
CHEMICAL ENGINEERING THERMODYNAMICS II (0905323)
01. EQUILIBRIUM AND STABILITY

ALI KH. AL-MATAR (aalmatar@ju.edu.jo )

Chemical Engineering Department
University of Jordan

Amman 11942, Jordan

mailto:aalmatar@ju.edu.jo




Outline

Criterion for Equilibrium: Isolated System
Entropy Function Behavior
Equilibrium Conditions for Closed System: Constant 
(U,V)
Stability Analysis
Closed Systems at Constant (T,V)
Closed Systems at Constant (P,T)
Open Systems at Constant (P,T)
Stability Criteria



Review

Write down the first and second laws of 
thermodynamics analysis for an isolated system.
What are the implications for the derivation you’ve just 
carried out?
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Criterion for Equilibrium: Isolated System

Start with energy and entropy balances for a closed system with: 
Constant volume.
No heat exchanged between the system and its surroundings (adiabatic).

At equilibrium in a closed system at constant U and V:
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Entropy Function Behavior

The entropy function is monotonically increasing during 
the approach to equilibrium (entropy generation is 
always positive).
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Equilibrium Conditions for Closed System: Constant (U,V)

Single component, single phase closed adiabatic system 
with constant volume [constant (U,V)].
Divide into two nonuniform subsystems by an imaginary 
boundary.
Nonuniform may include different T and/or P initially.
These two subsystems are open to flow of heat and 
mass across the internal boundary.
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Balance Equations

Overall material and energy balances, note that the total 
volume is the sum of the two subsystems’ volumes:

This is natural since the system is isolated from the 
surroundings. The loss in one subsystem must appear in 
the other as gain.
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Mathematical Derivatives and Mapping to First Law

Consider the entropy to be a function of (U,V,N). From 
the definition of partial and total derivatives:

First law of thermodynamics for an open system:
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From the equality of the thermodynamic function and 
the energy balance for each subsystem we can write
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Equilibrium Conditions

S is a maximum, or dS = 0 for all system variations at 
constant (n,U,V).
Consequently, the individual terms are zeros. Therefore, 
the equilibrium conditions are:
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For a single-component, single-
phase system, this implies that 
the composite system should 
be uniform!





Stability Analysis

A stable equilibrium state will be established when S is a 
maximum. The first derivative is equal to zero.
To check for maximum conditions, we have three 
possible values of the second derivative

d2S

d2S < 0 : maximum 
value of S or a true 
equilibrium state.

d2S = 0 : inflection 
point of S or a 

metastable 
equilibrium state.

d2S > 0 : minimum 
value of S or a an 

unstable 
equilibrium state.



Closed Systems at Constant (T,V)

Suppose that we have a closed system such that it is:
Constant volume system.
The adiabatic assumption is relaxed i.e., there is heat exchange 
between the system and its surroundings to keep the system 
isothermal.

Energy and entropy balances
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Eliminate the Q term between the 
energy and entropy balances and 
use the isothermal conditions.



Equilibrium Criterion

Temperature is always positive, so is the entropy 
generation term. The negative of their product must be 
negative.

Helmholtz energy must be a minimum at equilibrium.
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Closed Systems at Constant (P,T)

Suppose that we have relaxed the assumptions of 
constant volume and adiabatic systems such that the 
system is:

Constant pressure (isobaric).
There is heat exchange between the system and its 
surroundings to keep the system isothermal.

The energy and entropy balance equations for this 
system reduces to:
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Equilibrium Criterion for Closed Systems at Constant (P,T)

Eliminate the Q term between the energy and entropy balances 
to obtain:

Temperature is always positive, so is the entropy generation term. 
The negative of their product must be negative.
Gibbs energy must be a minimum at equilibrium.
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Open Systems at Constant (P,T)

Suppose that we have
Constant pressure (isobaric) system, and
There is heat exchange between the system and its surroundings to keep 
the system isothermal.
There is an element of fluid moving with the velocity around it.

The system is chosen such that there is no convected mass flow 
into or out of the system.
Such an element of mass in a pure fluid is a system closed to the 
flow of mass.
Consequently, it is treated exactly like closed systems discussed 
before depending on the constraints.
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Stability Criteria

Without mathematical derivation, the following pair of 
criterion must be satisfied to have a stable phase:

Heat capacity at a constant volume must be positive (Thermal 
stability criterion).

Isothermal compressibility must be positive (Mechanical 
stability criterion).
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Summary

The derived equilibrium and stability criteria are valid 
for multicomponent systems.

System Constraint Equilibrium Criterion Stability Criterion

Isolated, adiabatic, 
fixed boundary

Constant (U,V) S = Max
dS = 0

d2S < 0

Isothermal, closed, 
fixed boundary

Constant (T,V) A =Min
dA = 0

d2A > 0

Isothermal, isobaric, 
closed

Constant (T,P) G = Min
dG = 0

d2G > 0

Isothermal, isobaric, 
open moving with fluid 
velocity

Constant (T,P,m) G = Min
dG = 0

d2G > 0



Types of Equilibria and Equilibrium 

Three types of equilibria must be satisfied to have 
equilibrium established under all constraints

Thermal equilibrium

Mechanical equilibrium

Chemical equilibrium

I II NT T T= = =
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Illustration 7.2-1
Use Steam Tables to show that the stability conditions are satisfied for superheated 
steam.







This presentation is based in its majority on §7.1 and 
7.2: Sandler, Stanley I. Chemical, biochemical, and 
engineering thermodynamics. John Wiley & Sons, 2017.
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