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Introduction

• In Chap. 4, we applied the general energy balance relation expressed as 
Ein - Eout = ∆Esystem to closed systems. 

• In this chapter, we extend the energy analysis to systems that involve mass flow across 
their boundaries i.e., control volumes, with particular emphasis to steady-flow systems.

• We start this chapter with the development of the general conservation of mass relation for 
control volumes, and we continue with a discussion of flow work and the energy of fluid 
streams. 

• We then apply the energy balance to systems that involve steady-flow processes and 
analyze the common steady-flow devices such as nozzles, diffusers, compressors, 
turbines, throttling devices, mixing chambers, and heat exchangers. 

• Finally, we apply the energy balance to general unsteady-flow processes such as the 
charging and discharg- ing of vessels.
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Objectives 
The objectives of Chapter 5 are to:

• Develop the conservation of mass principle.

• Apply the conservation of mass principle to various systems including steady- and 
unsteady-flow control volumes.

• Apply the first law of thermodynamics as the statement of the conservation of energy 
principle to control volumes.

• Identify the energy carried by a fluid stream crossing a control surface as the sum of 
internal energy, flow work, kinetic energy, and potential energy of the fluid and to relate 
the combination of the internal energy and the flow work to the property enthalpy.

• Solve energy balance problems for common steady-flow devices such as nozzles, 
compressors, turbines, throttling valves, mixers, heaters, and heat exchangers.
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• Apply the energy balance to general unsteady-flow processes with particular emphasis 
on the uniform-flow process as the model for commonly encountered charging and 
discharging processes.
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differential), but this is not the case for the integral of dm. (thus the names 
path function and inexact differential).
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The mass flow rate through the entire cross-sectional area of a pipe or duct is obtained 
by integration:

• While Eq. 5–3 is always valid (in fact it is exact), it is not always practical for 
engineering analyses because of the integral. 

• We would like instead to express mass flow rate in terms of average values over a cross 
section of the pipe. 

• In a general compressible flow, both r and Vn vary across the pipe. In many practical 
applications, however, the density is essentially uniform over the pipe cross section, and 
we can take r outside the integral of Eq. 5–3. 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. 
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We define the average velocity Vavg as the average value of Vn across the 
entire cross section (Fig. 5–3),
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Eq. 5–3 becomes
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• During a steady-flow process, the total amount of mass contained within a control 
volume does not change with time (mCV = constant). 

• Then the conservation of mass principle requires that the total amount of mass 
entering a control volume equal the total amount of mass leaving it. 

• For a garden hose nozzle in steady operation, for example, the amount of water 
entering the nozzle per unit time is equal to the amount of water leaving it per unit 
time.

• When dealing with steady-flow processes, we are not interested in the amount of 
mass that flows in or out of a device over time; instead, we are interested in the 
amount of mass flowing per unit time, that is, the mass flow rate m.. 

• The conservation of mass principle for a general steady-flow system with multiple 
inlets and outlets can be expressed in rate form as (Fig. 5–7)

Mass Balance for Steady-Flow Processes
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• It states that the total rate of mass entering a control volume is equal to the total rate 
of mass leaving it.

• Many engineering devices such as nozzles, diffusers, turbines, compressors, and 
pumps involve a single stream (only one inlet and one outlet). 

• For these cases, we denote the inlet state by the subscript 1 and the outlet state by 
the subscript 2, and drop the summation signs. Then Eq. 5–18 reduces, for single-
stream steady-flow systems, to
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• It should always be kept in mind that there is no such thing as a 
“conservation of volume” principle. Therefore, the volume flow rates into 
and out of a steady-flow device may be different. 

• The volume flow rate at the outlet of an air compressor is much less than that at 
the inlet even though the mass flow rate of air through the compressor is constant 
(Fig. 5–8). 

• This is due to the higher density of air at the compressor exit. 
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• For steady flow of liquids, however, the volume flow rates, as well as the mass flow 
rates, remain constant since liquids are essentially incompressible (constant-density) 
sub- stances. 

• Water flow through the nozzle of a garden hose is an example of the latter case.
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FLOW WORK AND THE ENERGY OF A FLOWING FLUID

• Unlike closed systems, control volumes involve mass flow across their boundaries, 
and some work is required to push the mass into or out of the control volume. 

• This work is known as the flow work, or flow energy, and is necessary for 
maintaining a continuous flow through a control volume.

• To obtain a relation for flow work, consider a fluid element of volume V as shown in 
Fig. 5–11. 

• The fluid immediately upstream forces this fluid element to enter the control volume; 
thus, it can be regarded as an imaginary piston. 

• The fluid element can be chosen to be sufficiently small so that it has uniform 
properties throughout

• If the fluid pressure is P and the cross-sectional area of the fluid element is A (Fig. 5–
12), the force applied on the fluid element by the imaginary piston is

F = PA
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• To push the entire fluid element into the control volume, this force must act through 
a distance L. Thus, the work done in pushing the fluid element across the boundary 
(i.e., the flow work) is

W = FL = PAL = PV kJ (5–23)
• The flow work per unit mass is obtained by dividing both sides of this equation by 

the mass of the fluid element:
wflow = Pv kJ\kg (5–24)

• The flow work relation is the same whether the fluid is pushed into or out of the 
control volume (Fig. 5–13).

• The flow work relation is the same whether the fluid is pushed into or out of the 
control volume (Fig. 5–13).

• It is interesting that unlike other work quantities, flow work is expressed in 
terms of properties. 
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• In fact, it is the product of two properties of the fluid. For that reason, some 
people view it as a combination property (like enthalpy) and refer to it as flow 
energy, convected energy, or transport energy instead of flow work. 

• In the discussions that follow, we consider the flow energy to be part of the energy 
of a flowing fluid, since this greatly simplifies the energy analysis of control 
volumes.
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Total Energy of a Flowing Fluid

As we discussed in Chap. 2, the total energy of a simple compressible system consists of 
three parts: internal, kinetic, and potential energies (Fig. 5–14). On a unit-mass basis, it is 
expressed as

where V is the velocity and z is the elevation of the system relative to some external 
reference point.
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ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS

• A large number of engineering devices such as turbines, compressors, and nozzles 
operate for long periods of time under the same conditions once the transient start-up 
period is completed and steady operation is established, and they are classified as 
steady-flow devices (Fig. 5–17). 

• Processes involving such devices can be represented reasonably well by a somewhat 
idealized process, called the steady-flow process, which was defined in Chap. 1 as a 
process during which a fluid flows through a control volume steadily. 

• That is, the fluid properties can change from point to point within the control volume, 
but at any point, they remain constant during the entire process. (Remember, steady 
means no change with time.)
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• During a steady-flow process, no intensive or extensive properties within the control 
volume change with time. Thus, the volume V, the mass m, and the total energy 
content E of the control volume remain constant (Fig. 5–18). 

• As a result, the boundary work is zero for steady-flow systems (since VCV = 
constant), and the total mass or energy entering the control volume must be equal to 
the total mass or energy leaving it (since mCV = constant and ECV = constant). These 
observations greatly simplify the analysis.

• The fluid properties at an inlet or exit remain constant during a steady- flow process. 
The properties may, however, be different at different inlets and exits. 

• They may even vary over the cross section of an inlet or an exit. However, all 
properties, including the velocity and elevation, must remain constant with time at a 
fixed point at an inlet or exit. 

• It follows that the mass flow rate of the fluid at an opening must remain constant 
during a steady- flow process (Fig. 5–19). 
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• As an added simplification, the fluid properties at an opening are usually considered 
to be uniform (at some average value) over the cross section. Thus, the fluid 
properties at an inlet or exit may be specified by the average single values. 

• Also, the heat and work interactions between a steady-flow system and its 
surroundings do not change with time. Thus, the power delivered by a system and the 
rate of heat transfer to or from a system remain constant during a steady-flow 
process.

• The mass balance for a general steady-flow system was given in Sec. 5–1 as
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• Consider, for example, an ordinary electric 
hot-water heater under steady operation, as 
shown in Fig. 5–20. 

• A cold-water stream with a mass flow rate m 
is continuously flowing into the water heater, 
and a hot-water stream of the same mass 
flow rate is continuously flowing out of it. 

• The water heater (the control volume) is 
losing heat to the surrounding air at a rate of 
Qout, and the electric heating element is 
supplying electrical work (heating) to the 
water at a rate of Win . 

• On the basis of the conservation of energy 
principle, we can say that the water 
stream experiences an increase in its total 
energy as it flows through the water 
heater that is equal to the electric energy 
supplied to the water minus the heat 
losses.
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SOME STEADY-FLOW ENGINEERING DEVICES

• Many engineering devices operate essentially under the same conditions for long 
periods of time. 

• The components of a steam power plant (turbines, compressors, heat exchangers, 
and pumps), for example, operate nonstop for months before the system is shut 
down for maintenance (Fig. 5–24). Therefore, these devices can be conveniently 
analyzed as steady-flow devices.

• In this section, some common steady-flow devices are described, and the 
thermodynamic aspects of the flow through them are analyzed. 

• The conservation of mass and the conservation of energy principles for these 
devices are illustrated with examples.
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Nozzles and Diffusers

• Nozzles and diffusers are commonly utilized in jet engines, rockets, space- craft, and 
even garden hoses.

• A nozzle is a device that increases the velocity of a fluid at the expense of pressure. A 
diffuser is a device that increases the pressure of a fluid by slowing it down. That is, 
nozzles and diffusers perform opposite tasks. 

• The cross-sectional area of a nozzle decreases in the flow direction for subsonic flows 
and increases for supersonic flows. The reverse is true for diffusers.

• The rate of heat transfer between the fluid flowing through a nozzle or a diffuser 
and the surroundings is usually very small (𝑸̇ = 0) since the fluid has high 
velocities, and thus it does not spend enough time in the device for any significant heat 
transfer to take place. 

• Nozzles and diffusers typically involve no work (𝑾̇ =0) and any change in 
potential energy is negligible (∆pe = 0).
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• But nozzles and diffusers usually involve very high velocities, and as a fluid passes 
through a nozzle or diffuser, it experiences large changes in its velocity (Fig. 5–25). 
Therefore, the kinetic energy changes must be accounted for in analyzing the flow 
through these devices (∆ke ≠ 0).
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Turbines and Compressors

• In steam, gas, or hydroelectric power plants, the device that drives the electric generator 
is the turbine. As the fluid passes through the turbine, work is done against the blades, 
which are attached to the shaft. As a result, the shaft rotates, and the turbine produces 
work.

• Compressors, as well as pumps and fans, are devices used to increase the pressure of a 
fluid. Work is supplied to these devices from an external source through a rotating shaft. 
Therefore, compressors involve work inputs. 

• Even though these three devices function similarly, they do differ in the tasks they 
perform. A fan increases the pressure of a gas slightly and is mainly used to mobilize a 
gas. A compressor is capable of compressing the gas to very high pressures. 

• Pumps work very much like compressors except that they handle liquids instead of gases. 
Note that turbines produce power output whereas compressors, pumps, and fans require 
power input. 

• Heat transfer from turbines is usually negligible (𝑸̇= 0) since they are typically well 
insulated. Heat transfer is also negligible for compressors unless there is intentional 
cooling. 
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• Potential energy changes are negligible for all of these devices (∆pe = 0). The 
velocities involved in these devices, with the exception of turbines and fans, are 
usually too low to cause any significant change in the kinetic energy (∆ke = 0). 

• The fluid velocities encountered in most turbines are very high, and the fluid 
experiences a significant change in its kinetic energy. However, this change is usually 
very small relative to the change in enthalpy, and thus it is often disregarded.
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Throttling Valves

• Throttling valves are any kind of flow-restricting devices that cause a significant 
pressure drop in the fluid. Some familiar examples are ordinary adjustable 
valves, capillary tubes, and porous plugs (Fig. 5–29). 

• Unlike turbines, they produce a pressure drop without involving any work. The 
pressure drop in the fluid is often accompanied by a large drop in temperature, and 
for that reason throttling devices are commonly used in refrigeration and air-
conditioning applications. 

• The magnitude of the temperature drop (or, sometimes, the temperature rise) during 
a throttling process is governed by a property called the Joule-Thomson coefficient, 
discussed in Chap. 12.

• Throttling valves are usually small devices, and the flow through them may be 
assumed to be adiabatic (q = 0) since there is neither sufficient time nor large 
enough area for any effective heat transfer to take place.
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• Also, there is no work done (w = 0), and the change in potential energy, if any, is
very small (∆pe = 0). Even though the exit velocity is often considerably higher
than the inlet velocity, in many cases, the increase in kinetic energy is insignificant
(∆ ke = 0). Then the conservation of energy equation for this single-stream steady-
flow device reduces to

h2 ≅ h1 (kJ/kg)………. Eq. 5–41 

• That is, enthalpy values at the inlet and exit of a throttling valve are the same. For
this reason, a throttling valve is sometimes called an isenthalpic device. Note,
however, that for throttling devices with large exposed surface areas such as
capillary tubes, heat transfer may be significant.

• To gain some insight into how throttling affects fluid properties, let us express Eq.
5–41 as follows:

u1 +P1v1 = u2 + P2v2
Internal energy + Flow energy = Constant
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• Thus the final outcome of a throttling process depends on which of the two quantities
increases during the process. If the flow energy increases during the process (P2v2 =
P1v1), it can do so at the expense of the internal energy. As a result, internal energy
decreases, which is usually accompanied by a drop in temperature.

• If the product Pv decreases, the internal energy and the temperature of a fluid will
increase during a throttling process. In the case of an ideal gas, h = h(T ), and thus the
temperature has to remain constant during a throttling process (Fig. 5–30).
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Mixing Chambers

• In engineering applications, mixing two streams of fluids is not a rare occurrence. The 
section where the mixing process takes place is commonly referred to as a mixing 
chamber. 

• The mixing chamber does not have to be a distinct “chamber.” An ordinary T-elbow or a 
Y-elbow in a shower, for example, serves as the mixing chamber for the cold- and hot-
water streams (Fig. 5–32).

• The conservation of mass principle for a mixing chamber requires that the sum of the 
incoming mass flow rates equal the mass flow rate of the outgoing mixture.

• Mixing chambers are usually well insulated (q = 0) and usually do not involve any 
kind of work (w = 0). Also, the kinetic and potential energies of the fluid streams are 
usually negligible (ke = 0, pe = 0). 

• Then all there is left in the energy equation is the total energies of the incoming streams 
and the outgoing mixture. The conservation of energy principle requires that these two 
equal each other. Therefore, the conservation of energy equation becomes analogous to 
the conservation of mass equation for this case.
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Heat Exchangers

• As the name implies, heat exchangers are devices where two moving fluid streams 
exchange heat without mixing. Heat exchangers are widely used in various industries, 
and they come in various designs.

• The simplest form of a heat exchanger is a double-tube (also called tube- and-shell) 
heat exchanger, shown in Fig. 5–35. It is composed of two concentric pipes of different 
diameters. One fluid flows in the inner pipe, and the other in the annular space between 
the two pipes.

• Heat is transferred from the hot fluid to the cold one through the wall separating them. 
Some- times the inner tube makes a couple of turns inside the shell to increase the heat 
transfer area, and thus the rate of heat transfer. 

• The mixing chambers discussed earlier are sometimes classified as direct-contact 
heat exchangers.
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• The conservation of mass principle for a heat exchanger in steady operation requires
that the sum of the inbound mass flow rates equal the sum of the outbound mass flow
rates. This principle can also be expressed as follows: Under steady operation, the mass
flow rate of each fluid stream flowing through a heat exchanger remains constant.

• Heat exchangers typically involve no work interactions (w = 0) and negligible kinetic
and potential energy changes (∆ke = 0, ∆pe = 0) for each fluid stream.

• The heat transfer rate associated with heat exchangers depends on how the control
volume is selected. Heat exchangers are intended for heat transfer between two fluids
within the device, and the outer shell is usually well insulated to prevent any heat loss
to the surrounding medium.

• When the entire heat exchanger is selected as the control volume, Q becomes zero,
since the boundary for this case lies just beneath the insulation and little or no heat
crosses the boundary (Fig. 5–36). If, however, only one of the fluids is selected as the
control volume, then heat will cross this boundary as it flows from one fluid to the other
and Q will not be

zero. In fact, Q in this case will be the rate of heat transfer between the two fluids.
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Pipe and Duct Flow

• The transport of liquids or gases in pipes and ducts is of great importance in many 
engineering applications. Flow through a pipe or a duct usually satisfies the steady-
flow conditions and thus can be analyzed as a steady-flow process. This, of course, 
excludes the transient start-up and shut-down periods. 

• The control volume can be selected to coincide with the interior surfaces of the 
portion of the pipe or the duct that we are interested in analyzing

• Under normal operating conditions, the amount of heat gained or lost by the fluid 
may be very significant, particularly if the pipe or duct is long (Fig. 5–39). 
Sometimes heat transfer is desirable and is the sole purpose of the flow. 

• Water flow through the pipes in the furnace of a power plant, the flow of refrigerant 
in a freezer, and the flow in heat exchangers are some examples of this case. 
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• At other times, heat transfer is undesirable, and the pipes or ducts are insulated to
prevent any heat loss or gain, particularly when the temperature difference
between the flowing fluid and the surroundings is large. Heat transfer in this case
is negligible.

• If the control volume involves a heating section (electric wires), a fan, or a pump
(shaft), the work interactions should be considered (Fig. 5–40). Of these, fan work
is usually small and often neglected in energy analysis.
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• The velocities involved in pipe and duct flow are relatively low, and the kinetic
energy changes are usually insignificant. This is particularly true when the pipe or
duct diameter is constant and the heating effects are negligible.

• Kinetic energy changes may be significant, however, for gas flow in ducts with
variable cross-sectional areas especially when the compressibility effects are
significant.

• The potential energy term may also be significant when the fluid undergoes a
considerable elevation change as it flows in a pipe or duct.



96



97



98

ENERGY ANALYSIS OF UNSTEADY-FLOW PROCESSES

• During a steady-flow process, no changes occur within the control volume; thus, one
does not need to be concerned about what is going on within the boundaries. Not
having to worry about any changes within the control volume with time greatly
simplifies the analysis.

• Many processes of interest, however, involve changes within the control volume with
time. Such processes are called unsteady-flow, or transient- flow, processes. The
steady-flow relations developed earlier are obviously not applicable to these processes.
When an unsteady-flow process is ana- lyzed, it is important to keep track of the mass
and energy contents of the control volume as well as the energy interactions across the
boundary.

• Some familiar unsteady-flow processes are the charging of rigid vessels from supply
lines (Fig. 5–43), discharging a fluid from a pressurized vessel, driving a gas turbine
with pressurized air stored in a large container, inflating tires or balloons, and even
cooking with an ordinary pressure cooker.
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• Unlike steady-flow processes, unsteady-flow processes start and end over some finite
time period instead of continuing indefinitely. Therefore in this section, we deal with
changes that occur over some time interval ∆t instead of with the rate of changes
(changes per unit time).

• An unsteady-flow system, in some respects, is similar to a closed system, except that
the mass within the system boundaries does not remain constant during a process.

• Another difference between steady- and unsteady-flow systems is that steady-flow
systems are fixed in space, size, and shape. Unsteady-flow systems, however, are not
(Fig. 5–44). They are usually stationary; that is, they are fixed in space, but they may
involve moving boundaries and thus boundary work.
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• The general unsteady-flow process, in general, is difficult to analyze because the
properties of the mass at the inlets and exits may change during a process.

• Most unsteady-flow processes, however, can be represented reason-ably well by the
uniform-flow process, which involves the following idealization: The fluid flow at
any inlet or exit is uniform and steady, and thus the fluid properties do not change
with time or position over the cross section of an inlet or exit. If they do, they are
averaged and treated as constants for the entire process.

• Note that unlike the steady-flow systems, the state of an unsteady-flow system may
change with time, and that the state of the mass leaving the control volume at any
instant is the same as the state of the mass in the control volume at that instant.

• The initial and final properties of the control volume can be determined from the
knowledge of the initial and final states, which are completely specified by two
independent intensive properties for simple compressible systems.
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• Although both the steady-flow and uniform-flow processes are somewhat idealized,
many actual processes can be approximated reasonably well by one of these with
satisfactory results. The degree of satisfaction depends on the desired accuracy and
the degree of validity of the assumptions m



106



107



108



109



110



111



112



113



114



115



116


