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Properties of Pure Substances 
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In this chapter we will discuss the two quantities that result from energy transfer across
the boundary of a system: work and heat. This will lead into the first law of
thermodynamics. Work will be calculated for several common situations. Heat transfer,
often simply called “heat,” however, is a quantity that requires substantial analysis for its
calculation. Heat transferred by conduction, convection, or radiation to systems or
control volumes will either be given or information will be provided that it can be
determined in our study of thermodynamics; it will not be calculated from temperature
information, as is done in a heat transfer course.
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Work, like heat, is an energy interaction between a system and its surroundings. Therefore
if the crossing the boundary of a closed system is not heat, it must be work.

Work is also a form of energy has energy units such as kJ. The work done during a process
between states 1and 2 is denoted W12 or W. the work per unit mass of a system is denoted
w and is defined as

the work done per unit time is called power and is denoted . The unit of the power is
kJ/sec or kW. Work done by a system is positive, and work done on the system is negative,
Figure below(3.1)

kgkJ
m
Ww /=
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3.2 Work Due to a Moving Boundary
There are a number of work modes that occur in various engineering situations. These

include the work needed to stretch a wire, to rotate a shaft, to move against friction, or to
cause a current to flow through a resistor. We are primarily concerned with the work
required to move a boundary against a pressure force.

Consider the piston-cylinder arrangement shown in Fig. 3.3. There is a seal to contain the
gas in the cylinder, the pressure is uniform throughout the cylinder, and there are no gravity,
magnetic, or electrical effects. This assures us of a quasiequilibrium process, one in which the
gas is assumed to pass through a series of equilibrium states. Now, allow an expansion of the
gas to occur by moving the piston upward a small distance dl. The total force acting on the
piston is the pressure times the area of the piston. This pressure is expressed as absolute
pressure since pressure is a result of molecular activity; any molecular activity will yield a
pressure that will result in work being done when the boundary moves.
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The infinitesimal work that the system (the gas) does on the surroundings (the piston) is then 
the force multiplied by the distance:

The symbol δ W will be discussed shortly. The quantity Adl is simply dV, the differential
volume, allowing Eq. (3.2) to be written in the form

As the piston moves from some position 1 to another position 2, the above expression can
be integrated to give

where we assume the pressure is known for each
position as the piston moves from volume V1 to volume
V2. Typical pressure-volume diagrams are shown in Fig.
The work W1-2 is the area under the P-V curve.
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The gas can follow several different paths as it expands from state 1 to state 2. these
paths represent a different processes as follows

A- Constant volume process

v

p
1

2

Example 3.1
A rigid tank contains air at 500kPa and 150oC. As a result of the surrounding, the
temperature and pressure in side the tank drop to 65oC and 400kPa, respectively.
Determine the work done during this process.
Solution: Given T1=150oC and P1=500 T2=65oC and P2=400kPa

with no change in volume because the tank is rigid.
V=constant and dv=0 and so W=0
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B- Constant Pressure Process

v

p

1 2
)12(

2

1

21

.

VVPPdVW

PPP
constP

−=∫=

==
=

for process the work of ideal gas is

)12(
)12(
TTMRW

VVPW
−=

−=

and for vapor
)12( vvmPW −=

Example 3.2
Five kilograms of saturated vapor

water at 1Mpa is contained in a
cylinder fitted with a movable piston.
This system is now heated at constant
pressure until the temperature of the
steam is 300oC. Calculate the work
done by the steam during the
process.
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C- Hyperbolic Process 
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∫ ∫∫ NOTE: This process are called isothermal process for ideal
gas(only), because for ideal gases when

.. constTsoconstPV ==

Example 3.3
One tenth kg of saturated

vapor water is at 2MPa is
compressed in hyperbolic process
to a pressure of 4MPa . Find the
final temperature of the water
and the work done.
Solution: Given m=0.1kg
P1=2MPa sat water vapor
P2=4MPa and the process is
PV=constant
At the first state
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D- Polytropic Process 
During expansion and compression processes of real gases, pressure and volume are often
related by where n, and c are constants. A process of this kind is called a
Polytropic process.
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For ideal gas in Polytropic process we can drive the following relation:
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Example 3.4
Carbon dioxide with mass of 5kg at 100kPa pressure and 300K temperature is

compressed polyropically according to the law PV1.32=C until the pressure of 500kPa. Find
(a) initial and final volume (b) the final temperature (c) the work done
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Solution: Given CO2 gas 

CTkPaPkgm o3001005 11 ===

kPaP 5002 =

For CO2 the gas constant R=0.2968kJ/kg.K
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E- Isothermal Process (Constant Temperature Process)
This process can be discussed separately for ideal gas and vapor
1- Ideal gas 

when the temperature is constant                            and from the ideal gas equation of state, 
with no change in the mass                           The process becomes hyperbolic process and

tconsT tan=
tconsPV tan=
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Example 3.5
One kilogram of air at 500oC is expanded isothermally from a pressure of 2MPa

to a pressure of 0.5MPa, find the work done by the air.
Solution: Given Air of m=1kg at P1=2MPa P2=0.5MPa T1=T2=T=500oC
It is an ideal gas and isothermal process of expansion

kJkgW

P
PmRTW

61.307
5.0

2ln)15.273500(287.01
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2
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2-Substance with phase change
(i) Saturated region

In saturated region when the temperature is constant the pressure is also constant
because the pressure and temperature are dependent properties P=f(T). Therefore the work
in this process is the same to that as in constant pressure process

(ii) Superheated region
In this region the temperature and pressure are not dependent properties

Therefore the process can be assumed as polytropic process
))(( onlyTfP ≠

)tan( tconsPV n =
Example 3.6

0.4kg of saturated liquid water at 120oC is vaporized in piston cylinder device
isothermally until the volume of liquid becomes one tenth of the total volume. Find the
work done by the system.
Solution: Given sat. liquid water m=0.4 kg T=120oC isothermal
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3.3 Electrical Work
When N coulombs of electrons moves through potential difference V, the electrical work
done is

)(kJVNWe = which can also be expressed in the rate form as ][kJVIWe =&

where is the electrical power and I is the number of electrons flowing per unit time
i.e.(the current)

eW&

∫=
2

1

][kJVIdtWe

if both V and I remain constant during the time interval ∆t, this equation will reduce to

][kJtIVWe ∆=

the electrical work in fan, compressor and heater is negative.

Example 3.7:
Find the electrical work done by heating of voltage 240V and the current passes is 5A
operates for 15 minutes.
Solution: V=240 V I=5A and ∆t=15 minutes =900sec

kJJtVIWe 5.110211025009005240 ==××=∆=
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3.4 Mechanical Form of Work
In elementary mechanics, the work done by a constant force F on a body which is displaced
a distance S in the direction of force

][kJFSWm =

If the force is not constant, the work done is obtained by adding the differential amounts of
work

][
2

1

kJFdsWm ∫=

EXAMPLE 3.8
A 100-kg mass drops 3 m, resulting in an increased volume in the cylinder shown of 0.002
m3. The weight and the piston maintain a constant gage pressure of 100 kPa. Determine the
net work done by the gas on the surroundings. Neglect all friction.

Solution
The paddle wheel does work on the system, the gas,
due to the 100-kg mass dropping 3 m. That work is
negative and is

Wm = −F × d = −(100 × 9.81) × 3 = −2940 N⋅m (J)
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Energy transmission with a rotation is very common in engineering practice. Often the
torque T applied to the shaft is constant, which means that the force F applied is also
constant. For a specified constant torque, the work done during n revolutions is a
determined as follows: A force F acting through a moment arm r generates a torque T
which is determined from

3.5 Shaft Work

r
TFFrT =→=

This force acts through a distance S
nrS )2( π=

then the shaft work is determined from 
][2)2( kJnTrn

r
TFSWsh ππ ===

The power transmitted through the shaft is the shaft work done per unit time, which can
be expressed as

][2 kWTnWsh && π=

where   is number of revolution per second.n&
Example 3.9:

Determine the power transmitted through the shaft of a car when torque applied
is 200N.m and the shaft rotates at a rate of 4000r.p.m
Solution: T=200N.m=0.2kN.m =4000rpm=4000/60 rpsn&

kWTnWsh 7.832.0
60

4000022 === ππ &&
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It is common knowledge that when a force is applied on a spring, the length of the spring
changes. When the length of the spring changes by differential amount dx under the force F.

3.6 Spring Work

KdxFand
FdxWspring

=

=δ

where K= stiffness of spring or spring constant [kN/m]

( )∫ −==
2

1

2
1

2
22

1 xxKkxdxWspring

EXAMPLE 3.10
The air in a 10-cm-diameter cylinder shown is heated until the spring is compressed 50 mm. Find the
work done by the air on the frictionless piston. The spring is initially unstretched, as shown.
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HOME WORK Warm air is contained in a piston–cylinder assembly oriented horizontally as
shown in Figure below. The air cools slowly from an initial volume of 0.003 m3 to a final
volume of 0.002 m3. During the process, the spring exerts a force that varies linearly from
an initial value of 900 N to a final value of zero. The atmospheric pressure is 100 kPa, and
the area of the piston face is 0.018 m2. Friction between the piston and the cylinder wall
can be neglected. For the air, determine the initial and final pressures, in kPa, and the
work, in kJ.

Answer 
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3.7 Heat Transfer
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