’)

S

State

State

AS g Al

stable
equilibrium

Zs

Only effect

external to A

What does this violate?

Z

N

Zy=Ig

State
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Review of basic concepts: What exactly do we mean by
REVERSIBLE PROCESS

Processes can be classified. ..

... on the basis of the possibility of “undoing” their effects:

* Reversible if all effects (including those external to the system) can be undone

 [Irreversible if it is not reversible

Reversible process
I : for system A I :

A | i | B 4 | | | B
. A, —> A, | B,—> B, ltispossible to A,—>A, | B,— B,
e : restore the intial .. :
states of A and its

environment B
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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 A ending in a SES

Sys;:lem ::> 8
WA—>G’ @, T i
Initial Final = ™max G

state  SES The only effect external to A
Ay —» A5‘1 is the lifting of a weight
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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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Review of basic concepts: COnseqllenceS of the (FirSt&)SeCOHd Law:
Theorem: criterion for the reversibility of a weight process

A
A, — A4,

z
o ¥ e

)

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

reversibile Iff:

Ez—\Pz :El_qjl

irreversible iff: impossible iff:

Ez—\Pz >E1_\Pl Ez_\Pz <E1—\P1

see detailed proof at pag. 76 of the book
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Review of basic concepts:

Mutual stable equilibrium,
Thermal reservoir,
definition of Temperature of a thermal reservoir,
definition of Entropy,
Available energy with respect to a thermal reservoir,
Entropy (in)balance,
Criteria for reversibility of a weight process
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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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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: C()nseqllences of the (FirSt&)SeCOHd Law:
Feasibility for arbitrary A, A,, Ay, R, R,; of the following

Standard reversible weight process for AR

System
A

State  State
A, = A4,

Reservoir
R

S.e.s S.e.s
R, ™R

s2rev

30

go/v

m

This is the only effect external to AR.

Our statement of the Second Law warrants the
feasibility of such process for arbitrary states
A, and A, and any initial s.e.s. R, (these
determine uniquely the final state R

sZrev) :

We are interested in measuring the change in energy of the reservoir in
this process, that we denote by

R R
(Es21'ev - Esl )Alel = A,R

s2rev
wrev

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics Slide 02.28



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: COnseqllenceS of the (FirSt&)SeCOHd Law:
Measurement procedure defining
the “constant temperature of a thermal reservoir”

R
(ESZreV - sl)Alel = A,R

(B —ES )

s2rev

s2rev

It can be proved that the ratio:

AR = AR

*is positive WA

*is independent of the initial states R, , R%, of the reservoirs

*is independent of the choice of the auxiliary system A and of its states A, and A,

*it depends therefore only on the pair of reservoirs Rand R

for a reference RY fixed once and for all, it is a constant property of reservoir R
(it has the same value in all the stable equilibrium states of R)

*being a dimensionless number that emerges from the comparison with a reference
reservoir, this property defines a new dimension and requires the choice of a new
unit of measure

-this defines the property temperature of reservoir R:

( ER E ) For RO chosen to be water at the triple
sarev ESUIARG = ARowe point, we obtain the S.1. unit, the kelvin,
Iy =1, defined b
R’ y
(Eszm—ESl ) 1 o=273.16 K

ALR;)l — A" Rf” rev R

WwWJIev
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Review of basic concepts: COnsequenceS of the (FirSt&)SeCOHd Law:
Measurement procedure defining
the “constant temperature of a thermal reservoir”

R R
(ESZreV - ESI)Ale] = A,R
Notice that from ', =T wrev

R’ R° R®
(E R ES 1 )A

s2rev

s2rev

(& o

s2rev
wrev

ER ER

( )

1 2 1/ 4R, = A.R. )
it follows that ey STOAN T Aaftare

the ratio
T, T,

s2rev
W rev

(EX. —EX)

*is independent of reservoir R and of its initial state R,
*It depends therefore only on system A and the pair of states A, and A,

This observation prompts the following definition for the entropy difference
between the states A, and A, of system A.
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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: 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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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.

© 2024 Gian Paolo Beretta @MIT 2.43 Advanced Thermodynamics Slide 02.34



Review of basic concepts: COnseqllenceS of the (FirSt&)SeCOHd Law:
additivity of Entropy and
impossibility of Entropy decrease in a weight process

Additivity of entropy: given two systems A and B and the composite system
C=AB, for every state

C Sh=S1+58/

4, b (provided we choose S(% = S{f1 + S()B )

Principle of entropy non-decrease in weight processes: it fixed the direction
in which a weight process between two states is possible

S2 > Sl = if the w.p. is reversible

or, equivalently, > if the w.p. is irreversible

S2_S1 :(S

or

) (S, )12 =0 ifthe w.p. is reversible
(S, )12 > (0 if the w.p. is irreversible
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Review of basic concepts: COnseqllenceS of the (FirSt&)SeCOHd Law:
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: COnseqllenceS of the (FirSt&)SeCOHd Law:
exchangeability of Entropy via interactions

Exchangeability of entropy: consider a reversible process for an isolated
composite system C=AB in which A changes from A, to A, and B from B, to B,

C S2(; — Sl(;
A B additivity ﬂ
A B _ oA B
A—> A4, B,—> B, 5 +57 =31 +5

Ci—> Gy S-St =—(57 -S7)

If the entropy of B has decreased, the entropy of A has increased by an equal
amount, therefore, we can say that entropy has been transferred from B to A

SAP = (87 —SP) | if positive, denotes the entropy that A received from B,
otherwise, — /2" =877 if positive, denotes the entropy that A gives to B
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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:

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:
Maximum Entropy Principle

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 E| and any other
state 4, with the same £, we have:

n and (3 fixed Sl < SeS(El)
Al Aes(El)
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Review of basic concepts: C()nseqllences of the (FirSt&)SeCOHd Law:
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: 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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