
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 P.dV work

commonly encountered in reciprocating devices such as

automotive engines and compressors.



MOVING BOUNDARY WORK

Work done due to moving boundary

Work = Force × Displacement

Force F due to acting pressure F = PA

For a differential amount of displacement ds

W Fds PAds   PdVW 

Work done

Or 
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P

ds



MOVING BOUNDARY WORK

Total Work Done

Wb is positive  for expansion

Wb is negative  for compression
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Area under the curve 1- 2 on the PV diagram

Isobaric Process (Constant Pressure Process)

WORK DONE FOR VARIOUS PROCESSES
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Isochoric Process (Constant Volume Process)

Area under the curve 1- 2 on the PV diagram

WORK DONE FOR VARIOUS PROCESSES
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Polytropic Process

WORK DONE FOR VARIOUS PROCESSES

/Liquid

►The exponent, n, may take on any value from –∞ to +∞
depending on the particular process.

►For any gas (or liquid), when n = 0, the process is a constant-pressure

(isobaric) process.

►For any gas (or liquid), when n = ±∞, the process is a constant-volume

(isometric) process.

►For a gas modeled as an ideal gas, when n = 1, the process is a

constant-temperature (isothermal) process.



Polytropic Process (n≠1)

WORK DONE FOR VARIOUS PROCESSES
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Area under the curve 1- 2 on the PV diagram
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Polytropic Process (n=1)

WORK DONE FOR VARIOUS PROCESSES

/Liquid

Area under the curve 1- 2 on the PV diagram
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Polytropic Process (Ideal gas case)

WORK DONE FOR VARIOUS PROCESSES
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Work Done in a Piston-Cylinder-Spring
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UNRESTRAINED EXPANSION

During unrestrained expansion, there is no work 

exchanged with the surroundings 
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Problem

2 kg of Refrigerant 134A undergoes a polytropic process in a piston–cylinder

assembly from an initial state of saturated vapor at 200 kPa to a final state of 1200 kPa,

80 °C. Determine the work for the process, in kJ.
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System: Closed, R-134a, W12=?

State 1

P1 = 200 kPa

m1 = 2 kg

x1 = 1

State 2

P2 = 1200 kPa

m1 = m2

T2 = 80 °C

polytropic
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Problem

As shown in Fig., 0.5 kg of Ammonia is contained in a piston–cylinder assembly,

initially at -20 °C and a quality of 25%. As the refrigerant is slowly heated to a final state

of 120 °C, 0.6 MPa, its pressure varies linearly with specific volume. For the refrigerant,

(a) show the process on a sketch of the P–v diagram and (b) evaluate the work

transfer, in kJ.

System: Closed, Ammonia, W12=?

State 1

T1 = -20 °C
m1 = 0.5 kg

x1 = 0.25

State 2

P2 = 600 kPa

m1 = m2

T2 = 120 °C

Linear

spring
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Polytropic(n=1.4)

Ideal gas

Problem

Air is contained in a piston–cylinder assembly, initially at 275.8 kPa and 333 K. The air

expands in a polytropic process with n = 1.4 until the volume is doubled. Modeling the

air as an ideal gas, determine (a) the final temperature, in Kelvin, and pressure, in kPa,

and (b) the work transfer, in kJ/kg of air.

System: Closed, Air, w12=?, T2 =? , P2 =?

State 1

T1 = 333 K

P1 = 275.8 kPa

State 2

V2 = 2V1

m1 = m2
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Problem
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SPECIFIC HEAT

Energy required to raise the temperature of 1 kg of a substance by one degree.

Represents the energy storage capability of a substance.

It is defined when there is no phase change i.e. only solid, only liquid or only vapor

It is a property.

Units: J/kg/oC or J/kg/K

m = 1 kg

T = 1 °C

Specific heat = 5 kJ/kg.°C

5 kJ

1 kg

Iron

20 → 30°C

4.5 kJ

It takes different amounts of energy

to raise the temperature of different

substances by the same amount.

1 kg

Water

20 → 30°C

41.8 kJ



SPECIFIC HEAT OF A GAS

Specific Heat at Constant Volume (cv )

Energy required to raise the temperature of 1kg of a (pure) substance by 

one degree at CONSTANT VOLUME.

Specific Heat at Constant Pressure (cp )

Energy required to raise the temperature of 1kg of a (pure) substance by 

one degree at CONSTANT PRESSURE.

At Constant Volume → Only internal energy increases,
gas does not expand.

At Constant pressure → Internal energy increases, as 
well as the gas expands and does work.
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SPECIFIC HEAT OF A GAS

• cp is always greater than cv

• cv and cp are properties.

Therefore, the equations are

valid for any substance

undergoing any process.

• cv is related to the changes

in internal energy and cp to

the changes in enthalpy.

• Specific heat ratio,
p

v

c
k

c


o Varies mildly with temperature.

o For monatomic gases (helium,

argon, etc.), its value is

essentially constant at 1.667.

o Many diatomic gases, including

air, have a specific heat ratio of

about 1.4 at room temperature.

(Ideal-gas specific heat)



The specific volumes of 

incompressible substances 

remain constant during a 

process.

The cv and cp values of incompressible 

substances are identical and are denoted 

by c.

Incompressible substance: 

A substance whose specific volume (or density) is constant. 

Solids and liquids are considered as incompressible substances.

Internal energy is assumed to vary only with temperature.

Internal Energy, Enthalpy, and Specific Heats of Solids and Liquids

Table A-19 contains specific heat values for some liquids and solids

Differentiating with respect 

to temperature while 

holding pressure fixed to 

obtain

Iron

25°C
c = cv = cp

= 0.45 kJ/kg.K



Internal Energy, Enthalpy, and Specific Heats of Solids and Liquids



Internal Energy Changes

Enthalpy Changes

The enthalpy of a compressed liquid

A more accurate relation than

Internal Energy, Enthalpy, and Specific Heats of Solids and Liquids

   2 1 /avgu c T T kJ kg  

 /avgh u v P c T v P kJ kg        



INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF 

IDEAL GASES

Joule showed experimentally that u =u(T)

For ideal gases, 

u, h, cv, and cp

vary with 

temperature only.

Internal energy and enthalpy change of an ideal gas:

►u = u(T) ►h = h(T)

( )

( )

( )
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v v

p p

u u T

h h T

c c T

c c T








On a molar basis

The relationship between cp, cv and R

h u Pv

Pv RT

  
 

;p vbut dh c dT du c dT 

h u RT   .dh du R dT  

Keeping definition of k in mind, 

R  Universal gas constant

INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF 

IDEAL GASES



INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF 

IDEAL GASES
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(Tables A-21)

(Tables A-20)
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u. Similarly, for h.



INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF 

IDEAL GASES

Internal energy and enthalpy change when

specific heat is taken constant at an average

value

   2 1 , 2 1 /v avgu u u c T T kJ kg    

   2 1 , 2 1 /p avgh h h c T T kJ kg    



INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF 

IDEAL GASES



INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF 

IDEAL GASES
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Now,



In the preparation of ideal-gas 

tables, 0 K is chosen as the 

reference temperature.

INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF 

IDEAL GASES

• At low pressures, all real gases approach 

ideal-gas behavior, and therefore their 

specific heats depend on temperature only. 

• The specific heats of real gases at low 

pressures are called ideal-gas specific 

heats, or zero-pressure specific heats, and 

are often denoted cp0 and cv0.

• u and h data for a number of 

gases have been tabulated 

(Tables A-22 to A-23).

• These tables are obtained by 

choosing an arbitrary reference 

point and performing the 

integrations by treating state 1 

as the reference state.



INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF 

IDEAL GASES



Problem

Determine the enthalpy change, h, of nitrogen, in kJ/kg, as it is heated from 600 K to

1000 K, using (a) the cp value at the average temperature, (b) tabulated data of

enthalpy, (c) the empirical specific heat equation as a function of temperature.

Solution:(a) Tavg = 800 K @800 1.121 / .p Kc kJ kg K 

 , 2 1 1.121(1000 600) 448.4 kJ/ kgp avgh c T T     

(b) 
600 17563 kJ/ kmolh  1000; 30129 kJ/ kmolh  12566 kJ/ kmolh  

2

12566
448.6 /

28.01N

h
h kJ kg

M


   

(Tables A-1)

(Tables A-20)

(Tables A-23)

(c) 
2

0.297 / .NR kJ kg K
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(Can be determined from Tables A-20)



Problem
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448.9 /h kJ kg 

(Tables A-21)


