
1

INTRODUCTION

OBJECTIVES
provide reasons for why thermo is relevant
describe/review some fundamental concepts

» thermodynamic systems
»equilibrium and steady state
» thermodynamic properties
»processes and cycles
»work and energy

d ib th d i h t d h t t f
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»describe thermodynamic heat and heat transfer
»develop the principle of conservation of energy
» Introduce enthalpy and heat capacity

First Law of Thermodynamics
“Although energy assumes many forms, the total quantity of energy 
is constant and when energy disappears in one form, it appears 
simultaneously in other forms.”

Consider a fixed position, closed system, at rest :

ΔEsystem + ΔEsurroundings = 0

ΔU = Q + W finite changes
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differential changesdU = δQ + δW
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Energy Analysis of Cyclic Processes
Many applications (e.g. power generation, refrigeration) 
require cyclic processes.

Th b l f li iThe energy balance for a cyclic process is :

dE cycle = δQcycle + δWcycle

For ideal fluid
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ΔUcyc = 0
For ideal fluid

Enthalpy
In the analysis of certain processes, certain combinations of 
thermodynamic properties are encountered.  One such is enthalpy.

Consider the reversible expansion of a gas at constant pressure in p g p
a piston-cylinder assembly :

H ≡ U + PV
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enthalpy is a defined property because it occurs often
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Heat capacity, C
Materials have an ability to absorb or liberate a specific quantity of 
heat.  This is called heat capacity.

δQ

Consider a closed system of n moles undergoing reversible, 
mechanical work.

for a constant volume process :    

C ≡
δQ
δT

δU⎛ 
⎜

⎞ 
⎟
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for a constant pressure process :

Cv =
δU
δT

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

V

CP =
δH
δT

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

P

Pure Fluids

To apply the energy balance to a system requires knowledge of the 
properties of the system and how these properties are related.

OBJECTIVESOBJECTIVES
Describe properties of pure fluids using phase diagrams
Review the concept of an ideal gas
Develop work equations for processes involving ideal gases
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Properties of Real Fluids
Experimental measurements have been made of pure substances 
over a range of P, V and T

P-T diagram 
for CO2
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Properties of Real Fluids - PV diagram

isotherms of CO2
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Equations of State
In order to calculate properties such as internal energy and 
enthalpy, an accurate relationship between readily measurable 
properties such as P, V, T is necessary

OBJECTIVES
Introduce the virial equations (pg. 70-71)
Introduce the compressibility factor (pg. 72, 87-90)
Discuss cubic equations of state

»Van der Waals, Redlich-Kwong (pg. 91-94)
Introduce the generalized compressibility factor and principle 
of corresponding states (pg 95 100)
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of corresponding states (pg 95-100)
Discuss generalized equations of state (pg 101-110)

Compressibility Factor, Z
used to describe degree of deviation of gas from ideal 
behavior
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Cubic Equations of State (p. 90-98)
Redlich-Kwong Equation (1949)

P =
RT

V b
−

a
T0 5V V b( )

There have been many equations of state published. In general :

V − b T0.5V V + b( )

RT
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P =
RT

V − b
−

a
V2 + cbV + db2

Generalized Redlich-Kwong

P =
RT

V b
−

a
V V + b( )V − b V V + b( )

2 2
c

0.5
r c

R Ta(T)=0.42748
T P

b 0 08664 RTc
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b = 0.08664 c

Pc
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Generalized Virial Equation
Based on the use of the acentric factor, ω, and is only applicable 
to gases.

Z Z0 + ωZ1 Z0 and Z1 can be found in tables or :Z = Z + ωZ

Z0 =1 +
B0Pr

Tr

Z1 =
B1Pr

Tr

B0 = 0.083−
0.422
Tr

1.6

B1 = 0.139 −
0.172
Tr

4.2

Z and Z can be found in tables or :
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r

ω = −1.0 − log Pr
sat[ ]Tr = 0.7

Other Thermodynamic Relations

OBJECTIVES
to introduce several other useful thermodynamic relations that 

are defined in terms of partial derivatives of some otherare defined in terms of partial derivatives of some other 
property

» specifically heat capacity, isothermal compressibility, and 
volume expansivity 
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A Few More Thermodynamic Properties
Recall that if 2 state variables are known, then all other state 
variables for a single component system can be determined.

Consider V :  V=V(T,P)( )

• Isothermal compressibility κ = −
1
V

∂V
∂P

⎛ 
⎝ 

⎞ 
⎠ T

β =
1
V

∂V
∂T

⎛ 
⎝ 

⎞ 
⎠ P

• Expansion coefficient :
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Second Law of Thermodynamics
Some processes occur spontaneously and some don’t 
(nonspontaneous). 

heat flows from hot to cold
gas expands to fill its container

ti d i di ti th th threaction proceeds in one direction rather than another

There must be something that determines whether a process will 
occur spontaneously.

OBJECTIVES (AND READING)
To introduce the second law of thermodynamics (pgs 159-
160)
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160)
To review the concept of the Carnot cycle (pgs 161-163)
Introduce the concept of thermal efficiency(pgs 163-166)
Introduce entropy, S, and derive equations to calculate 
changes in S (pgs 167-180)
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Carnot Engine
The maximum amount of mechanical work is done via a reversible 
process.  A heat engine operating in a reversible manner is called a 
Carnot engine and consists of 4 steps:

reversible adiabatic compression from TC to TH (step 1-2)
reversible isothermal expansion at TH (step 2-3)
reversible adiabatic expansion from TH to TC (step 3-4)
reversible isothermal compression at TC (step 4-1)

For any working fluid :

T
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η = 1−
TC

TH

ENTROPY
Entropy represents the energy in the system that cannot be 
converted into useful work

dS ≡
δQ
T

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

δQ
T

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ ∫ = 0

∆Stotal ≥  0
This statement of the second law affirms that every process 
proceeds in such a direction that the total entropy change 
associated with the process is positive, the limiting value of 
zero is only obtained for a reversible process.
NO PROCESS IS POSSIBLE FOR WHICH THE TOTAL

T⎝ ⎠ rev
T⎝ ⎠ rev
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NO PROCESS IS POSSIBLE FOR WHICH THE TOTAL 
ENTROPY DECREASES.
Fluids spontaneously flow from high pressure to low 
pressure!! (Never the other way around.)
Goldilocks porridge always spontaneously gets colder with 
time!
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Thermodynamic Relations
By combining the 1st Law with the 2nd Law we can derive the 
following :

TdS = dH − VdP

TdS = dU + PdV
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ENTROPY CHANGES
Consider an ideal gas undergoing a mechanically reversible  
process in a closed system.

ΔS
=

Cp
ig dT

− ln P2
⎛ 

⎝
⎜ 

⎞ 

⎠
⎟ 

T2

∫

The entropy change for a solid or liquid at constant P is :

R R T P1⎝ 
⎜ 

⎠ 
⎟ 

T1

∫

ΔS
R

=
Cp

R
dT
T

T1

T2

∫
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For a phase change at constant T and P :

ΔS =
ΔH transition

Ttransition
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More on Entropy

OBJECTIVES
To derive a means of predicting spontaneous processes
To demonstrate that entropy represents heat energy thatTo demonstrate that entropy represents heat energy that 
cannot be converted into work
To illustrate the relationship between entropy and equilibrium 
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Thermodynamic Properties of Real Gases

OBJECTIVES
To define the Gibbs and Helmholtz energies (pp 199-201)
Introduce the Maxwell Equations (p 201)Introduce the Maxwell Equations (p 201)
Use the Maxwell equations to develop enthalpy and entropy 
relationships (pp. 202-208)
Introduce residual properties (pp. 208-211)
Use residual properties to develop expressions of H and S 
for real gases (pp. 212-220)
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Fundamental Property Relationships
For closed systems with changes occurring between equilibrium 
states :

dU = TdS − PdVdU = TdS − PdV

dH = TdS + VdP

dA = −PdV − SdT

dG = VdP − SdT
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Maxwell’s Equations
These equations form the basis of other equations relating 
thermodynamic properties

∂T⎛ 
⎜ 

⎞ 
⎟ 

∂P⎛ 
⎜ 

⎞ 
⎟ 

∂V⎝ 
⎜ 

⎠ 
⎟ 

S
= −

∂S⎝ 
⎜ 

⎠ 
⎟ 

V

∂T
∂P

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

S
=

∂V
∂S

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

P

∂P
∂T

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

V
=

∂S
∂V

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

T
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V T

∂V
∂T

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

P
= −

∂S
∂P

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

T
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Thermodynamic Properties of Fluids
Real gases

we want to know H, S as a function of T and P
recall Gibbs free energy

from this we can derive

dG = VdP −SdT

H
RT

= −T
∂ G

RT( )
∂T

⎡ 

⎣

⎢ 
⎢ 

⎤ 

⎦

⎥ 
⎥ 

S
R

=
H

RT
−

G
RT
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RT ∂T⎣ 
⎢ 

⎦ 
⎥ 

P
R RT RT

Residual Properties
departure from ideal behavior

GR = residual Gibbs free energy

GR = G − Gig

G   residual Gibbs free energy
note that residual properties can be written for other 
thermodynamic properties (V, H, S)

HR

RT
= −T

∂ GR

RT( )
∂T

⎡ 
⎢ 
⎢ 

⎤ 
⎥ 
⎥ 

SR

R
=

HR

RT
−

GR

RT
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RT ∂T
⎣ 
⎢
⎢ ⎦ 

⎥
⎥ 

P

R RT RT
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How do you find GR ?
recall for non-ideal gases

PV = ZRT
from which we can derive

GR

RT
=

Z −1( )
P

dP
0

P

∫ HR

RT
= −T ∂Z

∂T
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

0

P

∫
P

dP
P
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SR

R
= −T ∂Z

∂T
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

0

P

∫
P

dP
P

−
Z −1( )

P
dP

0

P

∫

Real Gases :  Residual Properties
Redlich-Kwong Equation :

HR

Z 1 7.4 l 1 0.08664Pr
⎛ 
⎜

⎞ 
⎟RT

= Z −1−
Tr

1.5 ln 1+ r

ZTr⎝ 
⎜ 

⎠ 
⎟ 

SR

R
= ln Z −

0.08664Pr

T
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ −

2.467
T1.5 ln 1+

0.08664Pr

ZT
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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R Tr⎝ ⎠ Tr ZTr⎝ ⎠ 
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Real Gases : Residual Properties
Generalized Virial Correlations for Gases :

R
o 1H 0.675 0.722P B B

⎡ ⎤⎛ ⎞
+⎢ ⎥⎜ ⎟

o 1
r 1.6 4.2

c r r

=P B ω B
RT T T

− + −⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

SR

R
= −Pr

0.675
T2.6 + ω

0.722
T5.2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 
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R Tr Tr⎝ ⎠ ⎣ ⎦ 

Other Sources for H and S
The enthalpy and entropy values for many gases of interest can 
also be found in tabulated or figure format

OBJECTIVES
To illustrate the use of T-S and H-S figures (p226-227, inside 
back cover)
To illustrate the use of tables (e.g. steam table p715-787)
To introduce the Clausius-Clapeyron and Antoine equations 
(p222-223)
To introduce the concept of quality (p 225)
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Where Else do You Find H and S?
thermodynamic diagrams
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Steam Tables
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Steam Tables
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A few words on quality …
thermodynamic diagrams

This line represents a constant
pressure and constant temperature
line during phase change.g p g

It should be obvious if you recall that 
water at atmospheric pressure boils at 
100 C and steam at 1 atm condenses at 
100 C. Quality is just a measure of the 
fraction of vapour that has not yet turned 
to liquid.
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S = x (Svap) + (1-x)(Sliq)
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Energy/Entropy Balances
Our global objective is to develop means by which we can assess 
the design and efficiency of chemical processes.  One means of 
doing this is through energy and entropy balances

OBJECTIVES
To derive the general energy balance equation for a control 
volume (Section 2.12 pg 44-52)
To derive the general entropy balance for a control volume 
(Section 5.7 pg 176-180)
To simplify these equations for a steady-state process (pg 
51-52 and pg 177)
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pg )

Energy Balance
total rate of energy entering c.v.

2u
2T

fs

X Q W H zg m
⎡ ⎤⎛ ⎞

= + − Δ + +⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

&& & &

accumulated energy within c.v.

Putting it all together :

fs⎝ ⎠⎣ ⎦

dXcv

dt
=

d mU( )cv

dt
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Putting it all together :

( ) 2u
2

cv

fs

d mU
Q W H zg m

dt
⎡ ⎤⎛ ⎞

= + − Δ + +⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

& & &
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Energy Balance : Steady State Flow
no changes in mass of the system and no changes with time in the 
properties of the fluid within the c.v. or its entrances and exits
only shaft work is possible
the rates at which heat and work cross the control surface is 
constantconstant

2u
2

fs

Q W H zg m
⎡ ⎤⎛ ⎞

+ = Δ + +⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

& & &
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Entropy Balance

cv
T gen

dS S S
dt

= +& &

( )
,

j
T fs

j j

Q
S mS

Tσ

= − Δ∑
&

& &

dt
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( )
,

jcv
genfs

j j

QdS mS S
dt Tσ

= − Δ +∑
&

&&
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Entropy Balance
invoking second law

( ) 0jcv
genf

QdS mS S− + Δ = ≥∑
&

&&

Steady-state
mass and entropy within c.v. are constant

( )
,

0genfs
j j

mS S
dt Tσ

∑

( ) jQ
∑

&
&
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( )
,

j
genfs

j j

Q
mS S

Tσ

Δ = +∑&

Components of Flow Processes
Equipment used to extract/provide work and/or heat from a process

turbines - generate electricity (pg 268-273)
compressors and pumps - move fluid, change pressures (pg 
273-280))
heat exchangers - change temperature of fluid
throttles - change pressure (p260-267)

OBJECTIVES
evaluate performance of components of flow processes 
through appropriate mass, energy, entropy balances
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Turbines

Ws

1

convert gas kinetic energy into work, Ws

ΔH = Tσ ΔSfs −Sgen( )+ Ws

2
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efficiencyηturbine =
W
Ws

=
ΔH
ΔH( )s

Compressors

Ws

1

used to transport gases
η

Ws ΔH( )s

Ws

2
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ηcomp = s

W
=

( )s

ΔH
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Pumps

1
2

used to transport liquids
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ηpump =
Ws

W
=

ΔH( )s

ΔH
ΔH( )s = V Pe − Pi( )

Throttle
Fluid flowing in a pipe suddenly encounters a restriction.  Result is 
a pressure drop at constant enthalpy.

Some velocity change but typically not significant
O i kl di b ti (Q 0)
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Occurs quickly so adiabatic (Q=0)
No change in z and no shaft work
From energy balance:     Δ(H)fs=0
For an ideal gas H = function of T only so there will be no change in 
temperature. 
For real gases there will be a small change in temperature
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Power Generation
The review of power plant analysis was the subject of 
the second last lecture.
The review notes from class will be published on the 
course websitecourse website.
Responsible for Rankine Cycle and variations for 
increasing efficiency (p. 290 – 302).
Basic efficiency equations for gas turbine efficiency 
(Brayton). (p. 306-310)
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Tutorial 

(Date to be confirmed by class email)

Probably Dupuis 215 or 217 (or maybe 
the auditorium if the group is big
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the auditorium if the group is big.

BRING QUESTIONS!


