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Welcome!

If you are reading this manual, congratulations! You have already proven your degree of profes-
sionalism. Regardless of your situation - as a business person, manufacturing expert, scientist,
university student or any person who is eager to learn more about the powerful world of compressed
air - it's an honor for us to share this information once again.

The previous, sixth edition, was produced in 1998. The fifth edition was published in 1976. As you
can see, we’ve been doing this for decades and we are still continuing the legacy. This seventh edi-
tion of the Atlas Copco Compressed Air Manual was desired and requested by many.

This manual was produced by some of the leading compressed air technology engineers in the
world. It's due to their passion for excellence that Atlas Copco continues to revolutionize the full
range of compressed air technologies that are manufactured today. Our engineers work hard to
share what they’ve learned — we believe that this transparency is an extremely important way to
help ensure that continuous improvement in the world-wide compressed air community can be
realized.

As with all leading-edge technology, there will always be improvements to be made in the many
industries that use compressed air. Our mission is to continue to bring sustainable productivity
through safer, cleaner, more energy-efficient, cost-effective compressed air technology.

Therefore, we welcome input from all readers who may have suggestions, questions, or answers to
the next generation of challenges. For those of you who are new to this topic, enjoy this “textbook.”
For those of you who are more experienced, please continue to reference this manual. We hope this
manual will heighten your interest and stimulate your intellect, since we're all working together to
make the world of compressed air even better.

Stephan Kuhn
President of Compressor Technique
Atlas Copco

We welcome your feedback
compressedair@be.atlascopco.com
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1.1 Physics

1.1.1 The structure of matter

All matter, be it in gaseous, liquid or solid form,
is composed of atoms. Atoms are therefore the
basic building blocks of matter, though they nearly
always appear as part of a molecule. A molecule
is a number of atoms grouped together with other
atoms of the same or a different kind. Atoms con-
sist of a dense nucleus that is composed of protons
and neutrons surrounded by a number of small,
lightweight and rapidly-spinning electrons. Other
building blocks exist; however, they are not stable.
All of these particles are characterized by four
properties: their electrical charge, their rest mass,
their mechanical momentum and their magnetic
momentum. The number of protons in the nucleus
is equal to the atom’s atomic number.

The total number of protons and the number of
neutrons are approximately equal to the atom’s

The electron shell gives elements their chemical proper-
ties. Hydrogen (top) has one electron in an electron shell.
Helium (middle) has two electrons in an electron shell.
Lithium (bottom) has a third electron in a second shell.

total mass, since electrons add nearly no mass.
This information can be found on the periodic
chart. The electron shell contains the same num-
ber of electrons as there are protons in the nucleus.
This means that an atom is generally electrically
neutral.

The Danish physicist, Niels Bohr, introduced a
build-up model of an atom in 1913. He demon-
strated that atoms can only occur in a so called
stationary state and with a determined energy. If
the atom transforms from one energy state into
another, a radiation quantum is emitted. This is
known as a photon.

These different transitions are manifested in the
form of light with different wavelengths. In a
spectrograph, they appear as lines in the atom’s
spectrum of lines.

1.1.2 The molecule and the different
states of matter

Atoms held together by chemical bonding are
called molecules. These are so small that 1 mm? of
air at atmospheric pressure contains approx. 2.55 x
10'* molecules.

In principle, all matter can exist in four different
states: the solid state, the liquid state, the gaseous
state and the plasma state. In the solid state, the
molecules are tightly packed in a lattice struc-
ture with strong bonding. At temperatures above
absolute zero, some degree of molecular move-
ment occurs. In the solid state, this is as vibration
around a balanced position, which becomes faster

A salt crystal such as common table salt NaCl has a cubic
structure. The lines represent the bonding between the
sodium (red) and the chlorine (white) atoms.

10|

Temperature

C

200 -

(water)

ice melts

evaporation at atmospheric pressure

(water + steam)

(steam)

By applying or removing thermal energy the physical state of a substance changes. This curve illustrates the effect for

pure water.

as the temperature rises. When a substance in a
solid state is heated so much that the movement of
the molecules cannot be prevented by the rigid lat-
tice pattern, they break loose, the substance melts
and it is transformed into a liquid. If the liquid is
heated further, the bonding of the molecules is
entirely broken, and the liquid substance is trans-
formed into a gaseous state, which expands in all
directions and mixes with the other gases in the
room.

When gas molecules are cooled, they loose veloci-
ty and bond to each other again to produce conden-
sation. However, if the gas molecules are heated
further, they are broken down into individual
sub-particles and form a plasma of electrons and
atomic nuclei.

1.2 Physical units

1.21 Pressure

The force on a square centimeter area of an air col-
umn, which runs from sea level to the edge of the
atmosphere, is about 10.13 N. Therefore, the abso-
lute atmospheric pressure at sea level is approx.
10.13 x 10* N per square meter, which is equal to
10.13 x 10* Pa (Pascal, the SI unit for pressure).
Expressed in another frequently used unit:

1 bar = 1 x 10° Pa. The higher you are above (or
below) sea level, the lower (or higher) the atmo-
spheric pressure.

1.2.2 Temperature

The temperature of a gas is more difficult to define
clearly. Temperature is a measure of the kinetic
energy in molecules. Molecules move more rapid-
ly the higher the temperature, and movement com-
pletely ceases at a temperature of absolute zero.
The Kelvin (K) scale is based on this phenomenon,
but otherwise is graduated in the same manner as
the centigrade or Celsius (C) scale:

T =t+273.2
T = absolute temperature (K)
t centigrade temperature (C)

1.2.3 Thermal capacity

Heat is a form of energy, represented by the kinetic
energy of the disordered molecules of a substance.
The thermal capacity (also called heat capacity or
entropy) of an object refers to the quantity of heat
required to produce a unit change of temperature
(1K), and is expressed in J/K.

The specific heat or specific entropy of a substance
is more commonly used, and refers to the quantity
of heat required to produce a unit change of tem-
perature (1K) in a unit mass of substance (1 kg).

1"
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variable level

actual pressure

effective pressure
(gauge pressure)
bar (g) = bar (e)

absolute
pressure
bar (a)

Most pressure gauges register the difference between the pressure in a vessel and the local atmospheric pressure. There-
fore to find the absolute pressure the value of the local atmospheric pressure must be added.

o°%c ~ K

water boils ] [ 400
100 fl---=2=ZmseZaees - 373
1 r 350

50 4 +
water freezes ] [ 300
0 4 fommmommomiiol L 273
4 + 250

50 4 L
200

This illustrates the relation between Celsius and Kelvin
scales. For the Celsius scale 0° is set at the freezing point
of water; for the Kelvin scale 0° is set at absolute zero.

Specific heat is expressed in J/(kg x K). Similarly,
the molar heat capacity is dimensioned J/(mol x K).

¢, = specific heat at constant pressure

¢, = specific heat at constant volume

Cp = molar specific heat at constant pressure
C, = molar specific heat at constant volume

The specific heat at constant pressure is always
greater than the specific heat at constant volume.
The specific heat for a substance is not a constant,
but rises, in general, as the temperature rises.

For practical purposes, a mean value may be used.
For liquids and solid substances ¢,~¢,~c. To heat
amass flow (m) from temperature t, to t, will then
require:

P=mxcx(T,-1})

P = heat power (W)
m = mass flow (kg/s)
¢ = specific heat (J/kg x K)
T = temperature (K)

The explanation as to why ¢, is greater than c, is
the expansion work that the gas at a constant pres-
sure must perform. The ratio between c, and ¢, is
called the isentropic exponent or adiabatic expo-
nent, K, and is a function of the number of atoms
in the molecules of the substance.

S
o G
1.2.4 Work

Mechanical work may be defined as the product of
a force and the distance over which the force oper-
ates on a body. Exactly as for heat, work is energy
that is transferred from one body to another. The
difference is that it is now a matter of force instead
of temperature.

An illustration of this is gas in a cylinder being
compressed by a moving piston. Compression
takes place as a result of a force moving the piston.
Energy is thereby transferred from the piston to
the enclosed gas. This energy transfer is work in
the thermodynamic sense of the word. The result
of work can have many forms, such as changes in
the potential energy, the kinetic energy or the ther-
mal energy.

The mechanical work associated with changes in
the volume of a gas mixture is one of the most
important processes in engineering thermody-
namics. The SI unit for work is the Joule: 1 J =1
Nm=1Ws.

1.2.5 Power

Power is work performed per unit of time. It is a
measure of how quickly work can be done. The SI
unit for power is the Watt: 1 W =1 1J/s.

For example, the power or energy flow to a drive
shaft on a compressor is numerically similar to the
heat emitted from the system plus the heat applied
to the compressed gas.

1.2.6 Volume rate of flow

The volumetric flow rate of a system is a measure
of the volume of fluid flowing per unit of time.
It may be calculated as the product of the cross-
sectional area of the flow and the average flow

13

velocity. The SI unit for volume rate of flow is
m3/s.

However, the unit liter/second (1/s) is also fre-
quently used when referring to the volume rate of
flow (also called the capacity) of a compressor. It
is either stated as Normal liter/second (N1/s) or as
free air delivery (1/s).

With Nl/s the air flow rate is recalculated to “the
normal state”, i.e. conventionally chosen as 1.013
bar(a) and 0°C. The Normal unit N1/s is primarily
used when specifying a mass flow.

For free air delivery (FAD) the compressor’s out-
put flow rate is recalculated to a free air volume
rate at the standard inlet condition (inlet pressure
1 bar(a) and inlet temperature 20°C). The relation
between the two volume rates of flow is (note that
the simplified formula below does not account for
humidity):

Tewp  Pw
9rap =9y > T,
N Prap
o g Q73+20) 1013
= X—————————— x
fPTN T 73 1,00
qpyp = Free Air Delivery (1/s)
Jy = Normal volume rate of flow (NI/s)
T.,, = standard inlet temperature (20°C)
T, = Normal reference temperature (0°C)
Prap = Standard inlet pressure (1.00 bar(a))
Py = Normal reference pressure
(1.013 bar(a))

1.3 Thermodynamics

1.3.1 Main principles

Energy exists in various forms, such as thermal,
physical, chemical, radiant (light etc.) and electri-
cal energy. Thermodynamics is the study of ther-
mal energy, i.e. of the ability to bring about change
in a system or to do work.

The first law of thermodynamics expresses the
principle of conservation of energy. It says that
energy can be neither created nor destroyed, and
from this, it follows that the total energy in a closed
system is always conserved, thereby remaining
constant and merely changing from one form into
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another. Thus, heat is a form of energy that can be
generated from or converted into work.

The second law of Thermodynamics states that
there is a tendency in nature to proceed toward
a state of greater molecular disorder. Entropy is
a measure of disorder: Solid crystals, the most
regularly structured form of matter, have very low
entropy values. Gases, which are more highly dis-
organized, have high entropy values.

The potential energy of isolated energy systems
that is available to perform work decreases with
increasing entropy. The Second Law of Thermo-
dynamics states that heat can never of “its own
effort” transfer from a lower-temperature region
to a higher temperature region.

1.3.2 Gas laws

Boyle’s law states that if the temperature is con-
stant (isotherm), then the product of the pressure
and volume are constant. The relation reads:

Py <V =Dy b,
p = absolute pressure (Pa)
V = volume (m?)

This means thatifthe volume is halved during com-
pression, then the pressure is doubled, provided
that the temperature remains constant.

Charles’s law says that at constant pressure (iso-
bar), the volume of a gas changes in direct propor-
tion to the change in temperature. The relation
reads:

hW_n

I T,
V = volume (m?)
T absolute temperature (K)

The general law of state for gases is a combina-
tion of Boyle’s and Charles’s laws. This states how
pressure, volume and temperature will affect each
other. When one of these variables is changed, this
affects at least one of the other two variables.

This can be written:

pr
T

= absolute pressure (Pa)
= specific volume (m¥/kg)
absolute temperature (K)

-R

- <

R
R = M= individual gas constant (J/kg x K)

The individual gas constant R only depends on the
properties of the gas. If a mass m of the gas takes
up the volume V, the relation can be written:

P x V =nx 1_3 xT

p = absolute pressure (Pa)

V = volume (m?)

n = number of moles

R = universal gas constant

= 8.314 (J/mol x K)

T = absolute temperature (K)

1.3.3 Heat transfer

Any temperature difference within a body or
between different bodies or systems leads to the
transfer of heat, until a temperature equilibrium is
reached. This heat transfer can take place in three
different ways: through conduction, convection
or radiation. In real situations, heat transfer takes
place simultaneously but not equally in all three
ways.

Conduction is the transfer of heat by direct contact
of particles. It takes place between solid bodies or
between thin layers of a liquid or gas. Vibrating
atoms give off a part of their kinetic energy to the
adjacent atoms that vibrate less.

AT
=_AXAXtX
© Ax

Q = heat transferred (J)

A = thermal conductivity coefficient
(W/m x K)

A = heat flow area (m?)

t = time (s)

AT = temperature difference (cold — hot) (K)
Ax = distance (m)

Convection is the transfer of heat between a hot
solid surface and the adjacent stationary or mov-
ing fluid (gas or liquid), enhanced by the mixing
of one portion of the fluid with the other. It can
occur as free convection, by natural movement in
a medium as a result of differences in density due
to temperature differences. It can also occur as
forced convection with fluid movement caused by
mechanical agents, for example a fan or a pump.
Forced convection produces significantly higher
heat transfer as a result of higher mixing veloci-
ties.

O =-hxAxtxAT

Q = heat transferred (J)

h = heat transfer coefficient (W/m? x K)

A contact area (m?)

t time (s)

AT = temperature difference (cold — hot) (K)

Radiation is the transfer of heat through empty
space. All bodies with a temperature above 0°K
emit heat by electro-magnetic radiation in all
directions. When heat rays hit a body, some of the

energy is absorbed and transformed to heat up that
body. The rays that are not absorbed pass through
the body or are reflected by it.

In real situations, heat transmission is the sum of
the simultaneous heat transfer through conduction,
convection and radiation.

Generally, the heat transmission relation below
applies:

Q=—kxAxtxAT

Q = total heat transmitted (J)

k = total heat transfer coefficient (W/m? x K)
A = area (m?)
t = time (s)

AT = temperature difference (cold — hot) (K)

Heat transfer frequently occurs between two bodies
that are separated by a wall. The total heat transfer
coefficient “k” depends on the heat transfer coeffi-
cient of both sides of the wall and on the coefficient
of thermal conductivity for the wall itself.

Counter flow ”| 2 Parallel flow H|
-~ | — |
I 2|
)
P :
O,
o2

This illustrates the temperature gradient in counter flow and in parallel flow heat exchangers.

15
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For a clean, flat wall the relation below applies:

1 1 d 1

S e —

k o1 A a2

a, , 0,= heat transfer coefficient on

: each side of the wall (W/m? x K)

d = thickness of the wall (m)

A thermal conductivity for the wall (W/m x K)
k total heat transfer coefficient (W/m? x K)

The heat transmission in a heat exchanger is at
each point a function of the prevailing temperature
difference and of the total heat transfer coefficient.
It requires the use of a logarithmic mean tempera-
ture difference O, instead of a linear arithmetic
AT.

The logarithmic mean temperature difference is
defined as the relationship between the tempera-
ture differences at the heat exchanger’s two con-
nection sides according to the expression:

o = ©,-9,
In—
o,
©_ = logarithmic mean temperature
difference (K)
1.3.4 Changes in state

Changes in state for a gas can be followed from

one point to another in a p/V diagram. For real-

life cases, three axes for the variables p, V and T

are required. With a change in state, we are moved

along a 3-dimensional curve on the surface in the

p, V and T space.

However, to simplify, we usually consider the pro-

jection of the curve in one of the three planes. This

is usually the p/V plane. Five different changes in

state can be considered:

- Isochoric process (constant volume),

- Isobaric process (constant pressure),

- Isothermal process (constant temperature),

- Isentropic process (without heat exchange with
surroundings),

- Polytropic process (complete heat exchange with
the surroundings).

1.3.4.1 Isochoric process

P,T
d1, = applied energy

e

Isochoric change of state means that the pressure chang-
es, while the volume is constant.

Heating a gas in an enclosed container is an exam-
ple of the isochoric process at constant volume.

O =mxc, (T, -T))

= quantity of heat (J)

mass (kg)

specific heat at constant volume (J/kg x K)
absolute temperature (K)

HL B O
o

1.3.4.2 Isobaric process

q., = applied energy
1 2

Isobaric change of state means that the volume changes,
while the pressure is constant.

Heating a gas in a cylinder with a constant load on
the piston is an example of the isobaric process at
constant pressure.

0 =mxc,«(T,~T)

= quantity of heat (J)

mass (kg)

specific heat at constant pressure (J/kg x K)
absolute temperature (K)

=0 B O
I

1.3.4.3 Isothermal process

a, .= quality of heat led off

/

Isothermal change of state means that the pressure and
volume are changed while the temperature remains con-
stant.

If a gas in a cylinder is compressed isothermally, a
quantity of heat equal to the applied work must be
gradually removed. This is unpractical, as such a
slow process cannot occur.

Q=mexTxln(&
P

=Py <V~ ln(ﬁ)

4

= quantity of heat (J)

= mass (kg)

= individual gas constant (J/kg x K)
= absolute temperature (K)

= volume (m?)

= absolute pressure (Pa)

T <HREEO 1O

1.3.4.4 Isentropic process

P2

isentropic
L~

When the entropy in a gas being compressed or expand-
ed is constant, no heat exchange with the surroundings
takes place. This change in state follows Poisson’s law.

An isentropic process exists if a gas is compressed
in a fully-insulated cylinder without any heat
exchange with the surroundings. It may also exist
if a gas is expanded through a nozzle so quickly
that no heat exchange with the surroundings has
time to occur.

& = (E)K or & = (&)&
D 8 P T,

p = absolute pressure (Pa)

V = volume (m?)

T = absolute temperature (K)

k=C, /C,, = isentropic exponent
1.3.4.5 Polytropic process

The isothermal process involves full heat exchange
with the surroundings and the isotropic process
involves no heat exchange whatsoever. In reality,
all processes occur somewhere in between these
extreme: the polytropic process. The relation for
such a process is:

pxV" =constant

p = absolute pressure (Pa)

V = volume (m?®)

= 0 for isobaric process

1 for isothermal process
= k for isentropic process
oo for isochoric process

5 B B B
Il
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1.3.5 Gas flow through a nozzle

The gas flow through a nozzle depends on the
pressure ratio on the respective sides of the nozzle.
If the pressure after the nozzle is lowered, the flow
increases. It only does so, however, until its pres-
sure has reached half of the pressure before the
nozzle. A further reduction of the pressure after
the opening does not bring about an increase in
flow.

This is the critical pressure ratio and it is dependent
on the isentropic exponent (k) of the particular gas.
The critical pressure ratio also occurs when the
flow velocity is equal to the sonic velocity in the
nozzle’s narrowest section.

The flow becomes supercritical if the pressure
after the nozzle is reduced further, below the criti-
cal value. The relation for the flow through the
nozzle is:

o

Q = x'l/} x P x A x

Q = mass flow (kg/s)

o = nozzle coefficient

y = flow coefficient

A = minimum area (m?)

R = individual gas constant (J/kg x K)

T, = absolute temperature before nozzle (K)

p, = absolute pressure before nozzle (Pa)
1.3.6 Flow through pipes

The Reynolds number is a dimensionless ratio
between inertia and friction in a flowing medium.
It is defined as:

Re=DxWx£
n

D = characteristic dimension
(e.g. the pipe diameter) (m)
w = mean flow velocity (m/s)
= density of the flowing medium (kg/m?)
medium dynamic viscosity (Pa . s)

= 0
Il

In principal, there are two types of flow in a pipe.
With Re <2000 the viscous forces dominate in
the medium and the flow becomes laminar. This
means that different layers of the medium move

in relation to each other in the proper order. The
velocity distribution across the laminar layers is
usually parabolic shaped.

With Re>4000 the inertia forces dominate the
behavior of the flowing medium and the flow
becomes turbulent, with particles moving random-
ly across the flow. The velocity distribution across
a layer with turbulent flow becomes diffuse.

In the critical area, between Re<2000 and
Re>4000, the flow conditions are undetermined,
either laminar, turbulent or a mixture of the both.
The conditions are governed by factors such as the
surface smoothness of the pipe or the presence of
other disturbances.

To start a flow in a pipe requires a specific pressure
difference to overcome the friction in the pipe and
the couplings. The amount of the pressure differ-
ence depends on the diameter of the pipe, its length
and form as well as the surface smoothness and
Reynolds number.

1.3.7 Throttling

When an ideal gas flows through a restrictor with
a constant pressure before and after the restric-
tor, the temperature remains constant. However, a
pressure drop occurs across the restrictor, through
the inner energy being transformed into kinetic
energy. This is the reason for which the tempera-
ture falls. For real gases, this temperature change
becomes permanent, even though the energy con-
tent of the gas remains constant. This is called the
Joule-Thomson effect. The temperature change is
equal to the pressure change across the throttling
multiplied by the Joule-Thomson coefficient.

Whenanideal gas flows through a small opening between
two large containers, the energy becomes constant and
no heat exchange takes place. However, a pressure drop
occurs with the passage through the restrictor.

If the flowing medium has a sufficiently low tem-
perature (<+329°C for air), a temperature drop
occurs with the throttling across the restrictor, but
if the flow medium is hotter, a temperature increase
occurs instead. This condition is used in several
technical applications, for example, in refrigera-
tion technology and in separation of gases.

1.4.1 Air in general

Air is a colorless, odorless and tasteless gas mix-
ture. It is a mixture of many gases, but is primar-
ily composed of oxygen (21%) and nitrogen (78%).
This composition is relatively constant, from sea
level up to an altitude of 25 kilometers.

Airis not a pure chemical substance, but a mechan-
ically-mixed substance. This is why it can be sepa-
rated into its constituent elements, for example, by
cooling.

112

Others 1%

Oxygen 21%

Nitrogen78%

Air is a gas mixture that primarily consists of oxygen
and nitrogen. Only approx. 1% is made up of other gases.

Atmospheric air is always more or less contami-
nated with solid particles, for example, dust, sand,
soot and salt crystals. The degree of contamination
is higher in populated areas, and lower in the coun-
tryside and at higher altitudes.

1.4.2 Moist air

Air can be considered a mixture of dry air and
water vapor. Air that contains water vapor is called
moist air, but the air’s humidity can vary within
broad limits. Extremes are completely dry air and
air saturated with moisture. The maximum water
vapor pressure that air can hold increases with ris-
ing temperatures. A maximum water vapor pres-
sure corresponds to each temperature.

Air usually does not contain so much water vapor
that maximum pressure is reached. Relative vapor
pressure (also known as relative humidity) is a
state between the actual partial vapor pressure and
the saturated pressure at the same temperature.
The dew point is the temperature when air is satu-
rated with water vapor. Thereafter, if the tempera-
ture falls, the water condenses. Atmospheric dew
point is the temperature at which water vapor starts
to condense at atmospheric pressure. Pressure dew
point is the equivalent temperature with increased
pressure. The following relation applies:

(p_(pxpS)XV=RaxmaxT
@ x Ps <V =RvxmvxT

= total absolute pressure (Pa)

= saturation pressure at actual temp. (Pa)

= relative vapor pressure

total volume of the moist air (m?)

= gas constant for dry air =287 J/kg x K
gas constant for water vapor =462 J/kg x K
= mass of the dry air (kg)

= mass of the water vapor (kg)

T = absolute temperature of the moist air (K)

EEmm<eR™
Il Il |

<
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1.5 Types of
COMpressors

1.5.1 Two basic principles

There are two generic principles for the compres-
sion of air (or gas): positive displacement compres-
sion and dynamic compression.

Positive displacement compressors include, for
example, reciprocating (piston) compressors,
orbital (scroll) compressors and different types of
rotary compressors (screw, tooth, vane).

In positive displacement compression, the air is
drawn into one or more compression chambers,
which are then closed from the inlet. Gradually
the volume of each chamber decreases and the air
is compressed internally. When the pressure has
reached the designed build-in pressure ratio, a port
or valve is opened and the air is discharged into
the outlet system due to continued reduction of the
compression chamber’s volume.

In dynamic compression, air is drawn between the
blades on a rapidly rotating compression impeller
and accelerates to a high velocity. The gas is then
discharged through a diffuser, where the kinetic
energy is transformed into static pressure. Most
dynamic compressors are turbocompressors with
an axial or radial flow pattern. All are designed for
large volume flow rates.

1.5.2 Positive displacement
compressors

A bicycle pump is the simplest form of a positive
displacement compressor, where air is drawn into
a cylinder and is compressed by a moving piston.
The piston compressor has the same operating
principle and uses a piston whose forward and
backward movement is accomplished by a con-
necting rod and a rotating crankshaft. If only one
side of the piston is used for compression this is
called a single-acting compressor. If both the pis-
ton’s top and undersides are used, the compressor
is double acting.

The pressure ratio is the relationship between abso-
lute pressure on the inlet and outlet sides. Accord-

O

-

-

Single stage, single acting piston compressor.

ingly, a machine that draws in air at atmospheric
pressure (1 bar(a) and compresses it to 7 bar over-
pressure works at a pressure ratio of (7 + 1)/1 = 8.

1.5.3 The compressor diagram for
displacement compressors

Figure 1:15 illustrates the pressure-volume rela-
tionship for a theoretical compressor and figure
1:16 illustrates a more realistic compressor dia-
gram for a piston compressor. The stroke volume
is the cylinder volume that the piston travels dur-
ing the suction stage. The clearance volume is the
volume just underneath the inlet and outlet valves
and above the piston, which must remain at the pis-
ton’s top turning point for mechanical reasons.

The difference between the stroke volume and the
suction volume is due to the expansion of the air
remaining in the clearance volume before suction
can start. The difference between the theoretical
p/V diagram and the actual diagram is due to the
practical design of a compressor, e.g. a piston com-
pressor. The valves are never completely sealed
and there is always a degree of leakage between
the piston skirt and the cylinder wall. In addition,

21

Compressors

Dynamic | Displacement

Ejector Radial leiaI
:] v

]

Rotary

Piston compressors

Single acting lDouble acting lLabyrinth sealed | Diaphragm

1 1y

Most common compressor types, divided according to their working principles.
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Pressure

A

3 Discharge 2
O Q

Compression

Pressure
reduction

This illustrates how a piston compressor works in theory
with self-acting valves. The p/V diagram shows the pro-
cess without losses, with complete filling and emptying
of the cylinder.

Pressure

A

This illustrates a realistic p/V diagram for a piston com-
pressor. The pressure drop on the inlet side and the over-
pressure on the discharge side are minimized by provid-
ing sufficient valve area.

the valves can not fully open and close without a
minimal delay, which results in a pressure drop
when the gas flows through the channels. The gas
is also heated when flowing into the cylinder as a
consequence of this design.

Compression work with isothermal
compression:

W = D = I/l x ln(&
1
Compression work with isentropic compression:

K
«(pVs = pV)
k-1

W = compression work (J)

W =

p, = initial pressure (Pa)

V, = initial volume (m?)

p, = final pressure (Pa)

K = isentropic exponent: K~ 1,3 — 1,4

These relations show that more work is required
for isentropic compression than for isothermal
compression.

1.5.4 Dynamic compressors

In a dynamic compressor, the pressure increase
takes place while the gas flows. The flowing gas
accelerates to a high velocity by means of the rotat-
ing blades on an impeller. The velocity of the gas
is subsequently transformed into static pressure
when it is forced to decelerate under expansion in
a diffuser. Depending on the main direction of the

Radial turbocompressor.

gas flow used, these compressors are called radial
or axial compressors.

As compared to displacement compressors,
dynamic compressors have a characteristic where-
by a small change in the working pressure results
in a large change in the flow rate. See figure 1:19.
Each impeller speed has an upper and lower flow
rate limit. The upper limit means that the gas flow
velocity reaches sonic velocity. The lower limit
means that the counterpressure becomes greater
than the compressor’s pressure build-up, which
means return flow inside the compressor. This
in turn results in pulsation, noise and the risk for
mechanical damage.

1.5.5 Compression in several stages

In theory, air or gas may be compressed isentropi-
cally (at constant entropy) or isothermally (at con-
stant temperature). Either process may be part of
a theoretically reversible cycle. If the compressed
gas could be used immediately at its final tempera-
ture after compression, the isentropic compression
process would have certain advantages. In reality,
the air or gas is rarely used directly after compres-
sion, and is usually cooled to ambient temperature
before use. Consequently, the isothermal compres-
sion process is preferred, as it requires less work.

A common, practical approach to executing this
isothermal compression process involves cooling

PA
'

Reduced work
o requirement through
i 2-stage compression

The colored area represents the work saved by dividing
compression into two stages.

22 I 23

the gas during compression. At an effective work-
ing pressure of 7 bar, isentropic compression theo-
retically requires 37% higher energy than isother-
mal compression.

A practical method to reduce the heating of the gas
is to divide the compression into several stages.
The gas is cooled after each stage before being
compressed further to the final pressure. This also
increases the energy efficiency, with the best result
being obtained when each compression stage has
the same pressure ratio. By increasing the number
of compression stages, the entire process approach-
es isothermal compression. However, there is an
economic limit for the number of stages the design
of a real installation can use.

1.5.6 Comparison: turbocompressor
and positive displacement

At constant rotational speed, the pressure/flow
curve for a turbocompressor differs significantly
from an equivalent curve for a positive displace-
ment compressor. The turbocompressor is a
machine with a variable flow rate and variable
pressure characteristic. On the other hand, a dis-
placement compressor is a machine with a con-
stant flow rate and a variable pressure.

A displacement compressor provides a higher
pressure ratio even at a low speed. Turbocompres-
sors are designed for large air flow rates.

m Pressure
A

/

Centrifugal
compressor

This illustrates the load curves for centrifugal respec-
tive displacement compressors when the load is changed
at a constant speed.
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1.6 Electricity

1.6.1 Basic terminology and
definitions

Electricity is the result of electrons being separated
temporarily from protons, thereby creating a dif-
ference in electric potential (or voltage) between
the area with excess electrons and the area with
a shortage of electrons. When electrons find an
electrically-conductive path to move along, elec-
tric current flows.

The first electric applications made use of Direct
Current (DC) power, whereby the electrical charge
from the electron flow is uni-directional. DC is
produced by batteries, photovoltaic (PV) solar
cells and generators.

The alternating current used, for example, to
power offices and workshops and to make stan-
dard, fixed-speed motors rotate, is generated by
an alternator. It periodically changes magnitude
and direction in a smooth, sinusoidal pattern. Volt-
age as well as current magnitude grows from zero
to a maximum value, then falls to zero, changes
direction, grows to a maximum value in the oppo-
site direction and then becomes zero again. The
current has then completed a period T, measured
in seconds, in which it has gone through all of its
values. The frequency is the inverse of the period,
states the number of completed cycles per second,
and is measured in Hertz.

1
f-=
T
= frequency (Hz)
time for one period (s)

—
Il

Magnitudes of current or voltage are usually indi-
cated by the root mean square (RMS) value over
one period. With a sinusoidal pattern, the relation
for the current and voltage root mean square value
is:

peak value

\2

root mean square =

- Time = 1period = 1/50 sec
< >
Voltage Peak-
325V value
230 v Root Mean
‘Square
Val
@ alue
y Root Mean
230

This shows one period of a sinusoidal voltage (50 Hz).

Periodic but non-sinusoidal current and voltage
waveforms are anything that is not a pure sinusoi-
dal waveform. Simplified examples are square, tri-
angular or rectangular waveforms. Often they are
derived from mathematical functions, and can be
represented by a combination of pure sine waves of
different frequencies, sometimes multiples of the
lowest (called the fundamental) frequency.

current: i(t) =1 +i,®) + 1, +... +i )+ ...
voltage: v()=V +v O +v,O)+...+v O +...

1.6.2 Ohm's law for alternating
current

An alternating current that passes through a coil
gives rise to a magnetic flow. This flow changes
magnitude and direction in the same way that an
electric current does. When the flow changes, an
emf (electromotive force) is generated in the coil,
according to the laws of induction. This emf is
counter-directed to the connected pole voltage.
This phenomenon is called self-induction.

Self-induction in an alternating current unit gives

Relation between Reactance (X) — Resistance (R) —
Impedance (Z) — Phase displacement (¢).

2« I 25

1:22

Phase 1

tUh Uh |Uf
Phase 2

Uh | Uf
Phase 3

Jus

0 Neutral wire

This illustrates the different connection options for a three-phase system. The voltage between the two phase conductors
is called the main voltage (U,). The voltage between one phase conductor and the neutral wire are called phase voltage
(U,). The Phase voltage = Main voltage/\3.

rise in part to phase displacement between the cur-
rent and the voltage, and in part to an inductive
voltage drop. The unit’s resistance to the alternat-
ing current becomes apparently greater than that
calculated or measured with direct current.

Phase displacement between the current and volt-
age is represented by the angle ¢. Inductive resis-
tance (called reactance) is represented by X. Resis-
tance is represented by R. Apparent resistance in a
unit or conductor is represented by Z.

= \/R: X?

= impedance (Q2) (Ohm)
= resistance (Q)
reactance ()

X 7N N

Ohm’s law for alternating current:

U=1-Z

U= voltage (V)
1= current (A)
Z =impedance (2)

1.6.3 Three-phase system

The power of a single alternating current phase
fluctuates. For domestic use, this does not truly
present a problem. However, for the operation of
electric motors it is advisable to use a current that
produces more constant power. This is obtained by
using three separate power lines with alternating

current, running in parallel but with each current
phase shifted by 1/3 of a cycle in relation to the
other phases.

Three-phase alternating current is produced at the
power station in a generator with three separate
windings. A single phase application can be con-
nected between the phase and zero. Three-phase
applications can be connected using all three phas-
es in two ways, in a star (Y) or delta (A) configu-
ration. With the star connection, a phase voltage
lies between the outlets. With a delta connection, a
main voltage lies between the outlets.

Industrial compressors were among the first indus-
trial machines to be equipped with Variable Speed
Drives (VSD), also called Variable Frequency
Drives, to control the rotational speed and torque of
AC induction motors by controlling the frequency
of the electric power lines to the motor. The most
common design converts the three phases of the AC
input power to DC power using a rectifier bridge.
This DC power is converted into quasi-sinusoidal
AC power by using an inverter switching circuit
(now IGBT-type power semiconductor switches)
and pulse width modulation (PWM) techniques.

1.6.4 Power

Active power P (in Watts) is the useful power that
can be used for work. A Watt-meter only measures
the current component that is in phase with the
voltage. This is the current flowing through the
resistance in the circuit.
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Reactive power Q (V.Ar) is the “useless” power or
“out-of-phase” or “phantom” power and cannot be
used for work. However, it is useful for providing
the magnetizing field necessary for the motor.

Apparent power S (V.A) is the power that must be
consumed from the mains supply to gain access
to active power. It includes the active and reactive
power and any heat losses from the electric distri-
bution system.

P=UxIxcosp
O=UxIxsing
§S=UxI
cos<p=£

S

U = voltage (V)
I current (A)
[0) phase angle

The active power for three-phase star and delta
configurations is:

P=J§xeIxcos¢

Q=J§xeIxsin¢
S=UxI

COS@ = £
=%

The relationship between active, reactive and
apparent power is usually illustrated by a power
triangle. The phase angle expresses the degree
to which current and voltage are out of phase. A
quantity known as the Power Factor (PF) is equal
to cos ¢.
Many power utilities apply a penalty to their con-
sumers for applications with a low, lagging Power
Factor. This is because the electric distribution,
transmission and generating equipment must be
substantially oversized to accommodate the appar-
ent power (sum of active and reactive power and
of heat losses), while consumers are billed based
on kWh (kilowatt hour) consumption registering
active power only.
Power Factor improvements often result in sub-
stantial cost savings. The PF can be improved by
reducing the reactive power by:
- Using high PF equipment: lighting ballasts
- Using synchronous motors operated at leading
PF and at constant load
- Using PF improvement capacitors

1:23

el

This illustrates the relation between apparent power (S),
reactive power (Q) and active power (P). The angle ¢
between S and P gives the power factor cos(o).

124

Voltage Uq

- .- Iy
L 3

Us

The displacement between the generator’s windings gives a sinusoidal voltage curve on the system. The maximum value
is displaced at the same interval as the generator’s windings.

1.6.5 The electric motor

The most common electric motor is a three-phase
squirrel cage induction motor. This type of motor
is used in all types of industries. It is silent and
reliable, and is therefore a part of most systems,
including compressors. The electric motor con-
sists of two main parts, the stationary stator and
the rotating rotor. The stator produces a rotating
magnetic field and the rotor converts this energy
into movement, i.e. mechanical energy.

The stator is connected to the three-phase mains
supply. The current in the stator windings give rise
to a rotating magnetic force field, which induces
currents in the rotor and gives rise to a magnetic
field there as well. The interaction between the sta-
tor’s and the rotor’s magnetic fields creates turning
torque, which in turn makes the rotor shaft rotate.

1.6.5.1 Rotation speed

If the induction motor shaft rotated at the same
speed as the magnetic field, the induced current in
the rotor would be zero. However, due to various
losses in, for example, the bearings, this is impos-
sible and the speed is always approx. 1-5% below
magnetic field synchronous speed (called “slip”).
(Permanent magnet motors do not produce any
slip at all.)

o _120xf

p
n = synchronous speed (rev/min)
f = motor supply frequency (Hz)

number of poles per phase (even number)

o
Il

1.6.5.2 Efficiency

Energy conversion in a motor does not take place
without losses. These losses are the result, among
other things, of resistive losses, ventilation losses,
magnetization losses and friction losses.

b
n= ?
1
n = efficiency
= stated power, shaft power (W)
applied electric power (W)

ERE,
I

2c I 27

P2 is always the power stated on the motor data
plate.

1.6.5.3 Insulation class

The insulation material in the motor’s windings is
divided into insulation classes in accordance with
IEC 60085, a standard published by the Interna-
tional Electro-Technical Commission. A letter cor-
responding to the temperature, which is the upper
limit for the isolation application area, designates
each class.

If the upper limit is exceeded by 10°C over a sus-
tained period of time, the service life of the insula-
tion is shortened by about half.

Insulation class B IF H
Max. winding temp. °C 130 155 180
Ambient temperature °C 40 40 40
Temperature increase °C 80 105 125
Thermal margin °C 10 10 15

1.6.5.4 Protection classes

Protection classes, according to IEC 60034-5,
specify how the motor is protected against con-
tact and water. These are stated with the letters IP
and two digits. The first digit states the protection
against contact and penetration by a solid object.
The second digit states the protection against
water. For example, IP23 represents: (2) protec-
tion against solid objects greater than 12 mm, (3)
protection against direct sprays of water up to 60°
from the vertical. IP 54: (5) protection against dust,
(4) protection against water sprayed from all direc-
tions. IP 55: (5) protection against dust, (5) protec-
tion against low-pressure jets of water from all
directions.

1.6.5.5 Cooling methods

Cooling methods according to IEC 60034-6 spec-
ify how the motor is cooled. This is designated
with the letters IC followed by a series of digits
representing the cooling type (non-ventilated, self-
ventilated, forced cooling) and the cooling mode
of operation (internal cooling, surface cooling,
closed-circuit cooling, liquid cooling etc.).
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1.6.5.6 Installation method

The installation method states, according to IEC
60034-7, how the motor should be installed. This
is designated by the letters IM and four digits. For
example, IM 1001 represents: two bearings, a shaft
with a free journal end, and a stator body with feet.
IM 3001: two bearings, a shaft with a free journal
end, a stator body without feet, and a large flange
with plain securing holes.

1.6.5.7 Star (Y) and delta (A) connections

A three-phase electric motor can be connected in
two ways: star (Y) or delta (A). The winding phas-
es in a three-phase motor are marked U, V and W
(U1-U2; V1-V2; W1-W2). Standards in the United
States make reference to T1, T2, T3, T4, TS, To.
With the star (Y) connection the “ends” of motor
winding’s phases are joined together to form a zero
point, which looks like a star (Y).

1:25

400 L

Motor windings

L1 Motor terminal

w2 U2 V2
=

Ult? Vl? Wl?

_— |
L1 L2 L3

Star connection

690V

This illustrates the motor windings connected in a star configuration, and how the connection strips are placed on the
star-connected motor terminal. The example shows the connection to a 690V supply.

1:26

400V

L1
lh
Motor terminal
W2 U2 V2
g U1 V10 W1
o
= [ [ I

This illustrates the motor windings connected in a delta configuration, and how the connection strips are placed on the
delta-connected motor terminal. The example shows the connection to a 400V supply.

The mains supply is connected to a three-phase motor’s
terminals marked U, V and W. The phase sequence is L1,
L2 and L3. This means the motor will rotate clockwise
seen from “D” the drive end. To make the motor rotate
anticlockwise two of the three conductors connected to
the starter or to the motor are switched. Check the oper-
ation of the cooling fan when rotating anticlockwise.

A phase voltage (phase voltage = main voltage/\3;
for example 400V = 6903 ) will lie across the
windings. The current I, in towards the zero point
becomes a phase current and accordingly a phase
current will flow I, =1, through the windings.

With the delta (A) connection the beginning and
ends are joined between the different phases,
which then form a delta (A). As a result, there will
be a main voltage across the windings. The current
Th into the motor is the main current and this will
be divided between the windings to give a phase
current through these, Ih/\/3 = 1. The same motor
can be connected as a 690 V star connection or
400 V delta connection. In both cases the voltage
across the windings will be 400 V. The current to
the motor will be lower with a 690 V star connec-
tion than with a 400 V delta connection. The rela-
tion between the current levels is V3.

On the motor plate it can, for example, state
690/400 V. This means that the star connection is
intended for the higher voltage and the delta con-
nection for the lower. The current, which can also
be stated on the plate, shows the lower value for the
star-connected motor and the higher for the delta-
connected motor.
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1.6.5.8 Torque

An electric motor’s turning torque is an expres-
sion of the rotor turning capacity. Each motor
has a maximum torque. A load above this torque
means that the motor does not have the capabil-
ity to rotate. With a normal load the motor works
significantly below its maximum torque, however,
the start sequence will involve an extra load. The
characteristics of the motor are usually presented
in a torque curve.

1:28

Torque

The torque curve for a squirrel cage induction motor.
When the motor starts the torque is high.
M_ = start torque, M, = max torque (“cutting torque”),

M . = min. torque (“saddle torque”), M = rated
torque.
1:29
Torque
Torque curve (A) ==
~o _'¢' S

Switch Star Y-A

A star/delta started induction motor torque curve com-
bined with a torque demand curve for a screw compres-
sor. The compressor is unloaded (idling) during star
operations. When the speed has reached approx. 90-95%
of the rated speed the motor is switched to the delta
mode, the torque increases, the compressor is loaded
and finds its working point.
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2.1 Displacement
compressors

2.1.1 Displacement compressors

A displacement compressor encloses a volume of
gas or air and then increases the pressure by reduc-
ing the enclosed volume through the displacement
of one or more moving members.

2.1.2 Piston compressors

The piston compressor is the oldest and most com-
mon of all industrial compressors. It is available
in single-acting or double-acting, oil-lubricated or
oil-free variants, with various numbers of cylinders
in different configurations. With the exception of
very small compressors having vertical cylinders,
the V-configuration is the most common for small
COmpressors.

On double-acting, large compressors the L-config-
uration with a vertical low pressure cylinder and
horizontal high pressure cylinder offers immense
benefits and has become the most common
design.

Oil-lubricated compressors normally work with
splash lubrication or pressure lubrication. Most
compressors have self-acting valves. A self-acting
valve opens and closes through the effect of pres-
sure differences on both sides of the valve disk.

2.1.3 Oil-free piston compressors

Oil-free piston compressors have piston rings
made of PTFE or carbon, and alternatively, the
piston and cylinder wall can be profiled (toothed)
as on labyrinth compressors. Larger machines are
equipped with a crosshead and seals on the gud-
geon pins, and a ventilated intermediate piece to
prevent oil from being transferred from the crank-
case and into the compression chamber. Smaller
compressors often have a crankcase with bearings
that are permanently sealed.

Piston compressor.

|
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Piston compressor with a valve system consisting of two
stainless steel valve discs.

When the piston moves downwards and draws in air into
the cylinder the largest disc flexes to fold downwards
allowing air to pass.

When the piston moves upwards, the large disc folds
upwards and seals against the seat. The small disc’s
flexi-function then allows the compressed air to be
forced through the hole in the valve seat.

Labyrinth sealed, double acting oil-free piston compres-
sor with crosshead.
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Diaphragm

Connecting rod
Flywheel

Mechanical diaphragm compressor, in which a conventional crankshaft transfers the reciprocating motion via a connect-

ing rod to the diaphragm.

2.1.4 Diaphragm compressor

Diaphragm compressors form another group. Their
diaphragm is actuated mechanically or hydrauli-
cally. The mechanical diaphragm compressors are
used with a small flow and low pressure or as vac-
uum pumps. Hydraulic diaphragm compressors
are used for high pressure applications.

2.1.5 Twin screw compressors

The principle for a rotating displacement compres-
sor in twin screw form was developed during the
1930s, when a rotating compressor with high flow
rate and stable flow under varying pressure condi-
tions was required.

The twin screw element’s main parts are the
male and female rotors, which rotate in opposite
directions while the volume between them and
the housing decreases. Each screw element has a
fixed, build-in pressure ratio that is dependent on
its length, the pitch of the screw and the form of
the discharge port. To attain maximum efficiency,
the build-in pressure ratio must be adapted to the
required working pressure.

The screw compressor is generally not equipped
with valves and has no mechanical forces that
cause unbalance. This means it can work at a high
shaft speed and can combine a large flow rate with

small exterior dimensions. An axial acting force,
dependent on the pressure difference between the
inlet and outlet, must be overcome by the bear-
ings.

2.1.5.1 Oil-free screw compressors

The first twin screw compressors had a symmet-
ric rotor profile and did not use any cooling liq-
uid inside the compression chamber. These were
called oil-free or dry screw compressors. Mod-
ern, high-speed, oil-free screw compressors have
asymmetric screw profiles, resulting in signifi-
cantly improved energy efficiency, due to reduced
internal leakage.

External gears are most often used to synchronize
the position of the counter-rotating rotors. As the
rotors neither come into contact with each other
nor with the compressor housing, no lubrication is
required inside the compression chamber. Conse-
quently, the compressed air is completely oil-free.
The rotors and housing are manufactured with
ultimate precision to minimize leakage from the
pressure side to the inlet. The build-in pressure
ratio is limited by the limiting temperature dif-
ference between the inlet and the discharge. This
is why oil-free screw compressors are frequently
built with several stages and inter-stage cooling to
reach higher pressures.

This illustrates compression in a twin screw compressor. Figure 1: air fills the space between the rotors, Fig. 2-4: gradu-
ally the enclosed space decreases and pressure increases.

Lp 9 s>

Typical oil lubricated screw compressor element and drive.
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A modern integrated-drive oil-lubricated screw compressor.

Oil-free screw compressor stage, with water-cooled rotor housing, air seals and oil seals at both ends, and a set of syn-
chronizing gears to maintain the very small rotor clearances.

2.1.5.2 Liquid-injected screw compressors
In liquid-injected screw compressors, a liquid is
injected into the compression chamber and often
into the compressor bearings. Its function is to
cool and lubricate the compressor element’s mov-
ing parts, to cool the air being compressed inter-
nally, and to reduce the return leakage to the inlet.
Today oil is the most commonly injected liquid
due to its good lubricating and sealing properties,
however, other liquids are also used, for example,
water or polymers. Liquid-injected screw com-
pressor elements can b