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Review of basic concepts:

availabile energy with respect to 
various types of thermal reservoirs

availability functions

stability conditions

LeChatelier-Braun principle
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Stability conditions and

LeChatelier-Braun principle (more general statement)
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Stability conditions and

LeChatelier-Braun principle (more general statement)
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Stability conditions and

LeChatelier-Braun principle (example: air springs)
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Review of basic concepts:

the «Simple System» model
(macroscopic limit)

(many particle limit)

NOTICE: 
all the results reviewed so far 

hold for
LARGE as well as SMALL systems
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4 particles confined in a one-dimensional hard-wall trap. Density profiles of the ground 
state for different repulsive interaction constants. 

From: Hao, Yajiang, et al., Phys. Rev. A, 73, 063617 (2006)
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Review of basic concepts: micro & meso vs macro

rarefaction effects near walls at SE

Slide 08.08



Highly non-uniform spatial density profile in a fluid near a solid confining wall at 
the molecular scale (MD simulations). 

From: Wang and Hadjiconstantinou, Phys. Rev. Fluids, 2, 094201 (2017)
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Review of basic concepts: micro & meso vs macro

rarefaction effects near walls at SE
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Density distributions of a dipolar condensed gas (105 atoms of dysprosium 164) confined in a 
box potential reveal a strong depletion in the bulk region and an accumulation of atoms near 
the walls, well separated from the bulk, as a consequence of the competition between the 
attractive and the repulsive nature of the dipolar force. 

From: Roccuzzo, Stringari, and Recati, Phys. Rev. Research, 4, 013086 (2022)
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Review of basic concepts: micro & meso vs macro

rarefaction effects near walls at SE
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Review of basic concepts: micro & meso vs macro

rarefaction effects near walls at SE
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Review of basic concepts: simple-system model

assumes negligible effect of inserting and removing partitions
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Review of basic concepts: simple-system model

limiting assumption about the fundamental SES relation
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Review of basic concepts: simple-system model

proof of the Euler relation
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Review of basic concepts: simple-system model

main consequence of the Euler relation
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Review of basic concepts:

Local equilibrium approximation
Continuum approximation

Bulk flow states
Bulk flow interactions
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Bulk flow state or local equilibrium model: an only-apparently non-equilibrium 
state for which there is a reference frame in which it is a stable equilibrium state

Consider a fluid element in a s.e.s. with respect to a given reference frame and 
assume the simple system model

m
( )

smS
vsumU

=

= y,,

View it from a reference frame moving with velocity -w

m
A kinetic energy is added w.r.to this frame

( )

smS

wmvsumE

=

+= 2

2

1
,, y

w
where w is the modulus of w

Review of basic concepts: the simple-system model is the basis also for the

bulk-flow local-equilibrium state model
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View it from a reference frame which is also accelerated with acceleration -g

m
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,,
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g
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Note1: the two added contributions are purely mechanical and therefore
introduce no entropy
Note2: with respect to the moving and accelerated reference frame, the state is
not stable equilibrium, and therefore no temperature, no pressure, and no
chemical potentials are defined. However, we may still attribute to this state the
temperature, pressure, and chemical potentials that it has with respect to the
reference frame in which it is a stable equilbrium state.

Also a potential energy is added w.r.to this frame

Review of basic concepts: the simple-system model is the basis also for the

bulk-flow local-equilibrium state model
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Review of basic concepts: the simple-system model is the basis also for the model of

bulk flow interactions
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Inlet bulk flow interaction model:
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𝐸𝑡+𝑑𝑡
𝐴𝐵′ − 𝐸𝑡

𝐴𝐵′ = 𝛿𝑊𝐴𝐵′← ⇒  𝐸𝑡+𝑑𝑡
𝐴 − 𝐸𝑡

𝐴 + 𝐸𝑡+𝑑𝑡
𝐵′ − 𝐸𝑡

𝐵′ = 𝛿𝑊 𝐴𝐵′←

𝐸𝑡+𝑑𝑡
𝐵′ = 0 𝐸𝑡

𝐵′ = 𝑢 + Τ𝑤2 2 + 𝑔𝑧 𝛿𝑚𝐴← 𝛿𝑊𝐴𝐵′← = 𝑝𝑎𝑤⊥𝑑𝑡 = 𝑝𝑣𝛿𝑚𝐴←

⇒  𝐸𝑡+𝑑𝑡
𝐴 − 𝐸𝑡

𝐴 = 𝑢 + Τ𝑤2 2 + 𝑔𝑧 𝛿𝑚𝐴← + 𝑝𝑣𝛿𝑚𝐴← = ℎ + Τ𝑤2 2 + 𝑔𝑧 𝛿𝑚𝐴←

System B’ System B’

Review of basic concepts: Bulk flow interactions

pulsion work (and how enthalpy gets in)
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Review of basic concepts: the simple-system model is the basis also for the model of

bulk flow interactions
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Outlet bulk flow interaction model:
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𝛿𝑚𝐵→𝐴 = 𝜌 𝑤⊥in 𝑎 𝑑𝑡

𝛿𝐸𝐵→𝐴 = 𝛿𝑚𝐵→𝐴 ℎ + Τ𝑤2 2 + 𝑔𝑧

𝛿𝑆𝐵→𝐴 = 𝛿𝑚𝐵→𝐴 𝑠

where is the component of w orthogonal to the inlet interface a in the inward
direction.

in⊥w

For an inlet bulk flow interaction

𝛿𝑚𝐴→𝐵 = 𝜌 𝑤⊥out 𝑎 𝑑𝑡

𝛿𝐸𝐴→𝐵 = 𝛿𝑚𝐴→𝐵 ℎ + Τ𝑤2 2 + 𝑔𝑧

𝛿𝑆𝐴→𝐵 = 𝛿𝑚𝐴→𝐵 𝑠

out⊥w

For an outlet bulk flow interaction

where is the component of w orthogonal to the outlet interface of area a in
the outward direction.

Review of basic concepts: the simple-system model is the basis also for the model of

bulk flow interactions
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ሶ𝑚𝐵→𝐴 =
𝛿𝑚𝐵→𝐴

𝑑𝑡
= 𝜌 𝑤⊥in 𝑎

ሶ𝐸𝐵→𝐴 =
𝛿𝐸𝐵→𝐴

𝑑𝑡
= ሶ𝑚𝐵→𝐴 ℎ + Τ𝑤2 2 + 𝑔𝑧

ሶ𝑆𝐵→𝐴 =
𝛿𝑆𝐵→𝐴

𝑑𝑡
= ሶ𝑚𝐵→𝐴 𝑠

and the rates of energy and entropy transfer

For continuous flow, we define the (bulk) mass flow rate

Review of basic concepts: the simple-system model is the basis also for the model of

bulk flow interactions
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Review of basic concepts: mass, energy and entropy balances for a system open to

bulk flow, heat, and work interactions
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Note: is positive if the flow is inward, negative is outward:ሶ𝑚𝑖
𝐴← ሶ𝑚𝑖

𝐴← = − ሶ𝑚𝑖
𝐴→

These balance equations are the basis for the analysis of energy systems,

as well as for exergy analysis.

Review of basic concepts: mass, energy and entropy balances

for a system open to bulk flow, heat, and work interactions
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Exergies
and 

first and second law 
efficiencies

in 
energy conversion 

technologies
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Note: is positive if the flow is inward, negative is outward:ሶ𝑚𝑖
𝐴← ሶ𝑚𝑖

𝐴← = − ሶ𝑚𝑖
𝐴→

These balance equations are the basis for the analysis of energy systems,

as well as for exergy analysis. For example, to get the exergy balance equation
with respect to a thermal reservoir (environment) at temperature 𝑇0 multiply the
entropy balance equation by 𝑇0, and subtract the result from the energy balance

Review of basic concepts: exergy balance

for a system open to bulk flow, heat, and work interactions
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ቚ𝜂II
heat engine

= ቤ
𝑊→

𝑊rev
→

𝑄𝐴
←

=
𝑊→

𝑄𝐴
← 1 −

𝑇𝐵
𝑇𝐴

ቚ𝜂II
refrigerator

= อ
𝑄𝐵

←

𝑄𝐵,rev
←

𝑊←

=
𝑄𝐵

← 𝑇𝐴
𝑇𝐵

− 1

𝑊←

ቚ𝜂II
heat pump

= อ
𝑄𝐴

→

𝑄𝐴,rev
→

𝑊←

=
𝑄𝐴

→ 1 −
𝑇𝐵
𝑇𝐴

𝑊←

First-law vs second-law efficiencies

𝜂heat engine =
𝑊→

𝑄𝐴
←

ቚ𝐶𝑂𝑃
refrigerator

=
𝑄𝐵

←

𝑊←

ቚ𝐶𝑂𝑃
heat pump

=
𝑄𝐴

→

𝑊←
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One way to assess the operation of a machine (or a component) is to compare 
the energy that it produces as a useful effect with the energy which it takes from 
the source. The ratio between the produced useful effect and the associated 
energy used from the source is called first law efficiency. In the particular case 
of refrigeration equipment and heat pumps this ratio is called COP (coefficient of

performance).

𝜂I o 𝐶𝑂𝑃 =
energy associated with produced useful effect

energy associated with the source used

• The first law efficiency can take values ​​between 0 and 1
• The COP instead takes the values which are greater than 1

N.B. = The first law efficiency compares the energies, without taking into account 
the different types of energy and regardless of their "useless“ energy content  
Therefore it does not allow to understand how much “useful“ energy becomes 
"useless" (and is therefore lost) during the conversion made by the machine

First law efficiency or COP (definition)
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𝜂II =
exergy associated with the produced useful effect

exergy associated with the source used 

• The second law efficiency can take values ​​between 0 and 1 and the maximum 
value (machine which operates reversibly) is always 1

N.B. = the second law efficiency allows us to understand how much “useful" 
energy becomes "useless" (and is therefore lost) during the conversion made 
by the machine itself.

Another way to evaluate the operation of a machine (or a component) is to 
compare the exergy associated with the produced useful effect with the 
associated exergy of the energy drawn from the source. In this way it carries out a 
comparison of equivalent terms, the "mechanical equivalents" of various energies. 
The ratio between the exergy associated with the produced useful effect and the 
one associated with the  utilized source is called second law efficiency.

Second law efficiency (definition)
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Exergy: is the optimal equivalent work, i.e., the part of the energy of a system or 
the fraction of a given energy transfer that can be converted into ("useful") work.

We have already seen several exergies:

Exergy associated with the energy of an adiabatic system (can undergo only 
weight processes):  it is the adiabatic availability 

Exergies associated with the energy of a system in combination with a 

thermal reservoir (we defined it with respect to various types of reservoirs)

Exergy associated with the work interaction W: is the work itself

Exergy (generic definition of the concept)
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Exergy associated with the heat Q at temperature TQ: the heat convertible 
into work is equal to the amount of heat multiplied by the Carnot  coefficient

From the energy and entropy balances for M 
one can determine the optimal equivalent work 
Wrev of heat Q, which is therefore the exergy 
associated with the heat Q

M

TQ

Ta

Q, Q/TQ

Qa, Qa/Ta

environment

𝑊rev
→ = 𝐸𝑥𝑄 = 𝑄← 1 −

𝑇𝑎

𝑇𝑄

Maximum work by heating (heat engine)𝑊rev
→

𝑇𝑄 > 𝑇𝑎

Exergy associated with heat exchange
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Exergy associated with the heat Q at temperature 

TQ: the heat convertible into work is equal to the 
amount of heat itself multiplied by the Carnot 
coefficient

𝑊rev
← = 𝐸𝑥𝑄 = 𝑄→ 1 −

𝑇𝑎

𝑇𝑄

Minimum work for a heating (heat pump)

Minimum work for a cooling (chiller)

𝑊rev
← = 𝐸𝑥𝑄 = 𝑄←

𝑇𝑎

𝑇𝑄
− 1

M

TQ

Ta

Q, Q/TQ

Qa, Qa/Ta
environment

𝑊rev
←

𝑇𝑄 < 𝑇𝑎

M

TQ

Ta

Q, Q/TQ

Qa, Qa/Ta
environment

𝑊rev
←

𝑇𝑄 > 𝑇𝑎

Exergy associated with heat exchange
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𝜂II =
𝑊 + 𝑄𝐵 1 −

𝑇𝑜
𝑇𝐵

𝑄𝐴 1 −
𝑇𝑜
𝑇𝐴

Combined production of heat and mechanical energy (cogeneration, CHP)

𝜂I =
𝑊 + 𝑄𝐵

𝑄𝐴
= 1

RA, TA

RB, TB

M

QA

QB

W

N.B. : I = 1, even though the heat energy is less valuable (not all useful) 
and regardless of its temperature TB; II < 1, and varies with changes in 
temperature TB
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Exergy and 2nd law efficiency in simple cogeneration
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