


4.1 The first law of thermodynamics 

• The first law of thermodynamics: The total 
change in energy of a system is the sum of the 
heat added to it and the work done on it 

(conservation of energy)

• Remember:
Qin is positive

Qout is negative

W done by the system is positive

W done on the system is negative 

∆𝐸 = 𝑄 −𝑊
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• While Q and W depend on the path, 

does not.

• The change in energy of a system during any 

thermodynamic process depends only on the 

initial and final states, not on the path leading 

from one to the other. 

• i.e. E is an intrinsic property of the system.

ΔE = Q – W
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• Again, let ∆e be the change in energy of the 

system:

∆e = q − w

• In differential form this becomes

de = δq − δw
where: dq is the differential increment of heat added 

to the system, dw is the differential element of work 

done on the system, and de the differential increase 

in energy of the system. This is a statement of the 

First Law of Thermodynamics. 



4.2 The First Law of Thermodynamics for

A Control Mass  

4.2.1 The First Law of Thermodynamics for a Control Mass 
Undergoing a Cycle

• The first law of thermodynamics states that during any cycle a 
system (control mass) undergoes, the cyclic integral of the 
heat is proportional to the cyclic integral of the
work.

• The symbol ׯ δQ, which is called the cyclic integral of the 
heat transfer, represents the net heat transfer during the cycle, 
and, δWׯ the cyclic integral of the work, represents the net 
work during the cycle. 

• So the above equation states the first law of thermodynamics 
for a control mass during a cycle.



4.2.2 The First Law of Thermodynamics For

A Change In State of A Control Mass 

• We now consider the first law of thermodynamics 
for a control mass that undergoes a change of state. 

• Consider a system that undergoes a cycle in which 
it changes from state 1 to state 2 by process A and 
returns from state 2 to state 1 by process B. 

• This cycle is shown in Figure below on a p–v 
diagram. From the first law of thermodynamics we 
have 
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• Considering the two separate processes, we have

• Now consider another cycle in which the control mass changes 

from state 1 to state 2 by process C and returns to state 1 by process 

B, as before. For this cycle we can write 
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• Subtracting the second of these equations from 

the first, we obtain 

• or, by rearranging,
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• Since A and C represent arbitrary processes between 

states1 and 2, the quantity 𝛿𝑄 − 𝛿𝑊 is the same for all 

processes between states1 and 2. 

• Therefore, 𝛿𝑄 − 𝛿𝑊 depends only on the initial and final 

states and not on the path followed between the two 

states. 

• We conclude that this is a point function, and is given by
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• Because E is a property, its derivative is written dE. 

• When dE is integrated from an initial state1 to a final 

state2, we have

𝐸2 − 𝐸1 = 𝑄1−2 −𝑊1−2

where: E1and E2 are the initial and final values of the 

energy E of the control mass, 𝑄1−2 is the heat transferred 

to the control mass during the process from state1 to 

state2, and 𝑊1−2is the work done by the control mass 

during the process. 
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• For a closed system undergoing 

a cycle, the initial and final 
states are identical, and thus

∆𝐸𝑠𝑦𝑠𝑡𝑒𝑚 = 𝐸1 − 𝐸2 = 0, 𝐸1 = 𝐸2
• Then the energy balance for a 

cycle simplifies to 

𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = 0 or 𝐸𝑖𝑛 = 𝐸𝑜𝑢𝑡
• Noting that a closed system does 

not involve any mass flow across 
its boundaries, the energy 
balance for a cycle can be 
expressed in terms of heat and 
work interactions as

Fig:1 For a cycle ∆𝐸 = 0, 
thus 𝑄 = 𝑊

Fig: 2 Various forms of the 
first-law relation for closed 
systems
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• The physical significance of the property E is that 

it represents all the energy of the system in the 
given state. 

• This energy might be present in a variety of forms, 
such as 

the kinetic or potential energy of the system as a whole 
with respect to the chosen coordinate frame 

energy associated with the motion and position of the 
molecules 

energy associated with the structure of the atom

 chemical energy present in a storage battery 

energy present in a charged capacitor, or any of a 
number of other forms.
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• In the study of thermodynamics, it is convenient to 

consider the bulk kinetic and potential energy 

separately and then to consider all the other energy 

of the control mass in a single property that we 

call the internal energy and to which we give the 

symbol U. Thus, we would write 
• 𝐄 = 𝐈𝐧𝐭𝐞𝐫𝐧𝐚𝐥 𝐞𝐧𝐞𝐫𝐠𝐲 + 𝐤𝐢𝐧𝐞𝐭𝐢𝐜 𝐞𝐧𝐞𝐫𝐠𝐲 + 𝐩𝐨𝐭𝐞𝐧𝐭𝐢𝐚𝐥 𝐞𝐧𝐞𝐫𝐠𝐲

or 
𝐸 = 𝑈 + 𝐾𝐸 + 𝑃𝐸
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• The kinetic and potential energy of the control 

mass are associated with the coordinate frame that 
we select and can be specified by the macroscopic 
parameters of mass, velocity, and elevation. 

• The internal energy U includes all other forms of 
energy of the control mass and is associated with 
the thermodynamic state of the system.

• Since the terms comprising E are point functions, 
we can write

• The first law of thermodynamics for a change of 
state may therefore be written
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• In words, this equation states that as a control mass 
undergoes a change of state, energy may cross the 
boundary as either heat or work, and each may be 
positive or negative.

• The net change in the energy of the system will be 
exactly equal to the net energy that crosses the boundary 
of the system. 

• The energy of the system may change in any of three
ways by a change in internal energy, in kinetic energy, or 
in potential energy. 
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deriving an expression for the kinetic and potential energy 
of a control mass

• Consider a mass that is initially at rest relative to the 
earth, which is taken as the coordinate frame. 

• Let this system be acted on by an external horizontal 
force F that moves the mass a distance dx in the direction 
of the force. 

• Thus, there is no change in potential energy. Let there be 
no heat transfer and no change in internal energy. Then 
from the first law 

But 
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• Then

• Integrating, we obtain 
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• A similar expression for potential energy can be found. Consider a 

control mass that is initially at rest and at the elevation of some 

reference level. 

• Let this mass be acted on by a vertical force F of such magnitude 

that it raises (in elevation) the mass with constant velocity an 

amount dZ.

• Let the acceleration due to gravity at this point be g. From the first 

law we have
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Example 1

• A car of mass 1100 kg drives with a velocity such that 

it has a kinetic energy of 400 kJ (see in the Figure). 

Find the velocity. If the car is raised with a crane, 

how high should it be lifted in the standard 

gravitational field to have a potential energy that 

equals the kinetic energy?
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Example 2 

Consider a stone having a mass of 10 kg and a bucket containing 
100 kg of liquid water. Initially the stone is 10.2 m above the 
water, and the stone and the water are at the same temperature, 
state 1. The stone then falls into the water. Determine ∆𝑈, ∆K.E, 
∆P.E, Q, and W for the following changes of state. 

a. The stone is about to enter the water, state 2.

b. The stone has just come to rest in the bucket, state 3.

c. Heat has been transferred to the surroundings in such an 
amount that the stone and water are at the same temperature, 
T1, state 4. 



4.3 Internal Energy-A Thermodynamic 

Property

• The kinetic and potential energies associated with 
the random motion of molecules constitute the 
internal energy U.

• Value of U not important, ΔU during a thermal
process is what matters:
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• Internal energy is an extensive property because it 

depends on the mass of the system.

• Kinetic and potential energies are also extensive 
properties.

• tables of thermodynamic properties such as the saturated 
water tables, the value of internal energy can be tabulated 
along with other thermodynamic properties. 

• the internal energy for saturated states, which Include the 
internal energy of saturated liquid 𝑢𝑓 , the internal energy 

of saturated vapor 𝑢𝑔, and the difference between the 

internal energy of saturated liquid and saturated vapor 
𝑢𝑓𝑔.
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• Values for internal energy are found in the steam tables in the 

same manner as for specific volume. In the liquid–vapor 

saturation region
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Example 3 

• A vessel having a volume of 5 m3 contains 

0.05 m3 of saturated liquid water and 4.95 m3

of saturated water vapor at 0.1 MPa. Heat is 

transferred until the vessel is filled with

saturated vapor. Determine the heat transfer for 

this process 



4.4 THE THERMODYNAMIC PROPERTY 

ENTHALPY
• Let us consider a control mass undergoing a quasi-equilibrium 

constant-pressure process, as shown in Figure. 

Figure 5.1:The constant-pressure quasi-equilibrium
process 

• Assume that there are no changes in kinetic or potential energy and 
that the only work done during the process is that associated with 
the boundary movement. Taking the gas as our control mass and 
applying the first law of thermodynamics we have, in terms of Q, 
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• The work done can be calculated from the 
relation

• Since the pressure is constant 

• Therefore 
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• We find that, in this very restricted case, the heat 
transfer during the process is given in terms of the 
change in the quantity U + PV between the initial and 
final states. 

• Because all these quantities are thermodynamic 
properties, that is, functions of the state of the system 
only, therefore their combination must also have these 
same characteristics. 

• So, it is convenient to define a new extensive property, 
the enthalpy
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• The enthalpy of a substance in a saturation state and with a 

given quality is found in the same way as the specific 
volume and internal energy. 

• The enthalpy of saturated liquid has the symbol ℎ𝑓 , 
saturated vapor ℎ𝑔, and the increase in enthalpy during 
vaporization ℎ𝑓𝑔.

• For a saturation state, the enthalpy can be calculated by one 
of the following relations:

ℎ = 1 − 𝑥 ℎ𝑓 + 𝑥ℎ𝑔
ℎ = ℎ𝑓 + 𝑥ℎ𝑓𝑔

• The enthalpy of compressed liquid water may be found from 
Table A7 compressed liquid table. 

• For substances for which compressed-liquid tables are not 
available, the enthalpy is taken as that of saturated liquid at 
the same temperature. 

ℎ𝑓 ≈ ℎ
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Example 

1. A cylinder fitted with a piston has a volume of 0.1 m3 and contains 

0.5 kg of steam at 0.4 MPa. Heat is transferred to the steam until the 

temperature is 300◦C, while the pressure remains constant. Determine 

the heat transfer and the work for this process.

2. Saturated-vapor R-134a is contained in a piston/cylinder at room 

temperature, 20◦C, at which point the cylinder volume is 10 L. The 

external force restraining the piston is now reduced, allowing the 

system to expand to 40 L. We will consider two different situations:

a. The cylinder is uninsulated. In addition, the external force is 

reduced very slowly as the process takes place. If the work 

done during the process is 8.0 kJ, how much heat is 

transferred?

b. The cylinder is insulated. Also, the external force is reduced 

rapidly, causing the process to occur rapidly, such that the 

final pressure inside the cylinder is 150 kPa. What are the 

heat transfer and work for this process? 



4.5 The Constant-volume And

Constant-pressure Specific Heats 

• In this section we will consider a homogeneous phase of a substance 

of constant composition. 

• This phase may be a solid, a liquid, or a gas, but no change of phase 

will occur. 

• We will then define a variable termed the specific heat, the amount 

of heat required per unit mass to raise the temperature by one degree.

o to examine the relation between the specific heat and other 

thermodynamic variables, we reminder first that the change in energy 

of the system with the following restriction will be. 

o Neglecting changes in kinetic and potential energies 

o assuming a simple compressible substance 

o a quasi-equilibrium process with constant pressure 

o the work done during the process is that associated with the boundary 

movement.
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• We find that this expression can be evaluated for two separate special 

cases: 

1. Constant volume, for which the work term (P dV) is zero, so that the 
specific heat (at constant volume) is 

2. Constant pressure, for which the work term can be integrated and the 
resulting PV terms at the initial and final states can be associated with 
the internal energy terms, and the corresponding specific heat (at 
constant pressure) is 

• Note that in each of these special cases, the resulting expression 
contains only thermodynamic properties, from which we conclude 
that the constant-volume and constant-pressure specific heats must 
themselves be thermodynamic properties.
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Solids and Liquids

• As a special case, consider either a solid or a liquid. Since both of these phases 

are nearly incompressible, Also, for both of these phases, the specific volume is 

very small, such that in many cases.

• where C is either the constant-volume or the constant-pressure specific heat, as 

the two would be nearly the same. 

• In many processes involving a solid or a liquid, we might further assume that the 

specific heat in Eq.2 is constant (unless the process occurs at low temperature or 

over a wide range of temperatures). Equation 2 can then be integrated to

• Specific heats for various solids and liquids are listed in Tables A3. 

• In other processes for which it is not possible to assume constant specific heat, 

there may be a known relation for C as a function of temperature. Equation 2 

could then also be integrated. 



4.6 THE INTERNAL ENERGY, ENTHALPY,

AND SPECIFIC HEAT OF IDEAL GASES 

• In general, for any substance the internal energy u 
depends on the two independent properties specifying 
the state. 

• For a low-density gas, however, u depends primarily 
on T and much less on the second property, P or v. 

• For example, consider several values for superheated 
vapor water from Table A6, From these values, it is 
evident that u depends strongly on T but not much on 
P. 

• Also, we note that the dependence of u on P is less at 
low pressure and is much less at high temperature; 
that is, as the density decreases, so does dependence 
of u on P (or v).
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• It is therefore reasonable to extrapolate this 

behavior to very low density and to assume that as 
gas density becomes so low that the ideal-gas 
model is appropriate, internal energy does not 
depend on pressure at all but is a function only of 
temperature. That is, for an ideal gas,

• The relation between the internal energy u and the 
temperature can be established by using the 
definition of constant-volume specific heat given 
by 
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• Because the internal energy of an ideal gas is not a 

function of specific volume, for an ideal gas we can 

write

• where the subscript 0 denotes the specific heat of an 

ideal gas. For a given mass m,
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• From the definition of enthalpy and the equation of state of an 

ideal gas, it follows that 

• Since R is a constant and u is a function of temperature only, it 
follows that the enthalpy, h, of an ideal gas is also a function of 
temperature only. That is, 

• The relation between enthalpy and temperature is found from the 
constant-pressure specific heat as defined earlier  

• Since the enthalpy of an ideal gas is a function of the temperature 
only and is independent of the pressure, it follows that

•

• For a given mass m
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• The following diagram will demonstrate the 

strongly relationship between temperature with 

enthalpy and internal energy

Figure: P–v diagram for an ideal gas 
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• The shows two lines of constant temperature. Since internal 

energy and enthalpy are functions of temperature only, these 
lines of constant temperature are also lines of constant 
internal energy and constant enthalpy. From state 1 the high 
temperature can be reached by a variety of paths, and in each 
case the final state is different.

• However, regardless of the path, the change in internal energy 
is the same, as is the change in enthalpy, for lines of constant 
temperature are also lines of constant u and constant h.

• Because the internal energy and enthalpy of an ideal gas are 
functions of temperature only, it also follows that the 
constant-volume and constant-pressure specific heats are also 
functions of temperature only. That is 
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• Because all gases approach ideal-gas behavior as 

the pressure approaches zero, the ideal-gas specific 

heat for a given substance is often called the zero-

pressure specific heat, and the zero-pressure, 

constant-pressure specific heat is given the symbol 

𝐶𝑝𝑜.

• The zero-pressure, constant-volume specific heat is 

given the symbol 𝐶𝑣𝑜. the Figure below shows 𝐶𝑝𝑜
as a function of temperature for a number of 

substances 
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Figure: Heat capacity for some gases as a function of temperature. 
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• A very important relation between the constant-

pressure and constant-volume specific heats of an 

ideal gas may be developed from the definition of 

enthalpy: 

• Differentiating and substituting, we have

Therefore,

• On a mole basis this equation is written
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• This tells us that the difference between the constant-pressure 

and constant-volume specific heats of an ideal gas is always 
constant, though both are functions of temperature. 

• Thus, we need examine only the temperature dependency of 
one, and the other is given by the above equation. 

• Let us consider the specific heat Cp0. There are three 
possibilities to examine. 

• The situation is simplest if we assume constant specific heat, 
that is, no temperature dependence. 

• Then it is possible to integrate 
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• The second possibility for the specific heat is to 

use an analytical equation for Cp0 as a function of 

temperature. 

• Because the results of specific-heat calculations 

from statistical thermodynamics do not lend 

themselves to convenient mathematical forms, 

these results have been approximated empirically.

• The equations for Cp0 as a function of temperature 

are listed in Table as shown for a number of gases. 
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• The third possibility is to integrate the results of 
the calculations of statistical thermodynamics 
from an arbitrary reference temperature to any 
other temperature T and to define a function

• This function can then be tabulated in a single-
entry (temperature) table. Then, between any two 
states 1 and 2 and it is seen that the reference 
temperature cancels out.
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• To summarize the three possibilities, we note that 

using the ideal-gas tables, Tables A.7 and A.8, 
gives us the most accurate answer, but that the 
equations in Table A.6 would give a close 
empirical approximation. 

• Constant specific heat would be less accurate, 
except for monatomic gases and gases below room 
temperature.

• It should be remembered that all these results are 
part of the ideal-gas model, which in many of our 
problems is not a valid assumption for the 
behavior of the substance. 
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Example 

1. Calculate the change of enthalpy as 1 kg of 
oxygen is heated from 300 to 1500 K. Assume 
ideal-gas behavior.

2. A cylinder fitted with a piston has an initial 
volume of 0.1 m3 and contains nitrogen at 
150kPa, 25◦C. The piston is moved, compressing 
the nitrogen until the pressure is 1 MPa and the 
temperature is 150◦C. During this compression 
process heat is transferred from the nitrogen, and 
the work done on the nitrogen is 20 kJ. Determine 
the amount of this heat transfer. 



4.7 THE FIRST LAW AS A RATE 
EQUATION 

• It desirable to use the first law as a rate equation that 
expresses either the instantaneous or average rate at which 
energy crosses the control surface as heat and work or the rate 
at which the energy of the control mass changes.

• Consider a time interval δt during which an amount of heat 
δQ crosses the control surface, an amount of work δW is done 
by the control mass, the internal energy change is
∆U, the kinetic energy change is ∆KE, and the potential 
energy change is ∆PE. From the first law we can write 

• Dividing by δt, we have the average rate of energy transfer as 
heat, work and increase of the energy of the control mass:
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• Taking the limit for each of these quantities as δt approaches zero, we 
have 

• Therefore, the rate equation form of the first law is

• We could also write this in the form 
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Example

1. During the charging of a storage battery, the 

current is 20 A and the voltage is 12.8 V. The rate of 

heat transfer from the battery is 10 W. At what rate 

is the internal energy increasing? 



• Conservation of mass is one of the most fundamental principles in 

nature.

• chemical equations are balanced on the basis of the conservation of 

mass principle. For example When 16 kg of oxygen reacts with 2 

kg of hydrogen, 18 kg of  water is formed.

• Mass, like energy, is a conserved property, and it cannot be created 
or destroyed during a process.

Mass and Volume Flow Rates

• The amount of mass flowing through a cross section per unit time is 

called the mass flow rate and is denoted by ሶ𝒎. 

• The dot over a symbol is used to indicate time rate of change.

4.8 CONSERVATION OF MASS



• A fluid usually flows into or out of a control volume 

through pipes or ducts. 

• The differential mass flow rate of fluid flowing across a 

small area element 𝑑𝐴𝑐 on a flow cross section is 

proportional to 𝑑𝐴𝑐 itself, the fluid density 𝜌, and the 

component of the flow velocity normal to 𝑑𝐴𝑐, which we 

denote as 𝑣𝑛, and is expressed as follow

𝛿 ሶ𝑚 = 𝜌𝑣𝑛𝑑𝐴𝑐



• The mass flow rate through the entire cross-sectional area of a pipe or duct is 

obtained by integration:-

• While the above equation is always valid (in fact it is exact), it is not always 

practical for engineering analyses because of the integral. instead mass flow rate 

express in terms of average values over a cross section of the pipe.

• In a general compressible flow, both vary across the pipe. In many 

practical applications, however, the density is essentially uniform over the pipe 

cross section and we can take 𝜌 outside the integral of the above Equation.

• Velocity, however, is never uniform over a cross section of a pipe because of the 

fluid sticking to the surface and thus having zero velocity at the wall (the no-slip 

condition). Rather, the velocity varies from zero at the walls to some maximum 

value at or near the centerline of the pipe.

𝜌 𝑎𝑛𝑑 𝑣𝑛



• We define the average velocity        as the average value of      

across the entire cross section.

• the mass flow rate would be identical to that obtained by integrating 
the actual velocity profile. Thus for incompressible flow or even for 
compressible flow where r is uniform across Ac, so the above 
equation becomes:

• For simplicity, we drop the subscript on the average velocity. 
Unless otherwise stated, V denotes the average velocity in the flow 
direction. Also, Ac denotes the cross-sectional area normal to the 
flow direction. 

ሶ𝑚 = 𝜌𝑉𝐴𝑐



• The volume of the fluid flowing through a cross section per unit 

time is called the volume flow rate ሶ𝑽 and is given by:

• The mass and volume flow rates are related by:

• Where v is the specific volume.

• This relation is analogous to 𝑚 = 𝜌𝑉 =
𝑉

𝑣

• which is the relation between the mass and the volume of a fluid 

in a container.
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Example

• Air is flowing in a 0.2-m-diameter pipe at a 
uniform velocity of 0.1 m/s. The temperature
is 25◦C and the pressure is 150kPa. Determine 
the mass flow rate. 



• The conservation of mass principle for a control 

volume can be expressed as: The net mass transfer to or 

from a control volume during a time interval ∆t is equal 

to the net change (increase or decrease) in the total mass 

within the control volume during ∆t.

Or 
𝑚𝑖𝑛 −𝑚𝑜𝑢𝑡 = ∆𝑚𝑐𝑣

Where: ∆𝑚𝑐𝑣 = 𝑚𝑓𝑖𝑛𝑎𝑙 − 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the change in 

the mass of the control volume during the process. 

It can also be expressed in rate form as 



4.9 THE FIRST LAW OF THERMODYNAMICS

FOR A CONTROL VOLUME
• a control volume is shown in Figure below that involves the 

rate of heat transfer, rates of work, and mass flows. 

• The fundamental physical law states that we cannot create 
or destroy energy such that any rate of change of energy 
must be caused by rates of energy into or out of the control 
volume.



• The fluid flowing across the control surface enters or 
leaves with an amount of energy per unit mass as

the flow work 

Where: V velocity, ሶ𝑉volume flow rate and, v specific volume

• For the flow that leaves the control volume, work is being 
done by the control volume.

𝑃𝑒𝑣𝑒 ሶ𝑚𝑒

• and for the mass that enters, the surroundings do the rate of 
work.

𝑃𝑖𝑣𝑖 ሶ𝑚𝑖

• The flow work per unit mass is then 𝑃𝑣, and the total 
energy associated with the flow of mass is



• Accordingly, the conservation of energy principle applied 
to a control volume states. 

• For the one-inlet one-exit control volume the energy rate 
balance is 

• the work term of the energy rate equation, can be written 
as

• The term ሶ𝑊𝑐𝑣 accounts for all other energy transfers by 
work across the boundary of the control volume. 



• Substitute the second equation to the first one and rearrange.

• In practice there may be several locations on the boundary through which 
mass enters or exits. This can be accounted for by introducing 
summations as in the mass balance. 

Accordingly, the energy rate balance is :

• In principle, the change in the energy of a control volume over a time 
period can be obtained by integration of the energy rate balance with 
respect to time. 

• Such integrations require information about the time dependences of the 
work and heat transfer rates, the various mass flow rates, and the states at 
which mass enters and leaves the control volume. 



4.10 THE STEADY-STATE PROCESS 

• For a control volume at steady state, the conditions of the 
mass within the control volume and at the boundary do not 
vary with time. 

• The mass flow rates and the rates of energy transfer by heat 
and work are also constant with time. There can be no 

accumulation of mass within the control volume, so 
𝑑𝑚𝑐𝑣

𝑑𝑡
= 0

and the mass rate balance takes the form as shown. 

• Furthermore, at steady state
𝑑𝐸𝑐𝑣

𝑑𝑡
= 0,  the rate of energy can 

be written as 



• Many of the applications of the steady-state model are such 

that there is only one flow stream entering and one leaving 

the control volume. For this type of process, we can write 

• Rearranging this equation, we have 

where, by definition, 



4.11 EXAMPLES OF STEADY-STATE 

PROCESSES 



1. NOZZLES AND DIFFUSERS

A nozzle is a flow passage of varying cross-sectional area in which 

the velocity of a gas or liquid increases in the direction of flow. 

In a diffuser, the gas or liquid decelerates in the direction of flow. 

The figure below shows a nozzle in which the cross-sectional area 

decreases in the direction of flow and a diffuser in which the walls of 

the flow passage diverge.

• For nozzles and diffusers, the only work is flow work at locations 

where mass enters and exits the control volume, so the term 
ሶ𝑊𝑐𝑣drops out of the energy rate equation for these devices.



• The change in potential energy from inlet to exit is negligible under 
most conditions. 

• At steady state the mass and energy rate balances reduce, 
respectively, to

• where 1 denotes the inlet and 2 the exit. By combining these into a 
single expression and dropping the potential energy change from 
inlet to exit

• The term representing heat transfer with the surroundings per 
unit of mass flowing through the nozzle or diffuser is often 
small enough relative to the enthalpy and kinetic energy 
changes that it can be dropped. 



Example

Steam enters a converging–diverging nozzle operating at 

steady state with p1 = 40 bar, T1 = 400oC, and a velocity of 

10 m/s. The steam flows through the nozzle with negligible 

heat transfer and no significant change in potential energy. 

At the exit, p2 = 15 bar, and the velocity is 665 m/s. The 

mass flow rate is 2 kg/s. Determine the exit area of the 

nozzle, in m2. 



2. TURBINES
A turbine is a device in which work is developed as a result of a gas or liquid 

passing through a set of blades attached to a shaft free to rotate. 

Turbines are widely used in vapor power plants, gas turbine power plants, 

and aircraft engines . In these applications, superheated steam or a gas enters 

the turbine and expands to a lower exit pressure as work is developed. 

• When gases are under consideration, changes in potential energy are 

negligible, as is the inlet kinetic energy. Often, the exit kinetic energy is

neglected, and any heat rejection from the turbine is undesirable and is 

commonly small. 



• We therefore normally assume that a turbine 

process is adiabatic, and the work output in this 

case reduces to the decrease in enthalpy from the 

inlet to exit states. 

• For a turbine at steady state the mass and energy 

rate balances reduce to give

• In the following example, however, we include 

all the terms in the first law and study their 

relative importance.

ሶ𝑊𝑐𝑣

ሶ𝑚
= (ℎ1 − ℎ2)



Example

The mass rate of flow into a steam turbine is 1.5 kg/s, and 

the heat transfer from the turbine is 8.5 kW. The following 

data are known for the steam entering and leaving the 

turbine. Determine the power output of the turbine. 



3. COMPRESSORS AND PUMPS
Compressors are devices in which work is done on a gas passing 
through them in order to raise the pressure. 

In pumps, the work input is used to change the state of a liquid passing 
through.

• The mass and energy rate balances reduce for compressors and 
pumps at steady state, as for the case of turbines considered 
previously. 

• For compressors, the changes in specific kinetic and potential 
energies from inlet to exit are often small relative to the work done 
per unit of mass passing through the device.

• Heat transfer with the surroundings is frequently a secondary effect 
in both compressors and pumps 



Example

Air enters a compressor operating at steady state at a 

pressure of 1 bar, a temperature of 290 K, and a 

velocity of 6 m/s through an inlet with an area of 0.1 

m2. At the exit, the pressure is 7 bar, the temperature 

is 450 K, and the velocity is 2 m/s. Heat transfer 

from the compressor to its surroundings occurs at a 

rate of 180 kJ/min. Employing the ideal gas model, 

calculate the power input to the compressor, in kW. 



4. HEAT EXCHANGERS 
Devices that transfer energy between fluids at different 
temperatures by heat transfer modes such as conduction, 
convection and, radiation are called heat exchangers. common 
type of heat exchanger is

Figure: Common heat exchanger types. (a) Direct contact heat 
exchanger. (b) Tube-within-a-tube counter flow heat exchanger.

(c) Tube-within-a-tube parallel flow heat exchanger. (d ) Cross-
flow heat exchanger. 



• The only work interaction at the boundary of a control volume enclosing a heat 

exchanger is flow work at the places where matter enters and exits, so the term of 

the energy rate balance can be set to zero.

• Although high rates of energy transfer may be achieved from stream to stream, 

the heat transfer from the outer surface of the heat exchanger to the surroundings 

is often small enough to be neglected.

• In addition, the kinetic and potential energies of the flowing streams can often be 

ignored at the inlets and exits.

Example 

Steam enters the condenser of a vapor power plant at 0.1 bar with a quality of 0.95 

and condensate exits at 0.1 bar and 45C. Cooling water enters the condenser in a 

separate stream as a liquid at 20oC and exits as a liquid at 35oC with no change in 

pressure. Heat transfer from the outside of the condenser and changes in the kinetic 

and potential energies of the flowing streams can be ignored. For steady-state 

operation, determine

I. the ratio of the mass flow rate of the cooling water to the mass flow rate of the 

condensing stream.

II. the rate of energy transfer from the condensing steam to the cooling water, in kJ 

per kg of steam passing through the condenser 



5. THROTTLING DEVICES
A significant reduction in pressure can be achieved simply by 

introducing a restriction into a line through which a gas or liquid 

flows. This is commonly done by means of a partially opened 

valve or a porous plug, as illustrated in Figure. 

For a control volume enclosing such a device, the mass and 

energy rate balances reduce at steady state to



• There is usually no significant heat transfer with the 
surroundings and the change in potential energy from inlet to 
exit is negligible. With these idealizations, the mass and 
energy rate balances combine to give

• Although velocities may be relatively high in the vicinity of 
the restriction, measurements made upstream and downstream 
of the reduced flow area show in most cases that the change 
in the specific kinetic energy of the gas or liquid between 
these locations can be neglected. 

• With this further simplification, the last equation reduces to 

• When the flow through a valve or other restriction is idealized 
in this way, the process is called a throttling process



Example

• A supply line carries a two-phase liquid–vapor mixture of 

steam at 20 bars. A small fraction of the flow in the line is 

diverted through a throttling calorimeter and exhausted to 

the atmosphere at 1 bar. The temperature of the exhaust 

steam is measured as 120oC. Determine the quality of the 

steam in the supply line. 



6. SYSTEM INTEGRATION

• Thus far, we have studied several types of components selected 

from those commonly seen in practice. 

• These components are usually encountered in combination, rather 

than individually. 

• The simple power plant shown in Figure. This system consists of 

four components in series, a turbine-generator, condenser, pump, 

and boiler. So the combination of this components called system 

integration 



Example

Consider the simple steam power plant, as shown in Figure below. 
The following data are for such a power plant

Determine the following quantities per kilogram flowing through the 
unit:

a. Heat transfer in the line between the boiler and turbine.

b. Turbine work.



c. Heat transfer in the condenser.

d. Heat transfer in the boiler.


