
Chapter # 3

PROPERTIES OF PURE 

SUBSTANCES



Objectives

 Demonstrate understanding of key concepts including

phase and pure substance, state principle for simple
compressible systems, p-v-T surface, saturation

temperature and saturation pressure, two-phase liquid-

vapor mixture, quality, enthalpy, and specific heats.

 Sketch T-v, p-v, and phase diagrams, and locate states on

these diagrams.

 Retrieve property data from Tables A-1 through A-23.

 Learn and apply the ideal and non-ideal gas model for

thermodynamic analysis.

 Examine the moving boundary work or PdV work

commonly encountered in reciprocating devices such as

automotive engines and compressors.



Pure Substance

 A substance that has a fixed chemical composition throughout.

 It may exist in more than one phase e.g. H2O

 Some mixture of gases behave like pure substance if no phase change occurs

e.g. air.

 Examples:

A mixture of liquid and gaseous air is not a pure substance due to different chemical 

composition of the two phases of air.

A mixture of non-soluble oil with water is not a pure substance.

N2 gas Air

Liquid

Vapor

H2O Air

Liquid

Vapor



• The number of properties required to fix the state of a (simple
compressible) system is given by the state postulate:

– The state of a simple compressible system is completely specified by
two independent, intensive properties.

The example of such properties are temperature (T), pressure (P), specific volume
(v), density (ρ), specific internal energy (u) and specific enthalpy (h).

STATE POSTULATE / PRINCIPLE

Simple compressible system: If a system involves no electrical, magnetic,
gravitational and surface tension effects.

Note: Not all of the relevant intensive properties are independent.

Among alternative sets of two independent intensive properties, (T, v) and (p, v) are

frequently convenient.



Phase change of a pure substance

Phase changes of a pure substance

– Water in piston cylinder arrangement (free moving piston).

– Initial water temperature is 20 ºC.

– The external pressure is constant (i.e. atmospheric pressure). 

– The pressure due to weight of the piston is neglected.

– Heat is provided to the system.

Compressed 

Liquid or

Sub-Cooled 

liquid 

Saturated 

Liquid

Saturated 

Liquid-Vapor 

Mixture

Saturated 

Vapor

Superheated 

Vapor

STATE 1

T = 20 °C
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STATE 5



Phase change of a pure substance

Saturation temperature Tsat

The temperature at which a pure substance changes phase at a given 

pressure. 

Saturation pressure Psat

The pressure at which a pure substance changes phase at a given 

temperature.

Compressed liquid (sub-cooled liquid): 

A substance that it is not about to vaporize. Temperature is below the 
saturation temperature.

Saturated liquid: 

A liquid that is about to vaporize.

Saturated liquid–vapor mixture:

The state at which the liquid and vapor phases co-exist in equilibrium.

Saturated vapor: 

A vapor that is about to condense.

Superheated vapor: 

A vapor that is not about to condense (i.e., not a saturated vapor). 
Temperature is above the saturation temperature.



Process Diagram (T-v Diagram)

STATE 1

T = 20 °C

STATE 2

T = 100 °C T = 100 °C

STATE 3

T = 100 °C

STATE 4

T = 300 °C

STATE 5



Latent Heat

Latent heat: 

The amount of energy absorbed or released during a phase-change process. 

Latent heat of vaporization: 

The amount of energy absorbed during vaporization and it is equivalent to the 
energy released during condensation.

Latent heat of fusion:

The amount of energy absorbed during
melting. It is equivalent to the amount of
energy released during freezing.

The magnitudes of the latent heats
depend on the temperature OR pressure
at which the phase change occurs
(Temperature and Pressure cannot be
independently changed during a
phase-change process).

At 1 atm pressure, the latent heat of
fusion of water is 333.7 kJ/kg and the
latent heat of vaporization is 2256.5 kJ/kg.



Process Diagram (T-v Diagram)
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Process Diagram (T-v Diagram)

With increasing pressure

• Specific volume of 

saturated liquid increases

•Specific volume of 

saturated vapor decreases

•Length of the saturation 

line decreases

•Finally the saturation line

becomes a point called 

“critical point”
•A saturated liquid line can 

be drawn by joining the 

saturated liquid points.

•A saturated vapor line can 

be drawn by joining the 

saturated vapor points.

•The two lines meet each 

other at critical point

Saturation Line

0.003155

374.14



Process Diagram (T-v Diagram)

• saturated liquid line

• saturated vapor line

• compressed liquid region

• superheated vapor region

• saturated liquid–vapor 

mixture region (wet region)

Critical point: 

•The point at which the saturated 

liquid and saturated vapor states 

are identical.

•Associated properties are called 

Critical Temperature (Tc), Critical 

Pressure (Pc) and Critical 

Specific Volume (vc)

•Table A-1 contains critical 

properties of various substances



Process Diagram (T-v Diagram)



Process Diagram (T-v Diagram)

At supercritical pressures (P > Pc), 

there is no distinct phase-change 

(boiling) process.

For P > Pc

If T < Tc → Compressed Liquid

If T > Tc → Superheated Vapor

Super Critical Region (P > Pc)
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Process Diagram (P-v Diagram)

Consider H2O at initial state as shown:

In what state the substance is?

How can it be converted into saturated liquid at constant 

temperature?

How can it be converted into saturated vapor? 

Can we add heat?

If yes then would not temperature increase?

Specific volume decreases or increases?

How can it be converted into superheated vapor at 

constant temperature? P = 1 MPa

T = 150 °C



Process Diagram (P-v Diagram)

On a P-v diagram, for P > Pc

Superheated VaporCompressed Liquid

region to the right of T = Tc line → Superheated Vapor

region to the left of T = Tc line → Compressed Liquid



Three phases can exist in equilibrium along the line labeled triple line.

Include the Solid Phase (P-v Diagram)



P-T Diagram (Phase Diagram)

Melting Line: Solid 

and Liquid are in 

equilibrium

Vaporization Line: 

Liquid and vapor are 

in equilibrium

Sublimation Line: 

Solid and vapor are in 

equilibrium

Triple Point: All three 

phases exist in 

equilibrium

For water, 

Ttp = 0.01°C 

Ptp = 0.6117 kPa
In a phase diagram, 

the two-phase regions reduce to lines



The P-v-T surfaces present a great deal of information at once, but in a thermodynamic 

analysis it is more convenient to work with two-dimensional diagrams, such as the P-v

and T-v diagrams.

The P-v-T Surface



Property Tables for Phase Change Materials

State postulate:

Any 2 independent properties can 

completely define the state of a simple 

compressible substance

Given any 2 independent properties, 

all others can be found from table. Each region has a corresponding table

For water (H2O)

Table A-2/A-3

A-4

A-5

For most substances, the relationships 

among thermodynamic properties are too 

complex to be expressed by simple 

equations.

Therefore, properties are frequently 

presented in the form of tables.

Saturated liquid-vapor region Table A-2/A-3

For water (H2O)

Superheated region Table A-4

Compressed liquid region Table A-5

Saturated solid-vapor Table A-6

For R-134a 

Tables A-10/A-11

Table A-12

REGION



INTERNAL ENERGY, ENTHALPY

Enthalpy: A Combination Property

The combination h= u + Pv is 

needed for open systems (Control 

Volumes) and is called “enthalpy”

Another property specific entropy (s) related to 2nd law of thermodynamics is also 

listed in the tables which will be defined in Chapter 6.

Internal energy: The sum of all the microscopic forms of energy. Includes thermal,

chemical, nuclear etc. We only consider thermal energy here.

Sensible energy: The portion of the internal energy of a system associated with the

kinetic energies of the molecules.

Latent energy: The internal energy associated with the phase change of a system.



Tables: Saturated Liquid / Vapor / Mixture



Specific 

volume of 

saturated 

vapor

Specific 

volume of 

saturated 

liquid

Saturation

temperature

Corresponding

saturation

pressure

Table A–2: Saturation properties of water under temperature.

Table A–3: Saturation properties of water under pressure.

A partial list of Table A–2.

Both are the 

same tables.

Subscript f used for Saturated liquid

e.g. vf , uf , hf , sf

Subscript g used for Saturated vapor 

e.g. vg , ug , hg , sg

Subscript fg used for difference 

e.g. vfg = vg - vf , hfg = hg - hf

Tables: Saturated Liquid / Vapor / Mixture



Saturated Liquid-Vapor Mixture Region

Quality (x) :

The ratio of the mass of vapor

to the total mass of the mixture.

Quality is between 0 and 1 → 0: sat. liquid, 1: sat. vapor.

vaporliquid

vapor

mm

m
x






►The specific volume of a two-phase liquid-

vapor mixture can be determined by using 

the saturation tables and quality, x.

►The total volume of the mixture is the sum 

of the volumes of the liquid and vapor 

phases: V = Vliq + Vvap

►Dividing by the total mass of the mixture, m, an average

specific volume for the mixture is:

m

V

m

V

m

V vapliq v

►With Vliq = mliqvf , Vvap = mvapvg , mvap/m = x , and mliq/m = 1 – x :

v = (1 – x)vf + xvg = vf + x(vg – vf) (Eq. 3.2)

Saturated Liquid-Vapor Mixture Region



►Since pressure and temperature are NOT

independent properties in the two-phase liquid-

vapor region, they cannot be used to fix the state

in this region.

►The property, quality (x), defined only in the two-

phase liquid-vapor region, and either temperature

or pressure can be used to fix the state in this

region.

v = (1 – x)vf + xvg = vf + x(vg – vf) (Eq. 3.2)

u = (1 – x)uf + xug = uf + x(ug – uf) (Eq. 3.6)

h = (1 – x)hf + xhg = hf + x(hg – hf) (Eq. 3.7)

Saturated Liquid-Vapor Mixture Region



►Example: A system consists of a two-phase liquid-vapor

mixture of water at 5 oC and a quality of 0.4. Determine the

specific volume, in m3/kg, of the mixture.

►Solution: Apply Eq. 3.2, v = vf + x(vg – vf)

Substituting values from Table A-2:  vf = 0.0010001 m3/kg 

and vg = 147.12 m3/kg:

v = 0.0010001 m3/kg + 0.4(147.12 – 0.0010001) m3/kg

v = 58.849 m3/kg

Saturated Liquid-Vapor Mixture Region



►Example: Determine v, u, h and s at 6 MPa and

440oC.

►v = 0.05122 m3/kg

►u = 2970 kJ/kg

►h = 3277.3 kJ/kg

►s = 6.6853 kJ/kg∙K

Superheated Vapor Region



► When a state does not fall exactly on the grid of values provided

by property tables, linear interpolation between adjacent entries

is used.

► Example: Determine the specific volume of water at 1 MPa and

215oC.

(0.2275 – 0.2060)           (v – 0.2060)

(240 – 200)                       (215 – 200)
slope =                                          = → v = 0.2140 m3/kg

Superheated Vapor Region

P = 1.00 MPa

T (°C) v (m3/kg)

200 0.2060

215 v =?

240 0.2275

v
slope

T







Tables for Compressed Liquid

At T = 40 oC,

Psat = 7.384 kPa and vf = 0.0010078 m3/kg

From saturated tables

Increase in pressure:

(2500-7.384)/7.384

 338 Times

Decrease in volume:

(0.0010078-0.0010067)/0.0010078

 0.11%

Volume of a liquid changes appreciably

with change in temperature BUT

negligibly with change in pressure

► Determine the specific volume of water at 2.5 MPa and 40 oC.

► Solution: v = 0.0010067 m3/kg

Let us investigate the effect of pressure:



h is comparatively more sensitive to pressure.

Tables for Compressed Liquid

Thus, if compressed liquid data/table is not given, we may assume

v(T, p) ≈ vf(T)

u(T, p) ≈ uf(T)

(Eq. 3.11)

(Eq. 3.12)
Saturated

liquid

h(T, p) ≈ hf(T) + vf(T)[p – psat(T)] (Eq. 3.13)

► An approximate value for h at liquid states can be 

obtained using Eqs. 3.11 and 3.12 in the definition
h = u + pv:  h(T, p) ≈ uf(T) + pvf(T) or alternatively

► When the underlined term in Eq. 3.13 is small

h(T, p) ≈ hf(T) (Eq. 3.14)

h(T, p) ≈ 167.57+ 0.0010078[2500 – 7.384] = 170.08 kJ/kg
@40 oC,

2.5 MPa



Tables for Solid-Vapor

If temperature is less than the triple point temperature (0.01 °C for water),

P > Psat@T → SOLID
P < Psat@T → VAPOR

► Example: Determine phase and 

specific volume of water at -6 °C 

and 100 kPa.

This is called “Compressed solid”. It is

approximated as a saturated solid at given

temperature using Table A-6.

►v = 0.0010898 m3/kg



Tables for Solid-Vapor

In the two-phase solid-vapor (sublimation) region, quality is again understood as mass

fraction of vapor with the difference that it is a solid/vapor mixture and not a

liquid/vapor mixture.

► Example: If water is cooled isochorically from 500 kPa, 25% quality, 

what is the mass fraction of solid at -10 °C? Show P-v sketch also.

v2 = vi + x2(vg – vi)

0.094544 = 1.0891x10-3 + x2(466.7 - 1.0891x10-3)

x2 = 0.0002 => xsolid = 1-0.0002 = 0.9998

v1 = vf + x1(vg – vf) = 1.0926x10-3 + 0.25(0.3749 - 1.0926x10-3)

v1 = 0.094544 m3/kg = v2

From Table A-3,

0.01 °C

vapor

solid vapor

m
x

m m




Note: Use ideal gas law for vapor region, vg = RwT/P



Reference states and reference values

We need to fix the states and assign values to them so that all other values are

given with respect to (w.r.t) these states

 The values of u, h, and s cannot be measured directly, and they are calculated 

from measurable properties using the relations between properties. 

 However, those relations give the changes in properties, not the values of 

properties at specified states. 

 Therefore, we need to choose a convenient reference state and assign a 

value of zero for a convenient property or properties at that state.

Because of reference states some properties may have –ve values e.g. all u’s 
and h’s for sat. solid H2O are –ve (See A-6)

2 1 2 1( ) ( ) ( )ref refu u u u u u u      Note:



Complete the Table for H2O

120.2 2046.03
Saturated Liquid-

Vapour Mixture

0.5646361.3 Sat. Liq-Vap Mixture

177.65 752.82 Saturated Liquid

334.91 Compressed LiquidUNDEFINED

UNDEFINED Superheated Vapour700200 2844.8

h = hf + x(hg – hf)



Problem

10-kg of R-134a fill a 1.348-m3 rigid container at an initial temperature of -40 °C. The

container is then heated until the pressure is 200 kPa. Determine the final temperature

and the initial pressure. Also, draw the process on a P-v diagram.

= 51.64 kPa (Table A-11)

The final state is 

superheated vapor 

and the temperature 

is determined by 

interpolation to be 

P = 200 kPa

T (°C) v (m3/kg)

60 0.13201

? 0.1348

70 0.13639

T2 = 66.37 °C 

(Table A-12)

System: Closed, R-134a, P1=?, T2=?

State 1

T1 = -40 °C
m1 = 10 kg

V1 = 1.348 m3

State 2

P2 = 200 kPa

m1 = m2

V1 = V2

isochoric

v1 = v2

1 1@ , :f gT v v v  

-40 °C



Problem

100-kg of R-134a at 200 kPa are contained in a piston cylinder device whose volume is

12.311 m3. The piston is now moved until the volume is one-half its original size. This is

done such that the pressure does not change. Determine the final temperature and the

change in the (specific) internal energy. Also, draw the process on a P-v diagram.

System: Closed, R-134a, T2=?, Δu=?

State 1

P1 = 200 kPa

m1 = 100 kg

V1 = 12.311 m3

State 2

P2 = P1

m1 = m2

V2 = V1/2

isobaric

312.311
0.12311 / kg

100
m  1 1 1@ , : u 261.26 kJ/ kggP v v  

30.12311
0.061555 / kg

2
m 

2 2 2@ , : 10.09f g satP v v v T T C      

(Table A-12)

(Table A-11)

0.061555 0.0007532
0.6170

0.0993 0.0007532


 


36.69 0.617(221.43 36.69) 150.67 kJ/ kg  

2 1u u u 110.59 kJ/ kg    



Problem

Water initially at 200 kPa, 300 °C is contained in a piston-cylinder device fitted with

stops. It is allowed to cool at constant pressure until it exists as a saturated vapor and

the piston rests on the stops. Then the water continues to cool until the pressure is

100 kPa. On the T-v diagram, sketch with respect to the saturation lines, the process

curves passing through the initial, intermediate and final states of the water.

200 kPa

100 kPa

1

2

3



The Ideal Gas Equation of State

Equation of state: Any equation that relates the pressure, temperature, and 

specific volume of a substance.

Ideal gas equation of state

v : Specific volume (m3/kg)

with

R:  Gas constant (kJ/kg-K)

Ru: Universal gas constant (8.3145 kJ/kmol-K) 

M: Molar mass or Molecular weight (kg/kmol),

Molar mass: M can simply be defined as the mass of one mole (also called a 

gram-mole, abbreviated gmol) of a substance in grams, or the mass of one kmol 

(also called a kilogram-mole, abbreviated kgmol) in kilograms.

Simply it’s value is equal to the molecular weight of the substance

This equation predicts the P-v-T behavior of a gas quite accurately within some 

properly selected region.

Table A-1

Pv RT uR
R

M




The Ideal Gas Equation of State

Ideal gas equation of state: (Other Forms)

Pv RT P RTor

Using /v V m
PV mRT

Since m = M x N

uPV NR T

On writing for two states (with a fixed mass)

1 1 2 2

1 2

PV PV

T T




Validity of Ideal Gas Equation  for Water Vapor

Percentage of error 

([|vtable - videal|/vtable] 100) involved 

in assuming steam to be an ideal 

gas

At pressures below 10 kPa, water 

vapor can be treated as an ideal 

gas, regardless of its temperature, 

with negligible error (less than 0.1 

percent).

At higher pressures, however, the 

ideal gas assumption yields 

unacceptable errors, particularly in 

the vicinity of the critical point and 

the saturated vapor line. 

Applicability Factors:

Low density i.e.:

Low P @ any T

High P @ high T 

(Far from Critical Point)



Validity of Ideal Gas Equation

The ideal-gas relation often is not applicable to real gases; thus, care should be 

exercised when using it.

Ideal gas equation of state:

Real gases behave as an ideal gas at low densities (i.e., low pressure, high 

temperature because molecules are far away).

Question: What is the criteria for low pressure and high temperature?

Answer: The pressure or temperature of a gas is high or low relative to its 

critical temperature or pressure.

Gases deviate from the 

ideal-gas behavior the 

most in the neighborhood 

of the critical point.



Compressibility Factor

Compressibility factor Z:

 This is an approximation. 

 Experimentally this ratio may not be equal to 1

We define: 

The compressibility factor 

is unity for ideal gases.

The farther away Z is from unity, the more the gas deviates from ideal-gas behavior.

A factor that accounts for the deviation of real gases from ideal-gas behavior at a 

given temperature and pressure.

Also:

IDEAL

GAS

Z = 1

REAL

GASES

Z

> 1

= 1

< 1

Pv RT 1
Pv

RT
 

Pv
Z

RT


actual

ideal

v
Z

v




Compressibility Chart

Compressibility factor Z:

How to find Compressibility Factor ?

• Experimentally v at a given temperature T for various P, 

• Record in a table

@ given temperature T

Problem: Different  compressibility chart for Different Gases

Repeat for various T

If P → 0 then Z→ 1 @ all T because at low pressure molecules are far away 



Generalized Compressibility Chart

Compressibility factor Z:

Compressibility Chart developed with Reduced Temperature and Reduced Pressure

Table A-1:

Tc and Pc

The Z factor for various gases

is approximately the same at

the same reduced pressure

and temperature.

At TR = 1.0, the

compressibility factor varies

between 0.2 and 1.0. Less

variation is observed as TR

takes higher values.

;R R

c c

T P
T P

T P
 



TR = 199 K/132.5 K = 1.5, pR = 13.2 MPa/3.77 MPa = 3.5 where Tc and pc for air are

from Table A-1.

Generalized Compressibility Chart

Z = 0.8

Determine the specific volume of air at 13.2 MPa and 199 K based on (a) the ideal-

gas equation, (b) the generalized compressibility chart.

Fig. A-15



Generalized Compressibility Chart

, actual
R

c c

v
Pseudo reduced volume v

RT P
 

Calculate

in previous

problem

Rv

R

R

T
Z

P



