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Just about all physical processes in our society—from 
operating a computer to driving a car—involve a transfer of
either information or energy from one place to another. In
many cases, the information controls the transfer of energy.
You may have already learned how a hydraulic pilot signal
can open a valve to a cylinder, which then uses hydraulic
pressure to lift a weight. In both cases, energy was used to
accomplish some desired work, and some type of control
information was used to determine when, how much, or
where the energy was used to do the work.

Pneumatics is the use of gases to control or supply energy to
a process. Pneumatic control signals can be used to control
hydraulic, pneumatic, or electrical power sources. Also, elec-
trical (or hydraulic) control signals can be used to control
hydraulic, pneumatic, or electrical power sources. There are
many possible combinations of control/power systems, each
with advantages for specific applications. Because hydraulic
and pneumatic systems both use fluids, you’ll find many of
the concepts and principles of pneumatics similar to those
of hydraulics. The fundamental difference is that pneumatic
systems use a fluid (a gas) that’s compressible. Many of the
basic concepts involving calculations of flows, forces, or
power are the same. However, because of the unique proper-
ties of gases, especially air, other important factors in the
design, installation, and maintenance of pneumatic systems
must be considered.

When you complete this study unit, you’ll be able to 
•   Understand the basic concepts of pneumatic systems

and how they compare and contrast with hydraulic
systems

•   Describe the fundamental relationships among pres-
sure, volume, and temperature that determine how
pneumatic systems function

•   Understand and describe some basic applications of
pneumatic systems

•   Calculate the forces produced by a pneumatic cylinder

•   Understand, describe, and specify common components
of pneumatic systems

•   Recognize and use schematic symbols that represent
pneumatic components 
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FLUID POWER CONCEPTS

Characteristics of Pneumatic Systems

Pneumatic power is energy transmitted by means of a 
pressurized gas. The most common gas is air, and most of
our discussions will focus on the use of pressurized air; 
however, other gases such as nitrogen are used for special
applications. The simplest of pneumatic systems contains a
compressor; a motor, actuator, or cylinder; some type of con-
trol device, such as a valve; and piping or tubing to conduct
the compressed air from the compressor to the actuator. The
compressor takes air from the surrounding environment and
compresses it from atmospheric pressure to a higher working
pressure. The actuator or cylinder uses the compressed air to
force the movement of a metal rod or the rotation of a rotor.
It changes the pressure and flow of the air into mechanical
motion. The piping or tubing carries the compressed air from
the compressor to the location where the work is to be done
by the actuator, and the valves control when and how much
air flows in the system. 

Study the following summary of the function of these 
components while referring to Figure 1:

• Compressor—Converts electrical energy to mechanical
energy, which is then converted into a form of potential
energy stored in a compressed gas      

• Actuator (or motor/cylinder)—Converts fluid power into
mechanical work
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• Valves—Control pressure, direction, and rate of flow of
the gas

• Conductors—Provide a path for controlled movement of
the gas from the compressor to the output device (a
motor or cylinder). Conductors may be pipes, semirigid
tubing, or flexible tubing.

These are the most basic components of a simple pneumatic
system. However, other components are necessary to make
the system function reliably and efficiently:

• Filters, regulators, lubricators—“Condition” the gas to
make it work efficiently for a specific application. These
three devices are often packaged together as one 
component.

• Sealing components—Seal the gas inside the system at
joints or moving parts, such as cylinder rods

• Receivers—Store a reserve of gas to be used at a later
time, and dampen pressure variations in the system due
to uneven consumption of pneumatic power. Receivers
are also used to supply emergency power in the event of
electrical power failure.
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FIGURE 1—A basic pneumatic system contains a compressor with its electrical supply and input filter, a primary
conditioning unit that cools and removes moisture, a receiver to store compressed air, a control valve to direct
the compressed air, and a cylinder or actuator to do the required task. 
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• Fittings, couplings, manifolds—Used to assemble, 
disassemble, and distribute compressed air tubing sys-
tems for more complex pneumatic applications

• Measuring devices—Monitor the system’s performance.
Typical instruments include temperature sensors, pres-
sure sensors and transducers, pressure switches,
gauges, and flow meters.

We’ll study all of these components of a typical pneumatic
system and discuss important characteristics of each. You’ll 
also learn how they interact with each other in a working
application.

Pneumatic Gases

The word pneumatic is derived from the Greek word pneuma,
which means air, or wind. The perfect gas for pneumatic
applications would be one that’s inert—that is, it doesn’t
react with other materials such as lubricants, other gases, or
the materials used in the components. The gas should also
be nonflammable, nontoxic, and free of impurities and partic-
ulates. An ideal gas would also be plentiful and inexpensive
to obtain in large volumes. Since the gas is often used in
equipment with moving internal parts, lubricants are often
mixed with the gas to oil the moving parts. The two most
common gases used in pneumatic applications are com-
pressed air and nitrogen. 

When you compress a gas, you’re using one type of energy
and converting it to another. Electrical energy, or perhaps
chemical energy from gasoline, is used to make the mechani-
cal energy of motion in a compressor. The compressor then
takes air from the surrounding atmosphere and squeezes it
within a tank, or what’s called a receiver. You can look at 
the process this way: the energy of one type—electrical or
chemical—is converted and stored as potential energy in
compressed gas, much the same way energy is stored in a
spring. When we want to use the potential energy at another
time or another location, we direct it to the proper place and
use the energy to power tools, move liquids and powders, lift
weights, or perform other useful work. 
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Inert gases, such 
as Argon, are non-
flammable and nontoxic.
You’ll learn more about
them later in this study
unit.

The amount of potential energy is related to how much the
gas is compressed; higher compression ratios represent more
stored energy. We measure the amount of compression by
the “psi” of the gas in the storage tank. The term psi means
pounds per square inch. Psi measures pressure, which we’ll
discuss later. For now, just keep in mind that higher pres-
sures mean more energy is available. A useful analogy is that
the psi of a pneumatic receiver is like the voltage of a battery.

Compressed air. The air around us is composed of nitrogen
(about 78%), oxygen (about 21%), and a small amount of
other gases including argon (0.9%) and carbon dioxide
(0.3%). Water vapor is also present, and the amount of water
the air can hold is a function of the air temperature. Air is
able to “dissolve” a certain amount of water vapor, depending
on its temperature. As air is compressed and stored within a
receiver tank, the relative humidity increases due to the
decrease in volume. Moisture must be removed from the
receiver by a drain as part of a periodic maintenance plan, or
else with a timed automatic drain system.

The presence of this water greatly affects the design, opera-
tion, and maintenance of pneumatic systems. Changes in
temperature within the equipment can cause the water vapor
to condense inside the system. Also, the humidity in the air
when it’s first compressed will condense because of the
change in volume and pressure. This condensation can 
damage the equipment by causing corrosion and dilution of
lubricants. If the humidity freezes, blockages can occur.
Because of this, dryers of various types are used in com-
pressed air systems. You’ll learn about these in later lessons.
Air itself is inert, but the oxygen in air can react with 
flammable materials to cause intense fires. Compressed 
air systems are categorized by their operating pressures: 
high pressure (HP) 3000–5000 psi, medium pressure (MP)
150–1000 psi, or low pressure (LP) below 150 psi. Many 
factory systems use compressed air at about 90 psi.

Nitrogen.  Nitrogen gas consists of paired nitrogen atoms
that form molecules. Nitrogen is nonflammable and inert, and
doesn’t promote combustion or corrosion. For many applica-
tions such as military aircraft and missile systems, nitrogen
is a preferred pneumatic gas; however, the production of 
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nitrogen is rather complex, making it somewhat expensive for
many common systems. 

Contamination of the gas is a leading cause of system failure.
The principal contaminants are moisture and solid particles,
and most systems are equipped with devices to remove both
moisture and particulate contamination. You’ll learn more
about these devices later, but it’s important to realize that
the condition of the gas is important in the efficient, economi-
cal, and reliable operation of pneumatic systems. Proper
installation, adjustment, and servicing of the conditioning
components is an important part of the preventive mainte-
nance program in any factory or business using pneumatic
systems.

Comparison of Hydraulic and Pneumatic
Systems
Pneumatic and hydraulic systems both work on the principle
of a pressurized fluid transferring power from one location to
another. Both systems use either a compressor or a pump to
develop pressure within the fluid. Compressors and pumps
operate in a similar way. In both systems, control valves and
piping direct the fluid flow, and actuators, motors, or cylin-
ders provide the mechanical output of the system. The types
of components used in hydraulic and pneumatic systems 
are similar in their principles of operation. And in most
instances, schematic symbols for components such as 
valves, accumulators, switches, and cylinders are the same
or similar.

The main difference between hydraulic and pneumatic 
systems is, of course, the fluid used. Hydraulic systems use
liquids, whose properties are vastly different from gases.
Hydraulic fluids are virtually incompressible; when a force
pressurizes a hydraulic system, the volume change of the
fluid is minuscule. In a pneumatic system, an external force
applied to a component such as a cylinder can cause the rod
to retract if it’s great enough, and yet the rod will return to
its normal position after the force is removed. Because fluids
cannot be compressed, hydraulic systems are rigid. If the
temperature of a hydraulic fluid increases, the increase in
fluid volume will translate into increased system pressure
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and/or movement of the components. An increase in the gas
temperature will elevate the system pressure only a compara-
tively small amount. In terms of safety, hydraulic fluids are
often flammable, toxic, and environmentally hazardous.
Leaks from fittings can be extremely hazardous; high-
pressure hydraulic fluids can be difficult to see, yet they 
can easily cut through the flesh of unsuspecting personnel.

Each system has advantages and disadvantages that a
designer considers when a particular application arises.
Because of the fluid requirements, hydraulic systems are
often more complex than pneumatic systems. However,
hydraulic systems are capable of delivering large amounts of
power and generating tremendous forces for use in heavy-
duty applications such as lifting, earth-moving vehicles, and
material-handling equipment in factories. Pneumatic systems
have less demanding fluid conditioning requirements, are
easier to maintain, and can be made to accurately position
and hold parts or tools very rapidly. These qualities make
pneumatic systems suitable for many automated manufac-
turing applications. Many pneumatic systems are less 
expensive to implement for a specific mechanical function
than an electromechanical system. Because of the ease of
distributing the air through piping systems, compressed 
air is popular as a factory-wide power source for tools and
equipment.

The Kinetic Theory of Gases
To understand how pneumatic systems function, you must
understand how a gas behaves in a confined system. For
many years before our modern scientific discoveries, people
didn’t realize that we live at the bottom of an ocean of air. 
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This ocean is unconfined and mostly unno-
ticed except in times of weather events such
as storms. However, to account for the
observed behavior of gases, a scientist
named Daniel Bernoulli (1700–1782) pro-
posed what’s now called the kinetic theory of
gases. Bernoulli explained the behavior of
gases by realizing that a gas is composed of
a large number of individual particles called
molecules. The molecules are extremely
small and move rapidly in random direc-
tions. The properties of gases result from
collisions of molecules with each other and
with the walls of a container (Figure 2).

Think about a sealed box filled with a gas.
The gas molecules have kinetic energy and
are moving very fast. The individual mole-
cules are moving in straight-line paths and
change direction when they hit each other
or the walls of the box. The molecules
behave like billiard balls, in that when one
molecule strikes another, each rebounds
according to its momentum (mass multi-
plied by velocity). When a molecule strikes the wall, the
molecule and the wall rebound from the collision. Since the
mass of the wall is much greater than the molecule, the wall
only moves very slightly. However, with millions of molecules
striking each wall every instant, the wall is pushed back with
a significant force. This is the explanation of what we call
“pressure.” For example, the air molecules in a car tire hit
the walls of the tire and force them outward, supporting the
wheel and the vehicle. We measure the pressure in a tire 
as a way of determining how much weight the tire can safely
support. 

Pressure
Even one molecule in a closed container will eventually hit
the wall and cause a force that moves the wall away from the
gas. If billions of molecules are present, considerable force
can be generated. We measure the pressure of a gas inside a
container by measuring the force it produces on an area of

Gas Particles in Random Motion

Gas Molecule

Collisions with Walls�
Tend to Push Walls Outward

FIGURE 2—Rapidly moving molecules of gas exert
a force on the walls of a container. 



the wall. In the U.S. Customary System (USCS), the force is
measured in pounds, and the area is measured in square
inches. Thus, pressure is the number of pounds the gas gen-
erates on one square inch of wall area, or “pounds per square
inch,” abbreviated as psi (Figure 3).

Pressure = �F
A
o
r
r
e
c
a
e

�

or

P = �
A
F

� (Equation 1)

In the metric system (System Internationale, or SI), the units
of force are Newtons and the units of area are square meters.
In the metric system, a unit of pressure equal to one Newton
per square meter (1 N/m2) is given a special name called the
Pascal, which is abbreviated as Pa. The Pascal is a relatively
small unit, and normal pressures are often measured in 
kilo-Pascals, or kPa. One pound per square inch (psi) is equal
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(12 Inches)
1 Foot

1 Foot�
(12 Inches)

1 Square Foot = 144 Square Inches
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Square Inch =

144 Pounds
Square Foot
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Square Inch or 1 PSI

FIGURE 3—Pressure is defined as the amount of force exerted over an area. Most U.S. industries use the pound
per square inch as the unit of pressure measurement. The metric unit of pressure is the Newton per square meter
(N/m2), or Pascal (Pa).



Pneumatics, Part 1 9

to 6894.76 Pascals. And as you can see, the Pascal can be
cumbersome to use at the pressures normally encountered in
everyday applications.  

Atmospheric Pressure

The air around us exerts a constant pressure on us at all
times. We don’t notice this force because the pressure on the
outside of us is balanced equally by the pressure on the
inside in our lungs and bloodstream. Atmospheric pressure
varies as we move to higher elevations. We normally reference
a given air pressure to sea level, which is taken as 14.7 psi,
at a temperature of 70°F. The SI equivalent is 101,353 Pa, or
101.4 kPa. A container that’s “pressurized” has more than
14.7 psi; a container with fewer than 14.7 psi is said to have
a vacuum.

The bar is another unit of pressure that’s sometimes used.
One bar is defined as equal to 1.00 � 105 N/m2, so a bar is
slightly less than one atmosphere of pressure. Two bars
would be about two atmospheres of pressure, three bars
would be about three atmospheres, and so forth. Sometimes
pressure units are given in millibars, or thousandths of a
bar, especially when vacuums are involved. Millibars are a
much smaller unit for situations that require a fine resolu-
tion of pressure. The bar unit is used often in meteorology
and on weather maps.

Another unit of pressure, and also of vacuum, is the torr.
When barometers were first invented, they were made from
columns of mercury in a closed tube that measured the air
pressure. Barometers indicate approaching weather changes
when the atmospheric pressure rises and falls, and at the
neutral position, the column was 760 millimeters tall, or 760
mm. The unit of torr was given in honor of Evangelista
Torricelli (1608–1647), the inventor of the mercury barome-
ter, and the torr is defined as 1 millimeter of mercury, or 
1 mm-Hg. You’ll see this unit when pressure measurements
are made at pressures near one atmosphere or in low-
vacuum conditions, because it’s a relatively fine unit compared
with the psi or the Pascal. For low-pressure applications, you
may also see the inches of water, or in-H2O, unit.



Some pressure conversions that may be useful:

Pressure in Pneumatic Applications

Probably the most fundamental characteristic of a pressurized
container, and the principle on which all hydraulic and pneu-
matic devices work, is that once a container is pressurized,
that pressure exists at all points on the inside of the system,
on every wall, and in every component attached to the system,
no matter how small the connection. This is known as
Pascal’s principle, which states that pressure applied to a 
confined fluid increases the pressure throughout the entire
system by the same amount. Two common applications that
take advantage of this principle are the power brakes in your
car and the hydraulic lift in the service station. In Figure 4, a
force is applied to a small piston area of the system to gener-
ate pressure. Since the pressure will be the same throughout
the system, the pressure acts on the large piston area to 
generate a large force, raising the automobile. The output
force will be proportional to the area of the large piston, and
the mechanical advantage of the system will be the ratio of
the areas of the large and small pistons. You may think you
get “something for nothing” when you see this characteristic,
but even though you’re able to generate large forces, you
must supply the same amount of work no matter what: if you
have a small force, you must move it a large distance. The
large force moves a correspondingly small distance.

In a system that has a static pressure of 100 psi, there are
100 psi on the inside of the piping and tubing, in the cylin-
ders and valves, and in the storage tanks that hold the gas.
By manipulating this pressure, we can transfer energy from
one point to another to let us do useful work.
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You also must understand the difference between static 
pressure and dynamic pressure. Pressure alone doesn’t allow
us to do work with pneumatic (or any other) systems. For
example, if you connect a garden hose with a closed nozzle to
a faucet, open the faucet to allow the hose to be pressurized,
and then close the faucet again, you’ll have a hose under
pressure. If you open the nozzle at the end, you’ll see a short
burst of water, and then the flow will stop. This shows
another basic characteristic of fluid power systems: the fluid
must flow from one point to another to allow us to do work
with the components. A good analogy is that pressure in a
pneumatic circuit is much like the voltage in an electrical cir-
cuit. The voltage represents a potential energy. As voltage is
necessary to move electrical current through a wire, pressure
is necessary to move fluid through tubes. Wires must be large
enough to carry the needed volume of electrical current, and
pneumatic conductors must be large enough to carry the vol-
ume of air at the required pressure.

Fin

AinPin Aout
Pout

Fout

Pout Pin=

Pout
Fout

Aout
= Pin

Fin

Ain
=

Fout

Aout

Fin

Ain
=

Mechanical�
Advantage

=
Fout

Fin

Aout

A in
=

FIGURE 4—Pascal’s 
principle, named for French
scientist and Christian
philosopher Blaise Pascal
(1623–1662), is the reason
we can generate very large
forces with very small input
forces. The pressure within
every part of the system is
the same.



When we cause fluids to flow from one point to another, we’ll
get a pressure drop as the energy of the moving fluid is used
up during its travel. Sometimes this is done on purpose, as a
method of changing a high pressure to a low pressure. Most
times, however, a pressure drop is something to be avoided.
Pressure drops occur as fluids travel through devices such as
filters, regulators, tubing, or other components attached to
the system (provided the fluid is traveling). Piping that’s too
small or that has an excessive number of bends will cause
unacceptable pressure drops.

Absolute Pressure vs. Gauge Pressure

A container that’s open to the atmosphere and then closed
will still measure 14.7 psi of absolute pressure—that is, the
pressure exerted by the molecules on the inside walls of the
container. Since this is a condition of equilibrium with the out-
side pressure, we often put gauges on the system that
measure only the pressure above normal atmospheric pres-
sure. This is called gauge pressure, and the units marked on
the gauge will indicate psig. It’s important for you to under-
stand that a gauge that measures psig will indicate “0 psig”
when the pressure is the same as the outside pressure, even
though there’s still an absolute pressure of 14.7 psi. Gauges
are available to measure absolute pressure, and they’re
marked psia on the face to indicate that they measure
absolute pressure: when the system is open to the atmos-
phere, the gauge will 
still indicate 14.7 psi. When you do calculations involving
pressure, you’ll most often use absolute pressure. You must
make sure to convert gauge pressures to absolute pressures
before doing any calculations.

Pabsolute = Pgauge + Patmospheric (14.7 psi)

For example, if a bicycle tire is inflated to 30 psi, the absolute
pressure is 30 psi + 14.7 psi = 44.7 psi.

Pneumatics, Part 112
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Boyle’s Law

Robert Boyle (1627–1691), an English scientist, was one of
the first people to experiment with the relationship between
the pressure and volume of an enclosed gas. He noticed 
that in experiments where he could change the volume of a
container, such as a cylinder with a moveable piston, the
pressure rose when he decreased the volume. When the vol-
ume increased, the pressure decreased. These experiments
were done with the temperature of the gas kept constant,
because, as we’ll see, the temperature is also affected by the
pressure and volume of a gas. The relationship that came to
be known as Boyle’s Law can be written mathematically as

V1 � P1 = V2 � P2 (Equation 2)

or

�
V
V

1

2
� = �

P
P

2

1
� (Equation 3)

In these equations V1 and P1 are the initial volume and 
pressure, and V2 and P2 are the final volume and pressure.
These equations show the inverse mathematical relationship
between pressure and volume. Boyle’s Law is the first of the
gas laws that you must study to understand pneumatic sys-
tems. Remember, when doing calculations, you must convert
any gauge pressures to absolute pressures before calculating.

Example:

The air inside a tank with a volume of 4.5 ft3 is pressurized
to 125 psig. Another tank with a volume of 2.5 ft3 is con-
nected by a pipe through a valve. When the valve is opened,
what’s the final pressure after the tanks have equalized?
Neglect the volume of the pipe and valve.

Solution:

1) Convert 125 psig to absolute pressure, psia:

   P1 = 125 psi + 14.7 psi = 139.7 psia

   Therefore, V1 = 4.5 ft3 and P1 = 139.7 psia.

2) Calculate the final volume:

   V2 = 4.5 ft3 + 2.5 ft3 = 7.0 ft3

3) Use Equation 2 to solve for P2:



   P2 = �(V1

V
�

2

P1)�

   P2 = 4.5 ft3 � 139.7 psia
7.0 ft3 

   P2 = 89.81 psia

   P2 = 89.81 psia – 14.7 psia = 75.1 psig

After the tanks have equalized, the new pressure in the sys-
tem will be 75.1 psig. 

Example:

A cylinder with a movable piston has an internal pressure of
90 psia applied to the inside of the cylinder, so that the rod
extends upward. An external load is then applied to the rod
so that the cylinder pressure is raised to 150 psia from the
additional compression of the gas. If the volume of the cylin-
der with the piston in the original position is 110 in3, what’s
the new volume after the piston is moved?

Solution:

Note that the pressures are given in psia, so there’s no need
to convert.

Use Equation 2 or 3 to solve for V2.

V1 � P1 = V2 � P2

V2 = �(V1

P
�

2

P1)�

V2 = (110 in3 � 90 psia)
150 psia 

V2 = 66 in3

The volume of the cylinder with the force applied to the pis-
ton is 66 in3. If we knew the diameter of the cylinder, we
could easily calculate the distance the rod has moved with
the force applied.

Temperature

You may recall that our common temperature scales are
based on the boiling and freezing points of water. In the
Fahrenheit scale, the freezing point of water is 32°F, and the

Pneumatics, Part 114
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boiling point is 212°F. In the Celsius scale, the freezing and
boiling points are 0°C and 100°C, respectively. The tempera-
ture of an object is a measure of the thermal energy, and the
temperature of a gas is a measure of the kinetic energy of
motion of the molecules. However, when the temperature of
the gas measures 0 on either the Celsius or Fahrenheit scale,
there’s still a considerable amount of kinetic energy—and
motion of the molecules—present within the gas. To truly rep-
resent the amount of kinetic energy of a gas by a temperature,
it’s necessary to use an absolute temperature scale. In an
absolute scale, 0 degrees represents a point at which the
kinetic energy of the molecules has reached a minimum value.
This point is called absolute zero. Modern scientists have 
lowered temperatures of materials to within several thou-
sandths of a degree, but a true absolute zero appears to be
unachievable.

There are two absolute temperature scales, the Rankine scale
and the Kelvin scale. The scale that uses the same size
degrees as the Fahrenheit scale is the Rankine scale. On this
scale, the point of zero energy has a temperature of zero, the
freezing point of water (0°F) is 491.67°R, and the boiling point
of water (212°F) is 671.67°R. The absolute temperature scale
in the metric system is the Kelvin scale. Again, the tempera-
tures start at absolute zero, but in this case the freezing 
point of water is 273.13 K and the boiling point of water is
373.13 K. Note that the degree symbol “°” isn’t used in this
scale. We say that the boiling point of water is “373.13
Kelvins,” not “373.13 degrees Kelvin.”

To convert Kelvins to Celsius degrees, subtract 273.15° from
the number of Kelvins:

TC = TK – 273.13°

To convert Rankine degrees to Fahrenheit degrees, subtract
459.67°:

TF = TR – 459.67

To convert Fahrenheit degrees to Celsius degrees:

TC = �
5
9

� � [TF – 32]

To convert Fahrenheit degrees to Celsius degrees:

TF = �
9
5

� � TC + 32



Charles’ Law

Jacques Charles (1746–1843) discovered many of the con-
cepts that developed the kinetic theory of gases. Among other
things, he discovered that as the temperature of a gas is
increased, the speed of the molecules increases—an increase
in the kinetic energy of the molecules. If the gas is enclosed
in a sealed container, he found that the pressure of the gas
increased when the temperature was increased. This means
that the force against the wall has increased due to the
increased velocity of the molecules and the increased forces
generated by the impact of the molecules.

Through his experiments, Charles determined that there was
a definite relationship between the volume that a gas occu-
pies and its absolute temperature, if the pressure is held 
constant. If the temperature is increased, the volume the gas
occupies increases; if the volume increases, the temperature
must increase to maintain the same pressure. This relation-
ship, known as Charles’ Law, is the second major gas law
you must be familiar with to understand pneumatic systems:

��
V
V

1

2
�� = ��

T
T

1

2
�� (Equation 4)

Also, he found that if the temperature of a gas is increased
without a change in volume, the pressure must increase.
This can be expressed as:

�
P
T

1

1
� = �

P
T

2

2
� (Equation 5)

What do you think will happen to the pressure in a gas 
cylinder if it’s left exposed in the sunlight, or stored in a hot
vehicle? The temperature of the gas will increase, and the
pressure will increase as a result. If the pressure rise is too
great, the tank will burst. This is why most storage cylinders
for compressed gases have an over-pressure relief valve.

Charles’ Law explains a common phenomenon that we see
when we let air out of a pressurized container, such as a tire.
We notice that the air seems to be very cold. As the air
expands exiting the nozzle, the pressure decreases rapidly,
making the temperature drop quickly. It isn’t unusual to 
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see ice forming under some conditions where gases are
expanding rapidly, due to moisture in the air condensing 
and freezing on a nearby surface.

Example:

A cylinder with a piston must expand in volume from 6.0 in3

to 8.0 in3, while maintaining a constant pressure. If the origi-
nal temperature is 68°F, what must the final temperature be
to maintain a constant pressure?

Solution:

First, convert the temperature to absolute value:

V1 = 6.0 in3 V2 = 8.0 in3

1) 0°F = 459.7°R Therefore, 68°F = 527.7°R.

2) Use Equation 4 to solve for the final temperature:

   ��
V
V

1

2
�� = ��

T
T

1

2
�� T2 = �T1

V
�

1

V2�

   T2 = 527.7°R � 8.0 in3

6.0 in3

   T2 = 703.6°R T = 703.6°R – 459.7 = 243.9°F

Example:

A cylinder of compressed CO2 under a pressure of 1200 psi
at 70°F is left in a hot car. If the temperature inside the car
heats the gas to 130°F, what pressure does the gas inside the
cylinder reach?

Solution:

1) Convert the temperatures to absolute temperatures:

   T1 = 70°F + 459.67° = 529.67°R

   T2 = 130°F + 459.67° = 589.67°R

2) Convert the pressure V1 to absolute pressure: 
V1 = 1200 psig +14.7 psi = 1214.7 psia

3) Rearrange Equation 5 to solve for P2: 

   P2 = �P1

T
�

1

T2�

   P2 = 1214.7 psia � 589.67°R
529.67° 

P2 = 1352.3 psia – 14.7 psi = 1337.6 psig



From the increase in temperature, the gauge pressure of the
cylinder has increased from 1200 psi to 1338 psi.

General Gas Law

The individual laws that we’ve discussed can be combined
into one general gas law that accounts for changes in temper-
ature, pressure, and volume, going from one initial condition
to a final condition. The general gas law says that for a gas
in a sealed system, P � V � T is equal to a constant, or

�
(P1

T
�

1

V1)� = constant = �(P2

T
�

2

V2)� (Equation 6)

Using this equation, you can find the results of any changes
in the conditions for a gas in a sealed container. By knowing
this relationship, you can predict the impact various changes
will have on a system without doing calculations.

You’re just about ready to start your study of fluid flow in
pneumatic systems. Now take a few moments to review what
you’ve just learned by completing Self-Check 1.
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Proper Units

While the general gas law and other relationships given
here are quite useful, it’s critical that you use appropri-
ate absolute units whenever called for.



Pneumatics, Part 1 19

             Self-Check 1
At the end of each section of Pneumatics, Part 1, you’ll be asked to pause and check your
understanding of what you’ve just read by completing a “ Self-Check” exercise. Answering these
questions will help you review what you’ve studied so far. Please complete Self-Check 1 now.

 1. Pneumatics is the transmission of power and energy by means of a/an _______.

 2. Filters, regulators, and lubricators are said to _______ a pneumatic gas to
make it suitable for use.

 3. Compressed air held in a/an _______ is a way of storing potential energy for
later use.

 4. An ideal pneumatic gas should be _______, _______, and free of _______.

 5. The two most common pneumatic gases are _______ and _______.

 6. Most factory pneumatic air systems use air compressed to about _______.

 7. The main difference in operating characteristics between a pneumatic and a
hydraulic system is that hydraulic fluid is _______.

 8. Pressure in a container is caused by _______ inside the container striking
the walls and exerting an outward push.

 9. Pressure is _______ divided by the _______, and the USCS units are _______.

10. The two most common temperature scales for measuring gas temperatures
are the _______ and the _______.

11. If the gas in a closed container is heated, the pressure will _______.

12. A measurement of 25 psig is an absolute pressure of _______.

13. Moving air through conductors and equipment always results in a/an
_______ due to 
disturbances in the airflow.

14. According to the general gas law, if the volume of a gas in a closed container
is reduced while maintaining a constant temperature, the pressure will
_______.

15. According to the general gas law, if the pressure of a gas in a closed container
is reduced while maintaining a constant volume, the temperature will _______.

Check your answers with those on page 83.



FLUID FLOW IN PNEUMATIC 
SYSTEMS

Calculating Flow Rates

The flow rate or volume of a gas passing through a conductor
such as a pipe or length of tubing is most often expressed as
standard cubic feet per minute, abbreviated as SCFM. In the
metric system, the flow rates are given as normal liters per
minute, nL/min. The term standard cubic feet per minute
refers to air at predefined standard conditions, which in the
United States is most commonly defined as 14.696 psia,
60°F, and 0% relative humidity. 

For example, if a gas is passing through a pipe with a 2-inch
inside diameter at a velocity of 20 inches per second, we can
calculate the flow rate in cubic feet per minute. Figure 5
shows a diagram of how this calculation is made. In general,
the flow volume is calculated as the product of the area times
the fluid velocity.

First, calculate the area of the inside of the pipe: 

Area = � � �
D
4

2
� = �� �

4
2.02
� = 3.14 in2

If the flow velocity is 20 inches per second, we can calculate
the volume change in the pipe for every second:

Flow Volume = �Area
T
�

im
L
e
ength
� (or, Area � Velocity), where

the length is the distance traveled by the gas in one second.
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FIGURE 5—Flow volume can
be calculated by knowing
the flow velocity and the
inside diameter of the pipe
or tubing.
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Flow Volume = 3.14 in2 � 20 in = 62.80 in3 every second

Since 1 cubic foot is equal to 1728 in3, we can find the flow
rate in one minute (60 seconds) by dividing the volume
change by 1728 in3 per ft3.
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This procedure works for any fluid flowing in a pipe. In the
case of a pneumatic system, the air is compressed, and we
must further account for the compression ration. We’ll dis-
cuss that in a later lesson.

Example:

What’s the minimum necessary diameter of a conductor that
must pass 3.5 SCFM when the airflow velocity is 10 ft/sec?

  1. Rearrange the above relationship:

   Area = Flow Volume/Velocity

  2. Velocity = 10 ft/sec � 60 sec/min = 600 ft/min

  3. Area = 3.5 ft3/min/600 ft/min = 0.00583 ft2

  4. Convert area in square feet to square inches:

   0.00583 ft2 � 144 in2/ft2 = 0.840 in2

  5. Solve for the diameter based on the area:

   Diameter = �(4� �� A�/���)� = �(4� �� 0�.8�4�0� i�n�2/���)� = 1.03 in

The next higher pipe size would be selected to be conserva-
tive, allowing for possible future expansion of the system.

Types of Flow

You learned earlier that for fluid power systems to do work,
the fluid must be moved through the piping. We’ll be talking
about gases, but the same concepts apply to hydraulic appli-
cations. Pressure causes the gas to move from one part of a
system to another, with the gas molecules moving from areas



of high pressure to areas of lower pressure. As the molecules
flow through the pipes and components, they’ll bump into
each other and the walls of the system. How they contact
other molecules and the walls over time determines the type
of flow within various parts of the system. As the molecules
move from one point to another, some of their kinetic energy
is lost, which causes a pressure drop through the system. If
the pressure drop is too great, the work will be done ineffi-
ciently or else the system will have to start with a higher
pressure to accomplish the work. 

If the molecules flow in a straight line long enough, they’ll
eventually sort themselves out so that the faster molecules
are in the center of the pipe and the slower molecules are
near the wall. They’ll continue to travel this way if the path is
straight or nearly so. The paths traced out by molecules
within the pipe are called streamlines. When these stream-
lines are relatively straight and don’t cross each other, we say
we have laminar flow—that is, the flow is straight and
smooth. Laminar flow allows the molecules to move from one
point to another in an orderly fashion, without disruption,
and most important, with a minimum of pressure drop.
Figure 6 shows examples of these types of flow.

When the molecules run into obstructions such as sharp cor-
ners, reduced diameters, or abrupt transitions, the molecules
will bump into each other, reverse directions, slow down, or
accelerate in a chaotic fashion. The streamlines cross each
other, twist and turn, and otherwise follow complex paths.
This is called turbulent flow. Turbulent flow always results
when the geometry of the system causes abrupt changes in
the paths and velocities of the molecules. This happens, for
example, when a pipe makes a sharp turn, or when the mole-
cules pass through a valve with a restricted diameter, or
when the tube connects to a component such as a tank with
a sudden change in the flow area. Figure 6 shows the effect
of a sharp turn on the flow of air. Note how the streamlines
cross and follow complex paths. The pressure will drop
across this bend because energy is removed from the air due
to velocity and direction changes. As air enters a straight
pipe again, it will tend to revert to laminar flow once more if
the path is straight enough.
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Pressure Drop

Pressure drop is defined as a difference in pressure between
any two points in a system. In a static system, there will be
no pressure drops because no work is being done, and no
molecules are moving. When the devices are turned on with a
task to accomplish, you can measure pressure differences
with gauges at various points. For example, you might meas-
ure 90 psi on one side of a valve and 87 psi on the other
side. Pressure can be measured with either mechanical or
electrical sensors, and you’ll learn more about them later in
this unit.

Pipe

Low Pressure Drop

Turbulent Flow Areas

Turbulent Flow

Laminar Flow

High Pressure Drop

FIGURE 6—Although we usually don’t see streamlines as fluids move, these diagrams show how the velocity of
the fluid particles changes when obstructions are encountered. Any change of velocity, including a change in
direction, requires energy, so pressure is lost as fluids travel in turbulent flow areas.



As the gas molecules move through the piping and compo-
nents, some of the kinetic energy is lost, and as a result the
pressure drops through the system as the gas flows from the
source of the pressure, such as the output of the compressor,
to the place where the gas is used to do work, such as a
cylinder or actuator. In areas where the molecules move
smoothly in a laminar flow, the kinetic energy lost is mini-
mal, and the pressure drops tend to be smaller.

In a section of tubing with turbulent flow, a large portion of
the kinetic energy of the molecules is lost to friction and the
pressure drop is greater. This affects the amount of remain-
ing pressure available to move the molecules downstream
from that point. For the most part, turbulent flow is undesir-
able, and designers and technicians should ensure that the
flow is disrupted as little as possible. This means that tubing
bends should be as large as possible, and there should be a
minimum number of fittings and connections where practi-
cal. In areas of severe turbulent flow, the components often
heat up. In hydraulic systems, the parts may be corroded
internally from cavitation, where the liquid actually eats away
the parts from the inside out. Turbulent flow areas are often
marked by high noise levels as the gas molecules collide vio-
lently with the walls of the system. 

Now take a few moments to review what you’ve just learned
by completing Self-Check 2.
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             Self-Check 2
 1. The usual unit for measuring airflow in pneumatic systems is _______.

 2. The volumetric flow rate for fluids moving through a pipe can be calculated
from the product of the _______ times the _______.

 3. The type of flow characterized by smooth straight-line paths of air molecules
is called _______.

 4. Turbulent flow causes _______ to be removed from the gas due to changes
in velocity, resulting in pressure drops.

 5. Turbulent flow areas are often marked by _______ levels in the lines or
components.

Check your answers with those on page 83.
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PNEUMATIC COMPONENTS

In this section, we’ll look at the individual components that
are often present in pneumatic systems. As we said before,
all pneumatic systems have at least a source of compressed
gas; output devices such as cylinders, actuators, or motors;
conductors such as tubing or piping through which the gas
moves; and control devices such as valves. Depending on the
application, some pneumatic systems will have additional
components. You’ll learn about how these components 
function and how they work with the other devices in the
system. You’ll find that many of the components you study 
in pneumatic systems are very similar, if not identical, to
hydraulic components. Many components such as valves and
regulators can be used in both types of systems. However,
remember that hydraulic systems generally operate at 
significantly higher pressures than pneumatic systems and
that safety, operating, and maintenance procedures will differ
greatly for each type of application.

Because hydraulic and pneumatic systems are similar, you’ll
find that many excellent resources at your nearby library, or
the local component distributor, will be found under the gen-
eral category of fluid power. Many Web sites are available
that can direct you to catalog and technical information
about pneumatic components and design information. Some
of these include

• The National Fluid Power Association—
http://www.nfpa.com/

• The Power Society—http://www.ifps.org/

• The American Society of Mechanical Engineers—
http://www.asme.org/

• The Fluid Power Educational Foundation—
http://www.fpef.org/

• GlobalSpec—http://www.globalspec.com/

• Society Manufacturing Engineers—http://www.sme.org/

Fluid power refers to
both hydraulic and
pneumatic systems.
That’s because both 
liquids, like oil in a
hydraulic system, and
gases like air, are con-
sidered to be fluids.
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Compressors and Auxiliary Equipment

The heart of a pneumatic system is the air compressor, which
is responsible for compressing the ambient air and preparing
it for delivery to the other components. Air compressors and
equipment can be quite complex, and there’s much you need
to know about them to be a knowledgeable technician. Our
discussion here will review some of the more important
aspects of compressors and auxiliary equipment.

Types of Compressors

There are two broad categories of compressors, the 
positive-displacement types and the dynamic types. Positive-
displacement types can be either reciprocating or rotary
screw designs. A positive displacement compressor produces 
a fixed volume of compressed air for every cycle of the 
compressor movement. A dynamic compressor depends on
the ability of a moving rotor with vanes to move the gas from
low- to high-pressure areas by changing the gas’s kinetic
energy. Vanes on the impeller strike the molecules and force
them to move toward the output side of the compressor.
Figure 7 shows a schematic diagram of a simple impeller-type
air compressor.

Reciprocating Compressors

Reciprocating compressors are positive-displacement machines
that pressurize air by reducing its volume. Air is drawn into a
cylinder through an intake valve by a reciprocating piston.
When the cylinder is at the bottom of its stroke and the cylin-
der volume is at a maximum, the intake valve is closed and
the piston moves upward to compress the air and move it into
a receiver that holds the compressed air. The cycle is much
like the compression cycle of an internal combustion engine,
except that there’s no ignition of a fuel/air mixture. Figure 8
shows a diagram of the compression cycle for a single-stage
reciprocating air compressor. 
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Motor

Diffuser

Volute

Impeller

Suction Eye

Casing

(A)

Closed

Open Semi-Closed

(B)

FIGURE 7—(A) The major parts of a simple single-stage centrifugal air compressor are shown here. (B) These are
three different types of impellers used in the construction of centrifugal air compressors.
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Single-stage and two-stage compressors are available, with
two-stage types used for pressures in the range of 100–250
psi. They can also be single-acting or double-acting. A single-
acting compressor uses only one side of the piston, whereas
the double-acting compressor uses both sides of the piston for
compression. Figure 9 shows the internal construction of a
two-stage piston-type air compressor.

Load reduction, at times when there’s little or no demand for
compressed air by the system, is accomplished by bypassing
individual cylinders or by throttling the inlet pressure of the
cylinders. The capacity of reciprocating compressors can be
changed by altering the speed of their drive motors.

Rotary Screw Compressors

Rotary screw compressors compress air by means of rotating
screws that mesh with each other inside a sealed housing.
The air inlet is at one end of the screws, and the rotation 
of the screws forces air to move along axially to the high-
pressure outlet. There are no valves and the internal sealing
is done with oil, which also functions as a coolant. Rotary 
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FIGURE 8—This represents the steps in a complete compression cycle in a reciprocating air compressor.
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compressors are reliable and easy to maintain and operate.
Capacity changes can be accomplished with either variable
drive speeds or variable compressor displacement using
internal sliding valves. Special designs are available that yield
oil-free air if required. 

Centrifugal Compressors

Centrifugal compressors are dynamic types that depend on
the transfer of kinetic energy to the contained air from a
moving impeller. Airflow to and from the impeller can be

Intercooler Relief Valve

Oil Reservoir

First-Stage-Piston

Seat

Unloader

Unloader

Guard

Second-Stage Piston

Intercooler

Vent

FIGURE 9—This diagram of a typical two-stage reciprocating air compressor shows the unloaders on both the first-
and second-stage cylinders.
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either axial or radial. For efficiency, these compressors must
rotate at higher speeds and are suitable for high capacities
because flow through the compressor is continuous. Dynamic
compressors, sometimes called blowers, are used in applica-
tions that require large volumes at relatively low pressures,
such as pneumatic conveying, air supply to furnaces or 
boilers, or even ventilation. Figure 10 shows the basic 
construction of centrifugal and axial-type dynamic 
compressors.

Adjusting inlet guide vanes and restricting input volumes and
flows controls a dynamic compressor’s capacity. The centrifu-
gal compressor is inherently oil-free, since lubrication of the
shaft is separate from the air pathway and there are no seals
internal to the compressor. They’re suitable for continuous
service at very high volume outputs; however, they’re sensi-
tive to dirt in the air and are expensive compared with other
types of compressors. 

Inlet
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FIGURE 10—This diagram shows how dynamic compressors operate.
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Auxiliary Equipment

Compressors cannot function without several important
pieces of auxiliary equipment, and a compressor is most
often purchased with these devices as a packaged self-
contained unit. Figure 11 shows all of the major components
of a pneumatic system. Controls aren’t shown in this dia-
gram, but all pneumatic systems will have these components
to ensure proper operation of the pneumatic equipment.

Inlet filters. Air drawn in from outside often contains dust
and dirt particles that could injure internal parts of the com-
pressors. Air filters are necessary to remove these particles
but must not hinder airflow, especially for large-capacity
compressors. There are many designs for filters that are 
classified as dry or wet filters, each with specific advantages.
Some filters depend on certain air velocities for proper 
function. Filters must be cleaned and replaced at regular
intervals. Air filters are unavoidable sources of pressure
drops, and dirty filters will cause excessive pressure drops 
if not regularly maintained.

Inlet Filter

Vent

Pneumatic�
Load Filter Dryer �

Lubricator

Receiver

DryerCoolerCompressor

Air In

FIGURE 11—At a minimum,
all industrial pneumatic 
systems will have these 
components. Note that 
there are two locations
where air is treated for use:
the primary treatment, which
is often located at or around
the compressor, and the 
secondary treatment, which
is located just before the air
is used at the load.
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Intercoolers and aftercoolers. Air that’s compressed
becomes very hot, as you learned from your study of the gas
laws. This heat must be removed before the air is passed onto
subsequent compressor stages or to the system. The inter-
cooler and aftercooler are optimized to carry heat away from
the moving compressed air and can be designed with air or
water as the cooling agent. Figure 9 shows an intercooler that
cools compressed air between the first and second stages of a
two-stage compressor. The intercoolers are typically made from
a pipe with cooling fins brazed on the outside. These fins carry
away the heat generated by the contained air.

Separators and traps. Moisture trapped in the compressed
air must be removed before it’s passed into the system. Water
can plug nozzles and small conductors as well as corrode the
internal parts of the system. Lubricants are often in the air
as a result of compressor lubrication requirements, and
excess oil must be removed to prevent contamination of the
system or the process for which the air is used. There are
several designs for these separators and traps, but all must
have some way of draining fluids from the system after 
accumulation of moisture and lubricants. Some traps have
manual drains; others are automatically controlled. A simple
trap works on the principle of rapidly changing the airflow
direction. Water molecules—larger and
heavier than air molecules—can’t change
direction as quickly and are thus forced
onto the walls of the bowl, as shown in
Figure 12. The moisture drains to the 
bottom, where it can be removed. 

Silencers. Compressor silencers are simi-
lar to automotive mufflers. They’re usually
tubes filled with sound-absorbing materials
to reduce the compressor output noise to
acceptable levels. Moisture in the air often
condenses in the baffles of silencers, so a
drain or drain system must be part of the
silencer.

Air OutAir In

Bowl

Baffle

Drain Plug

Deflector 

Filter

Condensed �
Moisture

Schematic Symbol

FIGURE 12—Water is removed from a pneumatic system by
redirecting the airflow, forcing water molecules to hit the
wall of the bowl. Drains must be periodically opened to
remove collected moisture and oil.
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Receivers. Compressed air delivered from the compressor is
stored temporarily in an air receiver. This stored air functions
as a reserve to meet occasional excess demands on the 
system. It also acts as a pulsation damper for reciprocal 
compressors that have a pulsed output. Receivers are usually
mounted as vertical tanks and are equipped with drains and
over-pressure relief valves. They’re usually cylindrical, and
the relatively large internal surface area helps to dissipate the
heat that results from the change in volume. 

Compressed air from the compressor is conducted to the
receiver until a preset pressure is reached, at which point the
unloader valve of the compressor discharges to the atmos-
phere. A pressure-activated switch can also cut off electrical
power to the compressor motor. If the pressure in the receiver
should rise higher than a preset safe level, a relief valve opens
to prevent excess pressure in the system. Receivers may have
pressure and temperature gauges, isolation valves, and an
access cover for cleaning. Figure 13 shows a schematic dia-
gram of a receiver outfitted with typical accessories for safe
operation.

Dryers. Air that’s required to be moisture-free, such as air
for painting or sandblasting or air that’s in lines subject to
freezing temperatures, must have the moisture removed com-
pletely by a drying process. Moisture accumulates in the
receiver because the relative humidity rises rapidly as the air
volume decreases through compression. Water droplets from

Drain Valve
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Temperature Signal

To System

Isolation Valve

Relief �
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From Compressor

Isolation Valve

�
Access Port

To Electrical �
Control

FIGURE 13—A receiver is an
integral part of a pneumatic
system. Most receivers have
the accessories shown here.
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condensation inside the system can cause rust. They can
also mix with oil to form a sludge that can plug lines and
damage tools and equipment connected to the system.

There are several designs for dryers, including adsorption,
deliquescent, and refrigeration methods. You should research
these methods of drying air to learn the advantages of each
as well as typical costs and maintenance requirements.

Filters, Regulators, and Lubricators

Air that’s brought in from the atmosphere to the compressor
can’t be used without filtering, which prevents dust and dirt
from entering the compressor and causing damage. This is
called primary treatment. After the air is compressed, deliv-
ered to the receiver, and cooled, it must be treated again
before it’s ready to be used by the system. This treatment
consists of another filter, a regulator to drop the pressure to
the required operating pressure, and a lubricator to put oil
into the supply air to lubricate the other equipment attached
to the lines. This function occurs so often that filters, regula-
tors, and lubricators are often packaged together in one box
and called FRLs. The National Fluid Power Association has
published guidelines for the selection and use of FRLs in a
document entitled “Recommended practice—Pneumatic fluid
power—Filters, regulators, and lubricators—Application
guidelines.” This paper is an NFPA Recommended Practice
(NFPA/T3.12.17 – 2002) and is available from their Web site
at http://www.nfpa.org.

Filters

A popular filter design first has the incoming air directed
against a set of baffle plates that cause the air to swirl
around. This causes the larger particles of dirt, dust, and
moisture droplets to separate from the air stream, where
they’re collected at the bottom of the bowl and removed
through a drain either manually or automatically. The air is
then passed through a solid filter made of fine mesh screens
or solid material made from sintered metals, such as bronze
or other porous materials. 
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This filter must be large enough to pass the amount of air
required downstream from the filter. Filters are rated by the
smallest size of the particle they’ll pass, and typical filters for
these applications are rated as 40, 20, or 5 microns. A
micron is 10–6 meters, or a millionth of a meter. It’s abbrevi-
ated as “�m.” A 40 �m filter will stop all particles larger than
40 �m. Filters must be sized to allow enough air to pass
through to the equipment without causing an unacceptable
pressure drop. 

Fine wire mesh is often used as a “pre-filter” to remove larger
particles. The mesh size of the filter determines the size of
the particles it can remove. A 325 mesh filter has wire 
spacing about 30 microns apart, a 550 mesh filter has wire
spacing about 10 microns apart, and a 570 mesh filter has
wire spacing about 6 microns apart. To give you an idea of
filtering requirements, dust particles are 10 microns or
larger, and smoke and oil particles are about 1 micron.
Special microfilters can filter contaminants down to about
0.01 microns, which is about the limit of what a filter can
remove.

Filters rated with higher numbers generally have higher flow
rates. You should check with the manufacturer’s rating of the
filter to ensure that you’ve sized the filter for more airflow
than is required by equipment attached to the line. Filters
are offered in a wide variety of port sizes; filters should be
sized by airflow requirements and not simply matched to
existing air lines. A typical pressure drop across a filter may
be on the order of 1 to 5 psig.

Regulators

Various types of pneumatic equipment require different oper-
ating pressures for maximum efficiency, and it’s essential to
supply enough compressed air at the proper pressure for all
equipment connected to the air supply line. Often the com-
pressor delivers air to a receiver at a much higher pressure
than is required for any of the individual components con-
nected to the lines. Airflow velocities in a pneumatic system
can be very high, and pressure drops through fittings and
lines can be very high. Because of this, regulators should be
placed close to the equipment and adjusted with the equip-
ment operating at normal flow requirements.
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To deliver compressed air at the right pressure, a regulator
lowers the pressure to the correct value at the location of the
equipment. As equipment is turned off and on and as the
demand for air varies throughout the system, the regulator
maintains a constant pressure and airflow to the equipment
connected to its downstream side. A filter is usually placed
immediately upstream from the regulator to prevent damage
to the regulator or the equipment.

The simplest type of regulator is a relief valve. These are used
in places where an over-pressure can be dangerous to the
system or personnel, such as the receiver. Figure 14 shows a
simple relief valve, which is a spring-loaded ball that seats in
a housing. Excess pressure lifts the ball against the spring,
thus some of the following pressure to escape. The amount of
airflow escaping this valve depends on the amount of excess
pressure.

There are two general categories of regulators, relieving and
nonrelieving. Relieving regulators vent excess pressure to the
outside air by means of vents that release air. Nonrelieving
regulators adjust the downstream pressure without allowing
air to escape the system. The pressure drop across the regu-
lator is a function of the airflow through the line. The greater
the airflow, the lower the pressure drop; therefore, the pres-
sure setting should be made under the equipment’s regular
flow conditions.

Source Pressure

Seat

Exhaust

Adjusting Cap

Pressure �
Setting Spring

Ball

FIGURE 14—This simple
relief valve is adjustable
by controlling the spring
force that holds the ball
onto the valve seat.



A simple regulator uses a spring-loaded diaphragm to control
a valve opening. How far the spring is compressed determines
the downstream pressure. If the downstream pressure rises,
the increased pressure helps the spring close the valve, caus-
ing the pressure to drop. If the downstream pressure drops,
perhaps with an increased demand for air, the higher
upstream pressure causes the spring to compress further
and raise the pressure downstream. In many cases, the
spring is adjustable so that the desired set pressure can be
varied by turning a handle or screw. 

Figure 15A shows a cross-section of a relieving pressure reg-
ulator, while Figure 15B shows a nonrelieving regulator. 

In the relieving regulator shown in Figure 15A, the pressure
setting is determined by the lower spring. The adjusting
screw pushes the spring into the diaphragm, which has a
vent located in the center. The poppet assembly has a small
valve that seats in the vent. The adjustment spring lifts the
upper poppet against the light spring, allowing air to flow. If
the output pressure is too low, the diaphragm and vent seat
raise the upper poppet to allow more air to flow. If the output
pressure is too high, the diaphragm is pushed down, closing
off the upper poppet while opening the vent.

More sophisticated regulators can vary the pressure with
what’s called a pilot pressure from another source, either air
or hydraulic. These regulators use feedback from sensors to
change the pilot pressure, which, in turn, changes the regu-
lator set-point pressure.

Lubricators

Pneumatic equipment such as air tools, cylinders, and
motors all have moving parts that require lubrication for 
efficiency and long life. Moving parts and seals demand lubri-
cation to minimize friction and wear. Injecting an oil mist 
into the line downstream from the regulator allows proper
lubrication to reach critical parts. The amount of lubrication
is also critical. Too much oil can leak from the tool or equip-
ment, causing contamination and cleanup problems, and 
too little oil can damage tools and equipment. Specifying the
proper lubricator and ensuring its proper setting is crucial to
system performance.
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Lubricators work on the principle of a venturi, similar to an
automobile carburetor. A lubricator is constructed by placing
an orifice in the section of line with the reduced diameter and
connecting the orifice to an oil reservoir by means of a small
tube. The low pressure at the orifice causes oil to be pulled
from the reservoir. The moving air stream breaks the oil flow
into small droplets, forming a mist or fog within the flowing
air. This lubricant then flows downstream into the equip-
ment. Figure 16 shows one example of how oil may be 
delivered to the airflow stream using these principles.

Light Spring

Outlet

Inlet

Air in with Low �
Outlet Pressure 

Vents High �
Outlet Pressure 

Pressure Setting Spring
Vent Port

Pressure Diaphragm

Adjustment Screw

(A)

Inlet
Poppet

Pressure�
Diaphragm

Pressure �
Setting Spring

Adjustment Screw

Outlet

(B)

FIGURE 15—Relieving (A)
and Nonrelieving (B)
Pressure Regulators

The venturi is a section
of air line that’s reduced
in diameter. Air that
flows through this
reduced-diameter line
speeds up. And as you
know by Bernoulli’s
Principle, when the air
velocity speeds up, the
pressure goes down. 
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Since lubricators work from airflow, it’s important to specify
a lubricator based on expected airflow. In some lubricators,
all of the air moves through the venturi at lower airflows; at
higher flows, some of the air is diverted around the venturi
and later joined to the lubricated air. Figure 17 shows part of
a commercially available combination of relief valve and
lubricator. Units that include filters, regulators, and lubrica-
tors are called FRL assemblies.

Input Port

Oil Reservoir

Bowl
Oil

Oil Feed Tube

Non-Return �
Oil Valve

Output Port

Venturi

Oil Pressure �
Reduction Valve

Oil Flow Adjustment

21

Symbol

FIGURE 16—An oil mist
lubricator works on the prin-
ciple of a venturi, which uses
a reduced diameter to
increase the fluid velocity,
thus lowering the pressure.
The low pressure then draws
oil from a reservoir into the
air stream.
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Fittings and Conductors

While the more complex pneumatic components such as
pumps, valves, and controls may be more interesting, the
basic components used to conduct compressed air from one
point to another are still very important to the successful
operation of any pneumatic application. In general, these
components are known as conductors, and a number of
important factors must be considered when selecting and
applying pneumatic fittings, pipe, hoses, or tubing. Important
considerations include the size required, the maximum pres-
sure, the maximum temperature at which the components
operate, and the external environment.

FIGURE 17—Filters, regulators, dryers, and lubricators are used so often that they’re often packaged as combined
assemblies.
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General Classifications of Conductors

Conductors for both hydraulic and pneumatic systems are
generally classified into three types: rigid, or piping; semirigid,
or tubing; and flexible, or hose and conduit. The type of con-
ductor used will be dictated by the application. Distribution
lines in factories are often large-diameter pipes, while pneu-
matic tools and robots require flexible hoses. Common sizes
for pipe and tubing run from 1/8 inch to more than 36 inches
(Table 1). Standards published by the American National
Standards Institute (ANSI) govern pipe wall thicknesses for
different pressure applications. The ANSI “schedule numbers”
for pipe indicate the wall thickness.

Rigid pipe is available in a number of common sizes:

• Standard—Schedule 40

• Extra Strong—Schedule 80; for up to 1000 psi

• Schedule 160, for pressures up to 3000 psi

• Double extra strong, for pressures higher than 3000 psi

All of the fittings that connect to these pipes, such as elbows,
tees, and unions, are available in the same sizes. The pipe
sizes are specified by their nominal inside diameter. All pipes
of the same size will have the same outside diameter, but the
actual inside diameter will vary depending on the schedule:
high-pressure pipe will have a greater wall thickness and
smaller inside diameter than a lower-schedule pipe.
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Semirigid conductors are specified by their inside diameter
and wall thickness (Table 2). The outside diameter is impor-
tant, however, since the fittings must fit over the outside
diameter of the tube. Fittings for tubing are generally of two
kinds, flared and flareless. Flared fittings require the end of
the tubing to be flared with a special flaring tool after the nut
and ferrule are placed over the tube end. There are two flare
angles that you may see in practice: 37° and 45°. Mating fit-
tings must have the same flare angle. 

Flexible tubing or hose is used where the conductors must
flex or connect to tools that must move. Pneumatic tools
such as hammers, drills, or wrenches must move around the
work site while connected to the air supply. Flexible tubing
can handle operating pressures that are quite high due to
their construction. They’re usually made with three separate
layers. The tube is the inside lining, or the material that
actually conducts the fluid. The next layer, the carcass, pro-
vides the strength of the hose. It’s composed of material such
as cotton, synthetic fiber, or even steel braid that’s woven or
wound around the tube for strength. The final layer, the
cover, is a layer of protective material such as rubber that
protects the carcass from corrosion or abrasion in service.

As a pneumatic system is installed or evaluated, it’s important
to remember there’s always a pressure drop, or loss, as air
flows through a conductor. The amount of loss typically
depends on the size (diameter) and length of the conductor 
in relation to the amount of air flowing through it. Table 3
provides an estimate of the suitable conductor size required for
typical manufacturing applications. The guidelines in the table
recommend a pipe diameter that will result in a 1-psi loss, for
every hundred feet of pipe length, at the flow rate listed in the
left-hand column (assuming a pressure of 100 psig). For exam-
ple, a system that required 120 SCFM of air flow at 100 psig
with an approximate conductor length of 150 feet would call
for a pipe diameter of 11/2 inches. You should realize that 
this is an estimate only and there are more exact methods of
calculating a required diameter that you’ll learn more about in
later studies. The column on the right side of the table lists
the approximate (two-stage) compressor horsepower it takes to
produce the SCFM in the left column at 100 psig. In our
example above we would need a 20 Hp compressor to deliver
the required flow rate. Again, we’ll discuss more exact methods 
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of choosing a compressor, but the table can be used as a
guideline to estimate system parameters.
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FIGURE 18—This diagram shows flare and flareless
fittings.
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Quick-Connect Fittings

The ability to quickly disconnect a tool from an airline is
often required for various pneumatic applications, such as
factories, automotive shops, or machine shops. All quick-
connect fittings use a male and female portion to make or
break a connection. Depending on the application, the fitting
may seal off the pressurized air in one direction only, both
directions, or neither direction. The typical air tool for inflat-
ing tires will have a flexible hose with a female socket on the
end that seals the air when a tool isn’t connected. When a
tool is plugged in, the male plug is captured and held fast by
a mechanism such as a cam-lock, bayonet coupling, or ball
lock. A popular pneumatic quick-connect fitting uses several
spring-loaded balls in the socket that are forced into a groove
in the plug to capture it securely (Figure 19). Inserting the
plug opens a valve in the socket to allow air to flow through
the fitting.
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Materials

Common conductor materials that you’ll see in pneumatic
applications include steel, copper, stainless steel, plastic and
polyvinyl chloride (PVC), aluminum, brass and bronze, rub-
ber, and nylon. As you can see, a wide variety of materials is
available “off the shelf” from suppliers. Special materials or
processes such as part plating are available from manufac-
turers who supply custom applications. 

The primary factor in determining the material is the envi-
ronment in which the conductors operate. If the external
environment has corrosive elements such as salts or other
chemicals, the material must be chosen for its ability to oper-
ate successfully in a hostile environment. Stainless steel may
be required for a corrosive environment, whereas a copper,
brass, or bronze material may be specified for a saltwater
environment. Air lines in factories are usually made of galva-
nized pipe so that moisture doesn’t cause rust to form inside,
which can flake off and damage other components.

Semirigid tubing is typically available in several common
materials: seamless 1010 (carbon) steel, fully annealed;
seamless 18-8 stainless steel, fully annealed; seamless 
aluminum; seamless fully annealed copper; and plastic. 

Plug

Nonreturn Valve Socket

Airflow

ThreadsRelease Collar

Symbol

FIGURE 19—Quick-connect fittings allow rapid connection and disconnection of airlines and tools to pneumatic
lines. The coupling elements incorporate non-return valves to seal air flow when the male plug is disconnected.

Annealing is a heating
process that softens a
metal so that it can be
bent and formed.



Many of the components that connect must have seals that
maintain the pressure of the system. Components with mov-
ing parts such as cylinders and motors must have seals that
prevent air loss, allow movement, and provide lubrication.
The choice of seal materials depends on the environment, as
some materials are more resistant to corrosive materials or
extreme temperatures. Table 4 shows a list of common seal
materials, with recommended applications and temperature
ranges.

Manifolds

Where many controls are located in a relatively confined
space, the use of a manifold reduces the complexity of the
piping and potential sources of leaks. Valves and other con-
trols can be mounted on flat plates with drilled or cast air
passages. The flat surface provides an easily sealed surface
where many components can be mounted in a compact
space. The cost of manifolds is initially quite high, but they
pay for themselves in ease of servicing, troubleshooting, abil-
ity to change components quickly, and reduction of air leaks.
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Modern pneumatic components may stack against each other
and mount on a support that can hold multiple valves or
controls of the same external shape. Each component con-
tains passageways that allow other connected components
access to the air supply. Figure 20 shows an example of this
type of island.

Controls and Valves

Compressors generate compressed air, and receivers collect it.
Secondary conditioners filter, regulate, and lubricate the air so
it’s ready to be used by the equipment, and conductors direct
the air to the point of use. The next step in understanding
pneumatic systems is to learn about the components that
allow people, computers, or other machines to direct and 
control the flow of air so that the system does what it was
designed to do. In pneumatic systems, controls are necessary
to direct airflow, regulate the speed of equipment operation,

FIGURE 20—This example
shows how modular pneu-
matic valves can be stacked
for simplicity and a compact
assembly. Stacked assem-
blies greatly simplify 
tube-installation and 
troubleshooting tasks. (Photo
courtesy of Festo Corporation,
Hauppauge, NY)
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and limit the pressure at which the components are oper-
ated. In this section we’ll look briefly at directional and flow
control valves.

Directional Control Valves

Directional control valves are used to control the flow of 
pressurized air. These controlling actions include starting,
stopping, and changing the direction of flow from one 
conductor to another. In schematics of pneumatic systems,
directional control valves are drawn as square blocks, with
the number of squares indicating the number of valve posi-
tions. Lines and arrows indicate the available connections
between the ports, and a short line ending with another per-
pendicular line means the port is blocked. Figure 21 shows 
a typical control valve symbol with terminology and symbols.
A solid arrow in schematics generally indicates a hydraulic
component. While arrows that are “hollow” technically 
indicate pneumatic components, it’s often the case that 
solid arrows represent both hydraulic and pneumatic compo-
nents. The direction of the arrowhead shows the direction of
fluid flow.

Control Valve

Valve with Multiple Positions

Exhaust Port

1

2

3

4
Return Spring

Port �Numbers

Flow Direction�
Arrow

Solenoid

FIGURE 21—Control valves
and other pneumatic 
equipment are drawn on
schematics with standard
symbols that tell technicians
the function and location of
the system components.
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To visualize the operation of a valve shown in a schematic,
picture the conductors remaining fixed in the diagram and
imagine the “boxes” sliding back and forth so that the con-
ductors line up with the directional arrows in each of the
individual boxes of the valve. The method of valve operation
is indicated by the symbol at the ends of the boxes, and
springs are often used to return the valve to its starting posi-
tion. Springs are indicated by zigzag lines at the ends of the
boxes. There are manually operated valves, solenoid-operated
valves, and pilot-operated valves. Appendix A shows examples
of many—but not all—of the different types of valves you may
run across. Notice the symbols of the different types of opera-
tional methods.

In general, valves that have fixed positions of operation (as
opposed to variable valves that have adjustable positions to
regulate flow) are designated by a port/position nomenclature.
For example, a valve with three ports and two possible oper-
ating positions—indicated by two boxes in the schematic
symbol—would be called a 3/2 valve. This indicates that the
valve has three ports and two fixed positions of operation.

The ports used in control valves are designated by a letter or
number depending on their function. Newer schematics use
numbers, but you may encounter schematics that use letter
designations. Table 5 shows the relationship between the
port function and the number or letter.

Control valves are made in three configurations: poppet
valves, spool valves, and rotary valves. In a poppet valve, a
simple disc or ball is used with a valve seat to control the
flow of air. The ball or disk is spring-loaded against the seat,
and a plunger operated by a lever or solenoid pushes the ball
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or disk off the seat to allow flow. When
the plunger is released, the spring
moves the ball or disk toward the seat,
and the pressure forces the ball against
the seat to seal the output port. 
Figure 22 shows the construction of 
a typical poppet-type valve that’s
equipped with a disk.

Spool valves operate similarly to
hydraulic spool valves. A cylindrical
spool moves back and forth within a
housing, with cavities and passages
that direct airflow. The spool has areas
of smaller diameters such that when the
relieved area lines up with a cavity, air
is allowed to flow around the spool and
through the cavity to the outlet port.

The larger diameters of the spool have seals that prevent air-
flow between cavities. Spool valves are actuated easily
because the pressure is nearly balanced on the inside faces
of the spool. The actuating mechanism doesn’t have to work
against high pressure, as in the case of the poppet valves.
Figure 23 shows the construction and schematic symbol of a
spool valve. Note that the symbol doesn’t tell you anything
about the internal construction of the valve, only its function.

Rotary valves consist of a cylinder with drilled or cast pas-
sages, which is fitted into a sleeve with ports. As the cylinder
is rotated, the passages line up with the various ports in the
sleeve, allowing air to flow to the appropriate ports. Rotary
valves also don’t require an actuator to work against pressure
and are thus easy to operate. Rotary valves are generally
used in low-pressure systems, often for hand-operated mech-
anisms. A diagram of the internal construction of a rotary
valve is shown in Figure 24.

A

RP

Symbol

Disc Spring

Valve Disc

Stem Spring

Moving Valve Stem

R A

P

Actuator

A

RP

FIGURE 22—The internal construction details of a
typical poppet valve are shown here, along with the
schematic symbol. Note that schematic symbols
don’t indicate the valve type.
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Exhaust Port�
(R)

Pressure Port�
(P)

Spool

Housing

Symbol
A B

RP

FIGURE 23—A spool valve has a cylindrical spool
that slides back and forth within a housing, con-
necting ports internally. In its present position this
valve allows air to flow in through port A and out
through port P. Air flow through port B is blocked.
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Symbol

Pressure 
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Exhaust Port

FIGURE 24—A rotary valve has the same function as a poppet or spool valve, but with a different internal 
construction. Rotary valves are used principally in low-pressure systems.
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At a minimum, control valves have an inlet and an outlet;
however, most control valves have three or more ports, and
either two or three available positions. Actuation of the 
valve can be done mechanically, such as by a hand- or foot-
operated lever, or it can be controlled by an electric solenoid
or pilot air pressure. Pilot air is air that’s available for control
purposes, and not for doing work in motors or actuators.
Flow requirements for pilot air are very low. If the inlet is
normally connected to the outlet when the valve is in the de-
energized position, we say it’s a normally open (NO) valve. If
the inlet port is blocked and the valve needs to be actuated to
connect the inlet to the outlet, we say it’s a normally closed
(NC) valve. The two-way valve is the simplest of the control
valves, with only two ports, and it’s normally used to simply
shut off airflow. The schematic in Figure 25 shows a sole-
noid-operated, spring return, 4/2 valve that serves as the
pilot control for another 4/2 valve, which controls a cylinder.
Study the symbols in Appendix A to learn the different types
of valve configurations and operation methods.

A B

RP

Z

A

P RElectrical �
Input

Pilot Control Valve

Pilot-Operated �
Valve

Cylinder
FIGURE 25—This schematic
shows a pilot-operated valve.
The valve is controlled by
another valve that’s oper-
ated by an electric signal to
a solenoid. Note that while 
a pressure signal is sent to
the pilot-operated valve, Z
isn’t counted as one of 
the valve’s ports when 
identifying it as a 4/2 valve.
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An example of a 4/3 valve that has an inlet, two outlet ports,
and an exhaust port is shown in Figure 26. These controls
are designed with three possible positions of operation. The
exhaust port in a pneumatic system most often dumps
“used” air into the atmosphere. In some cases, the air is dis-
charged directly from the valve. In other cases, the exhaust
port is fitted with a muffler, or silencer. An outward-pointing
arrow drawn directly on the port indicates that air is dis-
charged directly from the port, while a short line and then an
outward-pointing arrow indicate that a fitting is connected to
the port. An additional rectangle with three short internal
lines is the symbol for a silencer.

A check valve, or nonreturn valve, is another directional con-
trol device, although it’s usually independent of mechanical
or electrical controls. A check valve allows airflow in only one
direction. In a simple configuration, a ball is pushed into a
seat by a lightly loaded spring. When pressure is applied in
the proper direction, the ball is easily moved away from the
seat, and air flows relatively freely. If pressure applied to the
other port is greater than the pressure from the correct direc-
tion, the ball will be pushed back into the seat and flow will
stop. Figure 27 shows a simplified version of a check valve
equipped with a ball-type restriction. 

Check valves can be made that allow air to flow in the reverse
direction for special conditions by providing pilot operation. A
pilot-operated piston pushes the ball or disc seal off the seat,
even when pressure from the port tends to close the valve.

Vent

Spring Return

2 4

1 3

Blocked Port

Flow Paths�
(Unfilled Arrows Represent�

Pneumatic Valves)

Pilot or Solenoid �
Operation Exhaust Silencer

Pressure Supply

FIGURE 26—This diagram of
a 4/3 valve shows symbols
for operation, pressure sup-
ply source, spring return,
and an exhaust silencer and
vent.



Check valves are used to stop loads from creeping. They’re
also often used with a flow control valve to meter airflow in
the opposite direction, as opposed to stopping it completely.

Control valves may utilize different methods of flow control,
including a tapered plug, a poppet or disk, or a sliding spool,
similar to hydraulic valves. There are several types of valves
that are used for either hydraulic or pneumatic applications,
but you should consult manufacturers’ catalogs for allowable
applications.

Flow Controls 

The check valve you just read about is a type of flow control
valve, but its operation is very simple: it either allows flow 
to occur, or it stops it altogether. In some applications, it’s
necessary to control the speed of operation of a cylinder or
motor. In many applications, the pressure is applied to the
cylinder while the load’s inertia determines the speed of oper-
ation and the amount of force or torque required from the
actuator. Flow control valves are available with metered flow
in one direction and free flow in the other, or metered flow in
both directions. Restricting the amount of airflow will effec-
tively limit the speed of operation of an actuator. 

One method of limiting flow rates is to place a restriction
check valve in the line before the actuator. This type of con-
trol valve allows free flow in one direction and metered flow in
the reverse direction. Figure 28 shows the schematic diagram
and symbol of a restriction check valve. These valves are
often used to limit the airflow from a cylinder on the exten-
sion or retraction stroke.

Metered flow enters the valve in Figure 28 from the left. Air
pressure and the weak spring hold a poppet against the 
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Blocking Airflow

SpringBallSeat

Airflow

FIGURE 27—A check valve,
or no-return valve, prevents
flow in one direction while
allowing free flow in the
opposite direction. Nonreturn
valves are also available in
90º configurations.
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alternative flow paths, ensuring all flow (from left to right)
must move through the metering orifice area that’s formed
between the conical end of the adjustment screw and the seat
on the inside diameter of the poppet. The adjustment screw
is threaded in the valve body and adjusting the screw depth
changes the metered flow area. When air flows from the right
side of the valve to the left, the pressure will raise the poppet
against the weak spring, opening the alternate flow paths
and offering a much greater flow area and therefore greater
flow volumes. 

Another type of flow control valve is a simple orifice, which
limits flow in both directions. The valve can be fixed, or it can
be a variable type. The schematic symbol for both types is
shown in Figure 29. These are also called throttle valves, and
are used to adjust the airflow so that speed of equipment is
limited. A throttle valve operates similar to a flow control

Symbol

Metering Orifice

Free FlowMetered Flow

Adjustment Screw

Poppet

Weak Spring

Alternate Flow Path

Alternate Flow Path

FIGURE 28—Nonreturn
valves can be made with 
limited flow in the reverse
direction, which can be
adjustable. They’re used to
limit the speed of cylinders
in either extend or retract
direction.



Pneumatics, Part 160

valve except there is no check-valve feature
to allow nearly free flow in one of the direc-
tions. Air flow entering either side of the
valve must pass through the metering ori-
fice, whose size is determined by the depth
of the adjustment screw. Some applications
require fixed orifice throttle valves that
aren’t adjusted by the operators or techni-
cians. These may consist simply of fittings
with reduced inside diameters through
which air must flow.

You’ll be exposed to several other common
flow control valves as a technician. A time-
delay valve (Figure 30) is used to provide a
time delay from the time the valve is actu-
ated until pressure increases at the output
port. These valves allow movements of other
equipment before the controlled equipment
is allowed to move. The time is controlled 
by a reservoir chamber that’s metered to
prevent rapid pressure buildup. When the
pressure in the reservoir reaches the correct
level, the valve then actuates.

Figure 31 shows a quick exhaust valve and
a shuttle valve. Quick exhaust valves are
used to vent cylinders quickly instead of
returning air through conductors. They’re
located close to the cylinders they vent. A
shuttle valve is constructed from a ball or
poppet that’s free to move so that it will seat
in either of two directions. This valve is used
as an OR gate in pneumatic logic circuits.

Shuttle valves and quick exhaust valves operate in similar
fashions. In a shuttle valve, if either side is pressurized, the
poppet will slide or move towards the opposite side of the
valve, thus sealing the other port and allowing air to flow
only from the pressurized port. Shuttle valves can also be
configured as quick-exhaust valves, which allow a cylinder to
be pressurized form one port (port 1 in Figure 31A) while
blocking the exhaust (port 3). Removing pressure from port 1
allows the cylinder to return to its static position, which

Variable Area Orifice

Adjustment Screw

21

Nonadjustable Throttle Valve

Variable Throttle Valve

21

21

FIGURE 29—A throttle valve is used to limit the
speed of equipment by restricting airflow in both
directions.
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allows the air pressure trapped within the cylinder to push
the poppet to the other side of the valve, dumping the con-
tained air through port 3 to the environment. This allows the
air to escape more quickly than if it were routed through
additional valves and conductors, thus speeding op the cylin-
der’s cycling rate. The dotted line in Figure 31A indicates 
that pilot pressure supplied from port 2 (from the cylinder) 
is used to actuate the valve. Figure 31B represents a more
traditional shuttle-valve installation without the presence of a
pilot signal. 

Seals

Exhaust
Output �

Port

Pressure �
Port

ReservoirPilot Air-In

Delay �
Adjustment

Nonreturn Valve

Pneumatic Time-Delay Valve

Spring

Symbol

FIGURE 30—A pneumatic time delay can be made by metering a reservoir whose pressure 
operates a poppet or spool. The fill rate of the reservoir determines the time delay.
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There are more complex flow control devices that use both
pneumatic and electric feedback to control process variables
such as flow, pressure, temperature, weight, or position.
These types of controls are often linked with computers in
modern manufacturing facilities. Despite the advances in
electronics and computer equipment, pneumatic systems

(A)

(B)

1

2

1

1

2

3

1

2

3

11

2

FIGURE 31—Shuttle valves and
quick exhaust valves perform 
special pneumatic functions.
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linked by networks continue to remain at the forefront of
modern manufacturing technology. We’ll learn more about
these specialized systems in a later unit.

Actuators and Motors

Actuators are the devices in a pneumatic system that turn
the potential energy of the compressed gas into the mechani-
cal energy used to perform work. Actuators are available in
two broad categories called linear actuators or rotary actua-
tors. As the name implies, linear actuators cause a motion in
a straight line, and rotary actuators cause a rotary motion.
While a linear actuator has a maximum stroke, a rotary actu-
ator can either have a fixed angular motion or it can produce
a continuous rotation, as in a motor.

Linear Actuators

The most basic linear actuator for use in pneumatic systems
is the cylinder. A simple cylinder consists of a cylindrical
sleeve with caps on each end that contain a piston inside, as
shown in Figure 32. The piston has a rod in the center that
protrudes through the end cap; the piston is the part usually
connected to the load that’s to be moved. Cylinders can 
have two rods, one on each side of the piston, for special
applications. Each end of the cylinder has a port that can 
be connected to compressed air. When air is applied to the
inside of either end of the cylinder, the air exerts a force
upon all of the internal walls. The cylinder walls are fixed, of
course, and cannot move. However, the air pressure exerts
the same force upon the piston, which can move, and thus
causes it to move inside and push the rod out of (or pull it
into) the cylinder. As air flows into one side of the cylinder, it
must be removed from the other.



Calculating Cylinder Force

How much force can a cylinder generate? It depends on the
diameter of the cylinder and the air pressure available.
Remember that Pascal’s Principle says that every surface on
the inside of a pressurized container experiences the same
pressure. The air pressure develops a force proportional to
the area of the piston, which causes the piston and rod to
move.

The magnitude of this force can be calculated from the 
following equation:

Force (lbs) = Pressure (lbs/in2) � Area (in2)

For example, if an air cylinder has a bore diameter of 4
inches and a pressure of 90 psi is available from the system’s
air, what’s the force developed by the cylinder?

Area = � � �
D
4

2
� = � � �

(4
4
in)2
� = 12.57 in2

Force = 90 lb/in2 � 12.57 in2 = 1131 lbs
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FIGURE 32—An air cylinder
features simple construction
and is available in a wide
variety of configurations.
Custom cylinders are also
available from many vendors.
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As you can see, a pneumatic actuator can produce a very
high force. If the actuator is pressurized from the rod end,
say to make the cylinder retract from the previous extension,
the rod area must be subtracted from the piston area
because no pressure is applied to this part of the piston in
the direction of movement. A simplified equation for calculat-
ing the area of a piston with a rod is

Area (in2) = � � (Piston diameter (in)2 – Rod diameter (in)2)
4 

For example, if the above 4-inch diameter piston has a 1.25-
inch diameter rod, the area of the piston exposed to the air
pressure and, therefore, producing the force would be:

Area = � � �
(4.02 –

4
1.252)
� = 11.34 in2

The force would then be

Force = 90 lb/in2 � 11.34 in2 = 1020.5 lbs

As you can see, when the same pressure is applied to the rod
end of a cylinder, the available force to retract the rod is less.
If the same force is required, the pressure would have to be
greater. Double-rod cylinders with the same size rod on each
end would generate the same force when a given pressure is
applied to either side. Many pneumatic cylinders are required
to operate many complete extensions and retractions, or
cycles. To accomplish this, air is alternately directed at each
port, extending and then retracting the rod. 

Cylinder Construction

Cylinders are either single-acting or double-acting. The 
cylinders we’ve been discussing up to now have been double-
acting—that is, they can be made to either extend or retract,
by air pressure. A single-acting cylinder can be pressurized
for one direction only, and the return stroke is accomplished
with a force provided by either the load or an internal spring.
Figure 33A shows the schematic of a single-acting cylinder.
The disadvantage of the single-acting cylinder is that the
cylinder must be physically longer for a given stroke to allow
sufficient room for the spring.



Cylinders can be made with two rods, one on each end. The
double-rod cylinder in Figure 33B has equal force in each
direction because the available piston areas are the same.
The double-rod cylinder is used to move loads in two direc-
tions at once. A common application is to connect the ends
together with a cable or chain over a pulley system so that a
load is positioned linearly by the movement of the rods, as
shown in Figure 33C.
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FIGURE 33—Cylinders 
are available in many 
configurations for specific
applications.
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Pneumatic cylinders are relatively simple in their construc-
tion. The basic parts are the cylinder, the end caps (with
ports drilled and threaded), the piston, the rod(s), and the
seals. Cylinders are easy to manufacture, and cylinders of
various stroke lengths can be manufactured from the same
or similar sets of parts. End caps can be welded to the cylin-
der, or they can be clamped to the ends of the cylinder with
rods extending through the caps. 

Cylinders require seals in several locations to prevent air
leakage and contamination from dirt particles. A seal is
required where the rod is connected to the piston. Seals are
also required on the piston to maintain the pressure differen-
tial from one side of the cylinder to the other. If the end caps
are welded, no seal is required; but if the cylinder is assem-
bled with clamping rods, or if the caps are threaded on the 
cylinder, seals are required. A very important component of
the cylinder is the
seal around the rod
where it protrudes
from the cap. This
seal is exposed to
external dirt and con-
taminants, and also
keeps compressed 
air from leaving the
cylinder. This seal is
usually accompanied
by a wiper that
scrapes dirt and other
materials off the rod
as it extends and
retracts. Cylinders in
very dirty environ-
ments can be covered
with a flexible rubber
boot that can cover
the rod as it moves
out of the end cap.
Figure 34 shows some
of the important seal
locations and designs.

Wiper Seal

Rod

Bearing
End Seal

Barrel

Port Flexible Bellows

Rod

Ring SealsO Ring 

Barrel

Piston Seals

FIGURE 34—Seals protect a cylinder from external contamination, contain 
pressurized air, and protect the moving parts.



Rods are meant to push and pull, but they can often be
exposed to side loads as they’re operated. A bearing in the
end cap supports the rod as it moves back and forth, to keep
the rod straight and prevent friction or jamming of the trans-
lating rod. Bearings are typically made from a hardened
bronze material, similar to other bearing applications.

Unless there are special environmental requirements, the
cylinder is usually made from seamless steel tube, which has
been machined and polished on the inside to make it very
smooth. The piston is made from steel or cast iron, and may
have a bearing material such as bronze on the outside diam-
eter where it contacts the cylinder. Rods are usually made
from a high-strength hardened steel alloy that’s ground and
polished to a smooth finish.

As the pressure moves the piston and rod from end to end,
significant forces can cause damage if the piston is allowed to
travel forcefully into the end cap. The piston must be deceler-
ated as it approaches the end of its stroke to prevent damage
to the parts. Some cylinders have simple rubber dampers
that absorb the shock of the piston as it hits the cap. A more
sophisticated design, and one that offers adjustable decelera-
tion rates requires the use of cushioning valves, as shown in
Figure 35. This design uses a plunger that momentarily seals
the end of the cylinder as the piston approaches the end cap.
Air is then forced through a more restricted path from the
cylinder to the port. By putting a metering valve in this path,
the deceleration rate can be controlled.
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FIGURE 35—Cylinders can be
decelerated as they approach
the end of their travel by
directing exhaust air pass
through a valve.
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Cylinder Mounting

There are thousands of applications for actuators, and there-
fore a wide variety of mounting methods are available.
Manufacturers’ catalogs are very helpful in determining the
possible mounting configurations, and you should consult
them when configuring new applications. Some of the basic
types of cylinder include flange mounts or trunnion mounts.
Flange mounting secures the cylinder to a mounting surface
with clamping bolts on the front and/or rear flanges. The end
caps can also incorporate feet with mounting holes. Front
and rear flanges can also have male threads on them so that
the cylinder can be threaded into a mounting plate. Figure 36
shows a variety of possible mounting configurations.

Foot Mounting (Outwards)�
�

Foot Mounting (Inwards)�
�

Front Flange MountingRear Flange Mounting

Clevis-Type
Swivel Mounting

Clevis-Type
Swivel Mounting

Centre Trunnion Mounting�
with Swivel Bearing

Rear Trunnion Mounting�
with Swivel Bearing

Front Trunnion Mounting�
with Swivel Bearing

FIGURE 36—Cylinders are available in many mounting configurations.
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Trunnion mounts are mating flanges connected with a clevis
pin that allows a cylinder to rotate around an axis as the rod
extends or retracts. Trunnions can be mounted at the front
or back of the cylinder, or in the middle. The trunnion
mounts can incorporate clevis pins to allow rotation around
one axis, or they can incorporate a swivel mount to allow lim-
ited rotation around more than one axis. The rod ends can
have a variety of connection methods, such as threads, clevis
joints, swivel joints, and flexible couplings.

Rotary Actuators

Rotary actuators rely on air pressure to power applications
that require rotary motion, such as a motor, or a drive gear
that requires limited rotation. Some applications, such as a
motor, require constant rotary motion. However, other appli-
cations require 360° movements but only for several turns, 
or only for a limited number of degrees of rotation of an arm,
such as in a clamping or lifting operation. Rotary actuators
are used to produce high torques with limited ranges of 
rotation.

A rotary actuator is constructed similarly to a linear actuator,
with a cylinder and internal piston that’s moved back and
forth by air pressure when alternate ports are pressurized
and exhausted. However, instead of a rod, the piston is con-
nected internally to a rack gear. This gear, in turn, drives a
pinion gear. The pinion gear is mounted on a drive shaft that
protrudes from the side(s) of the actuator. This drive shaft is
connected to external loads by additional gears, pulleys, or
keyed shafts.

Piston
Port

End Cap

Pinion Gear

Port

End Cap Cylinder Rack Gear
FIGURE 37—This diagram
shows the internal construc-
tion of a rotary actuator.
Linear motion is converted to
limited rotary motion by the
use of a rack and pinion 
gear set.
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The torque produced by a rotary actuator is the product of
the force produced by the piston, in pounds, times the radius
of the pinion gear. For example, a 2-inch diameter cylinder
with a pinion diameter of 1 inch operating at 90 psi will have
the following force:

F = 90 lb/in2 � � � �
(2.0

4
in2)
� = 283 lbs

The torque produced will be

T = F � r

T = 283 lb � 1.0 in = 283 lb-in

Air Motors

Air motors are the equivalent of the hydraulic motor or electric
motor, and are usually characterized by the amount of torque
they produce. A great advantage of air motors is that, unlike
electric motors, they produce large amounts of torque even at
zero speed without danger of overheating. In fact, air motors
produce their largest torques when stalled. Another advantage
is that they can be used in or near combustible gases because
there’s no danger of sparks causing explosions.

Torque is a product of force times the diameter of the rotor
radius. The force produced in the motor is a function of the
pressure differential between the input and output ports. 
The horsepower produced by a motor is described by the
equation:

Hp = Torque (lb-in) � RPM
63025

Air motors are specified by their torque rating, which is
expressed as the amount of torque produced per psi:

Torque rating = Torque
Psi 

The rotational speed can be controlled by the amount of air-
flow through the motor. Figure 38 shows a torque vs. RPM
chart. You can see that the torque is highest at zero speed
and falls off rapidly as the speed increases. If the pressure is
increased, the available torque increases but still follows the
same shape curve. A graph of horsepower vs. RPM is shown
in Figure 39. As expected, the horsepower produced by the



motor rises from zero (even though maximum torque is pro-
duced at zero speed), reaches a maximum, and then falls off
to low values again at high speeds. As you may expect, if the
pressure is increased, the maximum horsepower also
increases but follows the same shape curve.

Example:

What is the torque output of an air motor rated for 1.5 horse-
power at 250 RPM?

Solution: Hp = Torque (lb-in) � RPM
63025

Torque = Hp � 63025/RPM

Torque = 1.5 Hp � 63025/250 RPM = 378 lb-in
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Torque vs. RPM for a Pneumatic Motor
FIGURE 38—The torque of
an air motor is highest at
stall and falls to zero as the
RPM increases. Increasing
the pressure increases the
stall torque.

Increasing Pressure
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Horsepower vs. RPM for a Pneumatic MotorFIGURE 39—Horsepower is a
function of torque and speed.
As the pressure increases,
maximum horsepower
increases.
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Gauges and Sensors

Technicians and operators must know how a pneumatic 
system is performing, and depend on information to trouble-
shoot problems when the system operates poorly. In many
applications, the process itself requires measurements of
parameters such as position, velocity, and acceleration of the
equipment or loads. Computers may receive and process this
information to make adjustments to the system or to perform
process procedures such as moving, positioning, counting, 
or clamping. Gauges and sensors are the eyes and ears of 
the system and the people who operate and maintain the
equipment.

In addition to the sensors we’ll study here, many kinds of
pneumatic sensors are available. Pneumatic sensors can be
designed to measure position, proximity, count, and other
functions in special applications. They’re often used in con-
junction with electronic sensors that connect to a computer
or controller. We’ll look at these pneumatic-electronic inter-
faces in a later unit when we discuss modern applications for
pneumatic systems.

Temperature Gauges

Temperature gauges are used to measure the temperature of
the air or equipment connected to the system. As you learned
earlier, when air is compressed, its temperature increases
dramatically. It’s moved to a receiver, where it’s cooled before
use in the system. A temperature gauge in the receiver will
tell the operator if the air has cooled sufficiently, or if there’s
a problem in the system that’s generating excessive heat.
Temperature gauges can be a simple thermometer—or more
likely in industrial environments, mechanical bimetal or 
electrical thermocouple or resistance gauges.

A thermometer works on the principle of an expanding liquid
or gas. As the temperature of a substance contained in the
thermometer increases, it expands in volume. Temperatures
can be read directly off a scale, as in the common mercury
thermometer, or else the expansion can cause a mechanical
deformation in a tube that engages a lever. The lever operates
a needle that indicates the temperature. The fluid inside the



reservoir chamber can be a liquid or gas, with gas types 
usually used for higher temperatures. A bimetallic strip is
another temperature-measuring technique expanding 
material. The strip consists of two materials with different
coefficients of expansion bonded together along their lengths
and curled into a compact shape. One end of the coil is
clamped for support and to prevent movement; the other end,
the center of the coil, is connected to a mechanical linkage
that causes a needle to move, indicating the temperature.
These thermometers, as shown in Figure 40B, are rugged,
easy to install and maintain, and relatively inexpensive.
They’re useful over a wide range of temperatures and for a
wide variety of applications.

Another method of temperature measurement utilizes the
change in electrical resistance of materials as the tempera-
ture changes. The resistance of a conductor or semiconductor
increases as the temperature increases. A resistance 
thermometer uses a constant voltage source to supply voltage
to a sensor that consists of a length of resistive materials
such as oxides of cobalt, manganese, nickel, or platinum.
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Heat Source

Copper

Iron

Bimetallic Strip

(B)

Coiled Bimetallic Strip
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(Scale is not Shown)

(A)

FIGURE 40—A bimetallic
strip bends in one direction
as the temperature is
increased. A practical ther-
mometer is made from a
bimetallic strip shaped into a
coil, with an indicator
attached to the center.
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This resistive element is located at or in the material to be
measured. If the voltage is constant, changes in temperature
cause changes in the resistance and therefore changes in 
the current through the sensing element. This change is
measured by an electronic amplifier and compared with a 
reference source. The electronic circuit converts this signal to
a temperature indicated on a display. The materials listed
above are typically useful from –50°F to +300°F, while materi-
als such as platinum can measure temperatures up to
1700°F.

Accurate temperature measurements can also be made with
a device called a thermocouple. A thermocouple sensor con-
sists of two dissimilar metal wires joined at the ends and
insulated the rest of their length. The ends of the wires are
connected to an electronic amplifier. In a junction of two 
dissimilar metals, a small voltage—several millivolts—is 
generated that can be amplified and calibrated to indicate
temperature. Figure 41 shows the basic connection of a ther-
mocouple. As the temperature increases, the voltage output
of the junction increases, which can be used to accurately
measure the temperature of the junction. The junctions of
the wires themselves are very small and don’t have much
mass. These thermocouples respond very quickly to any
changes in temperature, giving them a distinct advantage for
many applications.

There are new, high-tech ways of measuring temperature that
you may want to investigate. Thermal imaging, pictures taken
with a special heat-sensitive film, can indicate hot spots 
in a room of equipment. While temperature isn’t indicated

Nickel-Aluminum

Nickel Chromium
12.2 Millivolts

Thermocouple

Amplifier
Heat Source

300 C

Display

FIGURE 41—A thermo-
couple is an accurate
way to measure temper-
atures in a wide 
variety of processes and
environments. Many 
different types of ther-
mocouples are available
to cover different 
temperature ranges. 



directly, good estimates can be made by comparing the image
with known temperature ranges. Another newer method of
temperature measurement relies on the principle that all
materials above absolute zero radiate energy in the infrared
region of the light spectrum, a region invisible to the human
eye. The technique is complex electronically but easy to do in
practice: the device resembles a gun that’s pointed at the
object to be measured, as shown in Figure 42. These infrared
pyrometers are fairly accurate if calibrated properly and are
very useful for reading temperatures of equipment that can-
not be easily reached, such as overhead pipes. Many times
an accurate reading of temperature isn’t needed, but rather
the technician needs the ability to compare the temperature
at one location with another, or compare a temperature dif-
ference from one time to another.

Pressure Gauges

Pressure gauges are of primary importance in a pneumatic
system. These gauges will be located throughout the system
from the compressor output to the equipment and tool tap-in
points. The most common pressure gauge is based on the
Bourdon tube (Figure 43), named for the French inventor
Eugene Bourdon (1808–1884). The gauge consists of a hollow
tube with an oval cross-section bent in the shape of a hook.
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FIGURE 42—Radiation
pyrometry is a technique
that uses the radiation
from solid objects to
measure their tempera-
ture. (Courtesy of Raytek
Portable Products, Inc.
Website www.raytek.com)

A Pyrometer is a device
that indirectly measures
temperature by deter-
mining the amount of
light energy emitted by
an object.
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Gas is admitted to the open end of the tube, and the pres-
sure tends to try to straighten the tube. The end of the tube
is coupled with a geared lever linked to a gear-mounted nee-
dle. The needle rotates as the pressure increases, and the
reading is indicated on a scale on the face of the gauge.
Bourdon-tube gauges are very rugged and dependable and
are still frequently used, even though they’ve been in exis-
tence for more than 100 years.

Another simple mechanical pressure gauge is the plunger-
type gauge. This design consists of a housing, movable
plunger, spring, and an indicator and scale. The housing
holds the plunger and is connected to the system air line.
The plunger rides in a bore in the housing and moves when
pressure is applied to the bottom. The plunger moves
through a seal against a spring that’s chosen to indicate the
proper pressure range, and the distance the plunger moves is
a function of the pressure in the line. A needle on the
plunger moves against the scale to read actual pressure.

Other methods of pressure measurement use electronic 
sensors to measure small changes in the position of a
diaphragm. Using a position sensor such as a linear variable
differential transformer (LVDT) that’s connected to an elec-
tronic amplifier, movements in a diaphragm are measured

Indicator

Pinion

Temperature�
Scale

Bourdon Tube

Gear

Connecting Link

FIGURE 43—A Bourdon-tube
device is a rugged, versatile
pressure gauge.



electronically and displayed as a pressure on a gauge, or 
a signal is sent to a controller or computer to indicate the
status of a process. The advantage of this type of pressure
sensor is the accuracy, precision, and repeatability of the
measurements, the rapidity with which rapid changes in
pressure can be relayed to controllers, and the isolation of
the sensor from the system air by the diaphragm. 

Flow Measurement

Some critical pneumatic applications require measurement of
the amount of air flowing to equipment. Airflow rate can be
used to indicate velocity of moving components, for example,
or it can be used to make sure that an air stream is moving a
material such as grain commonly encountered fast enough.
Flow meters used to measure airflow use either mechanical
or electrical means. Figure 44 shows two types of mechanical
and electro-mechanical flow meters.

One method of measuring airflow is to insert a rotor in the
airstream of a pipe. As air flows past the vanes of the rotor, it
turns as shown in Figure 44A. This type of meter is similar to
the anemometer that measures wind speed in your backyard.
If the area of the inside of the pipe and the velocity of the air
are known, you can calculate the volume of air that passes a
certain point in the air line during a given time interval. The
greater the air velocity, the greater the airflow will be. The
RPM of the rotor is counted using either a mechanical or
electrical tachometer, or perhaps a Hall Effect sensor, and a
velocity is measured. This can be converted easily to CFM.
The disadvantage of this type of flow measurement is the
additional restriction and pressure drop caused by the mov-
ing rotor. The other flow meter shown in Figure 44B relies on
the moving air’s ability to support a weight in the air stream.
The diameters of the tube and amount of weight are selected
to match the quantity of airflow.
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Another common method of measuring air velocity—and
therefore air volume—is the use of a venturi tube. Figure 45
shows the basic construction of a venturi-type flow meter. As
you learned earlier, when air speeds up, the pressure drops,
in accordance with Bernoulli’s Principle. A venturi meter is a
section of pipe with a known inside diameter tapering to a
section of reduced diameter. A pressure gauge at the begin-
ning of the meter measures the static pressure inside the
pipe. Another meter measures the static pressure at the
reduced-diameter section, which will be lower because the air
velocity is greater. The difference in the static pressures can
be converted to a flow volume. Modern venturi meters use
electronic pressure sensors that measure and convert 
automatically, instead of using manual pressure gauges and 

Supports

Turbine

Hall Effect Sensor

Electronic Pulse

Electronic �
Counter

Display

Force of Gravity

Cross-Sectional Area�
Increases with Height

Air Out

Air In

Upward Force from�
Pressure Drop Across Float

(A)

(B)

FIGURE 44—A wide variety
of flow meters are available
and have been used over the
years for measuring airflow.
A disadvantage of anything
that disturbs the airflow is
the resulting pressure drop
caused by the meter itself.
Newer electronic pressure
gauges avoid these 
problems.



charts. The venturi meter has the advantage of having less
impact on the moving air than a moving-vane type meter.

Another modern method of measuring airflow uses what’s
called a hot-wire anemometer. This is an electronic meter that
measures the resistance of a special sensor wire inserted into
the air stream. The wire is connected to a known constant
voltage and heated to a fixed temperature. As the air flows
past the heated wire, it tends to cool the wire by convective
heat transfer. A given velocity will cool the wire a known
amount, and the electronics in the meter convert the cooling
effect into an air velocity. The volumetric airflow is then 
calculated using the known inside diameter of the sensor
section of the pipe. This method is used in newer automo-
biles to optimize combustion and fuel mileage. The engine
computer measures the amount of air coming into the motor
and calculates the amount of gasoline needed for the most
efficient combustion. This part on the car is known as the
mass airflow sensor, or MAF sensor. These types of meters
are rugged and reliable, relatively inexpensive, and easy to
integrate into electronic controls of pneumatic systems.

Now take a few moments to review what you’ve just learned
by completing Self-Check 3.
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FIGURE 45—A venturi flow meter takes advantage of the pressure drop caused by increased velocity. Electronic
amplifiers can measure the pressure differences and calculate the flow velocity and volume.
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             Self-Check 3
 1. Two general categories of air compressors are _______ and _______ 

compressors.

 2. A compressor that resembles an internal combustion engine in its operation
is a/an _______.

 3. Air that’s compressed is often cooled between stages by a/an _______.

 4. The process of compressing air often introduces _______ into the system
that needs to be removed by traps and dryers.

 5. Secondary air treatment usually consists of _______, _______, and
_______ the air before it’s used by equipment in the system.

 6. A combination package used for secondary air treatment is sometimes
referred to as a/an _______.

 7. Two general types of regulators are _______ and _______ regulators.

 8. Three types of conductors used in pneumatic systems are _______,
_______, and _______.

 9. The American National Standards Institute designates a number called the
_______ of a pipe that designates the wall thickness and suitability for a
given pressure.

10. Equipment that must be frequently attached and removed from pneumatic
systems is often attached using _______ fittings.

11. The pressure port on a pneumatic valve is labeled on the schematic by the
number _______or the letter _______.

12. A control valve with four ports and two possible positions would be known as
a/an _______.

13. Three design types of control valves include _______, _______, and
_______.

(Continued)
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             Self-Check 3
14. The amount of force that a cylinder can generate depends on the _______

and the _______. 

15. A rugged type of pressure gauge that uses a hollow metal tube connected to
a lever and gear is the _______ pressure gauge. 

Check your answers with those on page 83.
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Self-Check 1
  1. pressurized gas

  2. condition 

  3. receiver

  4. nonflammable, nontoxic, contamination

  5. air, nitrogen

  6. 90 psi

  7. incompressible

  8. molecules 

  9. force, area, pounds per square inch

10. Celsius, Fahrenheit

11. increase

12. 39.7 psi

13. pressure drop 

14. increase

15. decrease

Self-Check 2
  1. cubic feet per minute, CFM

  2. area, flow velocity

  3. laminar flow

  4. kinetic energy 

  5. high noise 

Self-Check 3
  1. positive-displacement, dynamic 

  2. reciprocal compressor

  3. intercooler

  4. moisture
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  5. filtering, regulating, lubricating 

  6. FRL

  7. relieving, nonrelieving 

  8. rigid, semirigid, flexible tubing

  9. schedule 

10. quick-connect 

11. 1, P

12. 4/2 valve

13. poppet, spool, rotary 

14. air pressure, cylinder bore diameter

15. Bourdon-tube 
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APPENDIX A

Common Symbols for Pneumatic
Equipment

Two Set Positions �
and One Transitional�
Position (In Center) 

One Flow Path

3 Port 2 Position ValveOne Bypass Flow Path �
and Two Closed Ports

Two Flow Paths

4 Port�
2 Position Valve

2 Port�
2 Position Valve

Two Flow Paths�
and One Closed�

Port

Silencer4 Port �
3 Position Valve

5 Port�
2 Position Valve

5 Port �
3 Position Valve

Accumulator Air Dryer

Air Motor�
(One Direction)

Air Motor�
(Two Direction)

Shuttle Valve

Quick Acting Coupling

Check Valve �
(Spring Loaded)

Compressor

Cylinder (Spring Return) Cylinder Double Acting�
(Double Rod)

Cylinder Double Acting�
(Single Fixed Cushion)

Cylinder Double�
Acting�

(Two Adjustable�
Cushions)

Exhaust Line or�
Control LineFilter (Manual Drain)Filters and Regulators

Fixed Restriction

Filter (Automatic Drain)

Flow Control Valve

Lines Connected Lines Crossing Lubricator Pressure Gage

Flow GageVariable Restriction
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Manual Control Pushbutton Lever
Plunger or Position�

Indicator Pin

Solenoid and Pilot;�
Manual Override

Spring

Internal Pilot Pressure External Pilot Pressure Pedal or Treadle

Plugged Port Flexible Line Single Winding Solenoid 

Roller
Adjustable Non-Relieving�

Pressure Regulator�
�

Adjustable Self-Relieving�
Pressure Regulator�

�

Pressure Actuated Electric�
Switch

One-Way Roller 
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Pneumatics, Part 1

When you feel confident that you have mastered the material in 
this study unit, complete the following examination. Then submit
only your answers to the school for grading, using one of the 
examination answer options described in your “Test Materials” enve-
lope. Send your answers for this examination as soon as you
complete it. Do not wait until another examination is ready.

Questions 1–20: Select the one best answer to each question.

  1. Two hundred cubic feet of air at 14.7 psia is compressed to 90
psig. What volume of receiver is required?

A.  28.1 ft3                                             C.   39.0 ft3

B.  32.7 ft3                                             D.   41.3 ft3

  2. A pressure of 87 psig is measured on the inlet side of a pneu-
matic line filter, and a pressure of 83 psig is measured on the
outlet side of the filter. Which of the following is correct?

A.  This is an example of static pressure, and no gas is flowing.
B.  This is an example of a pressure drop, and gas is flowing

through the filter.
C.  The pressure should increase across the filter which 

therefore must need to be cleaned or replaced.
D.  The filter isn’t working correctly; no pressure drop should be

present at any time.

EXAMINATION NUMBER:

28609800
Whichever method you use in submitting your exam

answers to the school, you must use the number above.

For the quickest test results, go to 
http://www.pennfoster.edu
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Examination88

  3. Sharp bends in pneumatic lines should be avoided because

A.  turbulent flow may cause excessive pressure drops.
B.  noise levels will be unacceptable.
C.  sharp bends require expensive fittings.
D.  sharp bends can only be made on special tubing benders. 

  4. A compressed nitrogen cylinder whose initial pressure was 1200 psig at a room 
temperature of 68°F is left in a hot truck, where it eventually reaches 140°F.  Approximately
what pressure is reached by the nitrogen in the hot truck?

A.  1254 psig                                                                 C.   2471 psig
B.  1365 psig                                                                 D.   583 psig

  5. Which of the following statements is true?

A.  Atmospheric pressure is about 29.4 psig.
B.  101 kPa is about 10.1 psi.
C.  30 psia is the same as 15.3 psig.
D.  2.1 MPa is the same pressure as 21 kPa.

  6. A closed receiver of compressed air has a volume of 10 cubic feet and a pressure of 90
psig. A valve is open that then connects an additional 5 cubic feet of volume due to the
piping and tubing from the system. What will the new gauge pressure be?

A.  45 psig                                                                     C.   69 psig
B.  55 psig                                                                     D.   180 psig

  7. Dryers are an important part of a pneumatic system because 

A.  trapped moisture can freeze or cause rust on internal parts.
B.  lubricants must be cleaned and dried before use.
C.  filters must be at elevated temperatures to work properly.
D.  moisture must be added to specific locations in the system.

  8. An air motor produces 60 lb-in of torque at 360 RPM. What is the horsepower produced?

A.  0.17 Hp                                                                    C.   0.343 Hp
B.  0.26 Hp                                                                    D.   0.52 Hp

  9. A tire that’s inflated to 32.0 psig will have an absolute pressure of

A.  46.7 psia.                                                                 C.   14.7 psia.
B.  17.3 psia.                                                                 D.   101 KPa.

10. The type of compressor that compresses a fixed volume of air for every cycle of the
machine is called a _______ compressor.

A.  dynamic                                                                   C.   blower-type
B.  centrifugal                                                                D.   positive-displacement 
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11. Two thousand cubic feet of gas that’s compressed from a free pressure of 14.7 psia to a
working pressure of 90 psig

A.  will have a much greater volume.
B.  won’t have much energy stored in its volume.
C.  requires special compressors to reach the desired pressure.
D.  will likely have its temperature raised significantly as it’s compressed.

12. In a closed pneumatic system (maintaining a constant volume), you know from the general
gas law that if you decrease the 

A.  volume, the temperature will remain the same.
B.  temperature of the gas, the pressure will increase.
C.  pressure, the temperature will increase.
D.  pressure, the temperature will decrease.

13. An early method of measuring pressure that’s still used today is the 

A.  Bourdon tube.                                                          C.   venturi pipe.
B.  Torricelli column.                                                      D.   MAF sensor.

14. A control valve schematic is marked with the letters P, A, R, and X. If the valve functions as
an on/off valve, this valve is a _______ valve.

A.  4/2                                                                            C.   3/3
B.  3/2                                                                            D.   2/2

15. A cylinder has a 3.0-inch bore and a 0.75-inch diameter rod extending from both sides of
the piston. If the cylinder is pressurized by 100 psig air so that the rod is extended, what
force is developed by the cylinder?

A.  100 lbs.                                                                    C.   663 lbs.
B.  300 lbs.                                                                    D.   707 lbs.

16. Air is flowing through an intake line to a compressor. If the inside diameter of the line is 
2.5 inches and the air is moving at a velocity of 40 feet per second, what is the volumetric
flow in cubic feet per minute (CFM)?

A.  0.114 CFM                                                               C.   40 CFM 
B.  196.3 CFM                                                               D.   81.8 CFM

17. A pipe must carry about 10 CFM of air at a maximum velocity of 25 feet per second. What
should the minimum pipe inside diameter be?

A.  3/4 inches                                                                  C.   1.1 inches
B.  1.0 inches                                                                D.   11/2 inches
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18. Gas is put into a receiver at a temperature of 150°F and a pressure of 120 psia. After
being cooled to 60°F, what is the pressure of the gas in the receiver?

A.  48 psia                                                                     C.   140.8 psia
B.  102.3 psia                                                                D.   300 psia

19. An air cylinder has a 4.0-inch bore and a 1.25-inch rod diameter. How much must the
pressurization on the retraction stroke be increased to maintain the same force for both
extending and retracting?

A.  10.8%                                                                       C.   22.4%
B.  12.5%                                                                       D.   68.8%

20. Compressed air systems in a factory

A.  eliminate electrical energy costs.
B.  are more expensive to operate than hydraulic or electrical systems.
C.  store potential energy for later use at many locations.
D.  have greater power capabilities than other systems.


