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Introduction

The Compressed Air Manual is a resource for everyone who wishes to know more about
compressed air. This edition, the sixth, is in many respects extended, updated and improved
compared to previous editions, of which the last was issued in 1976. Naturally a great deal
has happened during these twenty or more years, nevertheless the fundamentals remain
and make up the core of this Manual, which has been desired and requested by many.

The Manual addresses the essentials of theoretical and practical issues faced by every-
one working with compressed air on a day-to-day basis, from the fundamental theoretical
relations to more practical advice and tips. The main addition to this edition is an increased
concentration on environmental aspects, air quality issues, energy savings and compressed
air economy. Furthermore, we conclude with calculation examples as well as diverse, helpful
table information and a complete keyword index. The Manual’s contents have been produ-
ced by our leading compressed air technicians and | hope that the different sections act both
as a textbook for newcomers and a reference book for more experienced users.

It is my belief that the Manual will be useful and perhaps even an enjoyment to many
within the industry. Many questions can surely be answered with its help, while others re-
quire further investigation. In the case of the latter, | believe the reader can also receive help
through the support and structure for continued discussion provided by the Manual. With
this in mind, each reader is always more than welcome to contact us for answers to unresol-

ved questions.

Stockholm, September 1998
Atlas Copco Compressor AB

Robert Robertson, MD
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1.1

Physics General

1.1.1 The structure of matter

Matter primarily consists of protons, neu-
trons and electrons. There are also a num-
ber of other building blocks however these
are not stable.

All of these particles are characterised
by four properties: their electrical charge,
their rest mass, their mechanical momen-

tum and their magnetic momentum. The

neutron
© electron

® proton

The electron shell gives elements their chemical
properties. Here are a few simple examples.
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.

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 total mass.

This information is a part of the data
that can be read off from the periodic
system. The electron shell contains the
same number of electrons as there are pro-
tons in the nucleus. This means the atom is
electrically neutral.

The Danish physicist, Niels Bohr, produced
a theory as early as 1913 that proved to cor-
respond with reality where he, among
others, demonstrated that atoms can only
occur in a so-called, stationary state with a
determined energy. If the atom transforms
from one energy state to another a radia-
tion quantum is emitted, a photon.

It is these different transitions that
makes themselves known 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 diffe-
rent states of matter

Atoms held together by chemical bonding
are called molecules. These are so small
that, for example, 1 mm® of air at atmosp-
heric pressure contains approx. 2.55 x 10'
molecules.

All matter can in principle exist in four
different states: solid state, liquid state,
gaseous state and plasma state. In the solid
state the molecules are tightly packed in a
lattice, with strong bonding. At all temp-
eratures above absolute zero a certain
degree of molecular movement occurs, in
the solid state as a vibration around a
balanced position, the faster the greater the
temperature becomes. When a substance in



A salt crystal has a cubic structure. Common
table salt (NaCl) is a typical example. The
lines show the bonding between the sodium
(red) and the chlorine (white).

a solid state is heated so much that the
movement of the molecules cannot be pre-
vented by the rigid pattern (lattice), they
become loose the substance melts and
transforms to a fluid. If the liquid is heated
more, the bonding of the molecules is bro-

ken, and it transforms into a gaseous state
during expansion in all directions and
mixes with the other gases in the room.
When gas molecules are cooled, they loose
speed and bond to each other again, and
condensation starts. However, if the gas
molecules are heated further, they are bro-
ken down into individual particles and
form a plasma of electrons and atomic nuc-
lei.

1.2

Physical units

1.2.1 Pressure

The force on a square centimetre area of an
air column, which runs from sea level to
the edge of the atmosphere, is about 10.13
N. Therefore the absolute atmospheric
pressure at sea level is approx. 10.13 x 10* N
per square metre, which is also called 1 Pa
(Pascal), the SI unit for pressure. A basic
dimension analysis shows that 1 bar = 1 x
10° Pa. The higher above sea level you are
the lower the atmospheric pressure and
visa versa.

Temperature
°C
200 1 super heating
i evaporation at atmospheric pressure (steam)
100
(water + steam)
1 ice melts e
0 |
-20 (ice)

0 1000

2000 3000 kJ/kg

Heat added

By leading off or applying thermal energy the state of a substance changes. This is how the relation for
common water appears.
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Most pressure gauges register the difference between the pressure in a vessel and the local atmospheric
pressure. Therefore to find the absolute pressure the value of the local atmospheric pressure must be added.
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This is how the relation between Celsius and
Kelvin scales appear. For Celsius, 0° is set at
water’s freezing point; for Kelvin, 0° is set at

absolute zero.

1.2.2 Temperature

The temperature of a gas is more difficult
to clearly define than the pressure. Temp-
erature is an indication of the kinetic ener-
gy in the molecules. They move more rap-
idly the higher the temperature and the
movement stops at absolute zero. The
Kelvin scale is based on this, but otherwise
is graduated the same as the Celsius scale.
The relation is:

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

1.2.3 Thermal capacity

Thermal capacity refers to the quantity of
heat required to increase the temperature
of 1 kg of a substance by 1 K. Accordingly,
the dimension of the thermal capacity will



be J/kg x K. Consequently, the molar ther-
mal capacity is dimensioned J/mol x K.
The designations commonly used are:

¢, = thermal capacity at a constant
pressure

¢, = thermal capacity at a constant
volume

C,= molar thermal capacity at a
constant pressure

C,= molar thermal capacity at a

constant volume

The thermal capacity at a constant pressure
is always greater than thermal capacity at a
constant volume. The thermal capacity for
a substance is however not constant, but
rises in general with the temperature.

For practical usage a mean value can
frequently be used. For liquids and solid
substances it is c, = ¢, = c. The power con-
sumed to heat a mass flow from t, to t, will

then be:

Q= mxcx(t-t)

Q = heat power (W)
m

mass flow (kg/s)

0
Il

specific thermal capacitivity
(J/kg xK)
t = temperature (K)

The explanation as to why c,, is greater than
¢, is the expansion work that the gas at a
constant pressure must perform. The rela-
tion between ¢, and c, called kappa K, is a
function of the number of atoms in the

molecule.

“
C

0
jae}

=
I
|

@]
<

1.2.4 Work

Mechanical work can be defined as the pro-
duct of a force and the distance over which
the force affects a body.

Exactly as for heat, work is an energy
that is transferred from one body to an-
other. The difference is that it is a question
of force instead of temperature.

An example is the compression of a gas in a
cylinder by a moving piston. Compression
takes place through a force moving the
piston. At the same time energy is transfer-
red from the piston to the enclosed gas.
This energy transfer is work in a thermody-
namic meaning. The sum of the applied
and transmitted energy is always constant.
Work can give different results, for examp-
le, changes to the potential energy, kinetic
energy or the thermal energy.

The mechanical work associated with
changes in the volume of a gas or gas mix-
ture is one of the most important processes
within thermodynamics. The SI unit for
workisJoule.1J=1Nm =1 Ws.

1.2.5 Power

Power is work per time unit. SI unit for
power is Watt. 1W =1]/s.

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

1.2.6 Volume rate of flow

The SI unit for volume rate of flow is m?/s.
However, the unit litre/second (1/s) is fre-
quently used, when speaking about the
volume rate of flow, for example, given by
a compressor. This volume rate of flow is
called the compressor’s capacity and is ei-
ther stated as normal litre/second (N1/s) or



as free output air rate (I/s). With the unit
normal litre/second (N1/s) the air flow rate
is recalculated to “the normal state”, i.e.
1.013 bar and 0°. The unit is primarily used
when you wish to specify a mass flow.

With free output air rate the compres-
sor’s output air rate is recalculated to its
standard intake condition (intake pressure
and intake temperature). Accordingly, you
state how many litres of air would fill if it
once again were allowed to expand to the
ambient condition. The relation between
the two volume rates of flow is (note that
the formula below does not take the humi-
dity into consideration):

Q = Qx(@273+T;)x1,013
273 X p;

Q; = volume rate of flow as free
output air flow rate (1/s)

Q,= volume rate of flow as normal
litres / second (N1/s)

T; = intake temperature (°C)

p; = intake pressure (bar)

G

Thermodynamics

1.3.1 Main principles

Thermodynamics’ first main principle is a
law of nature that can not be proved, but is
accepted without reservation. It says that
energy can neither be created nor
destroyed and from that it follows that the
total energy in a closed system is constant.
Thermodynamics’ second main principle
says that heat can never of “its own effort”
be transferred from one source to a hotter
source. This means that energy can only be
available for work if it can be converted

from a higher to a lower temperature level.

Therefore in, for example, a heat engine the
conversion of a quantity of heat to mecha-
nical work can only take place if a part of
this quantity of heat is simultaneously led
off without being converted to work.

1.3.2 Gas laws

Boyle’s law says that if the temperature is
constant, so the product of pressure and
volume are constant. The relation reads:

pixVi=poxV,

p = absolute pressure (Pa)
\%

volume (m?)

This means that if the volume is halved
during compression, then the pressure is
doubled.

Charles’s law says that the volume of a
gas changes in direct proportion to the
change in temperature. The relation reads:

% = ¥—22 =>AV = \T]—ll X AT

A%
T
AV = volume difference

volume (ms)

absolute temperature (K)

AT = temperature difference

The general law of state for gases is a combi-
nation of Boyle’s and Charles’s laws. This
states how pressure, volume and tempera-
ture affect each other. When one of these var-
iables is changed, this affects at least one of
the other two variables. This can be written:

PXV_R= gas constant
T
p = absolute pressure (Pa)
v = specific volume (m*/kg)
T = absolute temperature (K)
R = R/M = individual gas constant

(J/kg x k)



The constant R is called the individual gas
constant and only concerns the properties
of the gas. If the mass m of the gas takes up
the volume V, the relation can be written:

pr=mxT{xT

p = absolute pressure (Pa)

V = volume (m?®)

m = mole mass (kmol)

R = universal gas constant
= 8314 (J/kmol x K)

T = absolute temperature (K)

1.3.3 Heat transfer

Each heat difference within a body, or
between different bodies, always leads to
the transfer of heat, so that a temperature
balance is obtained. This heat transfer can
take place in three different ways: through
conductivity, convection or radiation. In
reality heat transfer takes place in parallel,
in all three ways.

Conductivity takes place between solid
bodies or between thin layers of a liquid or
gas. Molecules in movement emit their
kinetic energy to the adjacent molecules.

Convection can take place as free con-
vection, with the natural movement that
occurs in a medium or as forced convection
with movement caused by, for example, a
fan or a pump. Forced convection gives sig-
nificantly more intense heat transfer.

All bodies with a temperature above
0°K emit heat radiation. When heat rays hit
a body, some of the energy is absorbed and
transforms to heat. Those rays that are not
absorbed pass through the body or are
reflected. Only an absolute black body can
theoretically absorb all radiated energy.

In practice heat transfer is the sum of
the heat transfer that takes place through
conductivity, convection and radiation.

Generally the relation below applies:

q = kxAxATxt

q = the quantity of heat (J)

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

AT = temperature difference
t = time (s)

Heat transfer frequently occurs between
two bodies, separated by a wall. The total
heat transfer coefficient is dependent on the
heat transfer coefficient on respective sides
of the wall and the coefficient of thermal
conductivity for the wall. For such a clean,
flat wall the relation below applies:

1/k = 1/a;+ d/A+1/a,

o = heat transfer coefficient on
respective sides of the wall
(W/m?x K)

d = thickness of the wall (m)

A = coefficient of thermal conduc-
tivity for the wall (W/m x K)

k = total heat transfer coefficient
(W/m?2x K)

The transferred quantity of heat, for
example, in a heat exchanger, is at each
point a function of the prevailing heat dif-
ference and the total heat transfer coeffici-
ent. Applicable to the entire heat transfer
surface is:

Q

kx A x9,

Q = transferred quantity of heat (W)

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

A = heat transferring surface (m?

9, = logarithmic mean temperature
difference (K)
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This is how the temperature process appears in counter flow respective parallel flow heat exchangers.

The logarithmic mean temperature dif-
ference is defined as the relation between
the temperature differences at the heat ex-
changer’s two connection sides according
to the expression:

B -2
By
In ——
n 9,
O, = logarithmic mean temperature

difference (K)
the temperature differences (K)

(=
Il

according to figure 1:6.

1.3.4 Changes in state

You can follow the changes in state for a
gas from one point to another in a p/V dia-
gram. It should really need three axes for
the variables p, V and T. With a change in
state you move along a curve on the sur-
face in space that is then formed. However,
you usually consider the projection of the
curve in one of the three planes, usually the
p/V plane. Primarily a distinction is made
between five different changes in state:
Isochoric process (constant volume),

isobaric  process (constant pressure),
isothermic process (constant temperature)
isentropic process (without heat exchange
with the surroundings) and polytropic
process (where the heat exchange with the
surroundings is stated through a simple

mathematical function).

1.3.4.1 Isochoric process

P
P
BT 2
2 '2
0., = applied energy
ATy !
V=V, \%

Isochoric change of state means that the pres-
sure increases, while the volume is constant.



Heating a gas in an enclosed container is an 1.3.4.3 Isothermic process

example of the isochoric process. The rela- If a gas in a cylinder is compressed isother-
tion for the applied quantity of heat is: mally, a quantity of heat that is equal to the
applied work must be gradually led off.

q = mxc,x(T,—Ty)
This is practically impossible, as such a

q = quantity of heat (J) slow process can not be realised.
m = mass (kg)
¢, = the heat capacity at constany
volume (J/ kg x K)
T = absolute temperature (K)
1.3.4.2 Isobaric process 2
A
:
2
= Py
p ; a,,~ guality of heat led off
1
o A P, % o
v, Vi v
d,, = applied energy
1 / 2
|
ViTy VLT v Isothermic change of state means that the
temperature of a gas mixture is constant,
Isobaric change of state means that the vol- when the pressure and volume are changed.

ume increases, while the pressure is constant.

The relation for the quantity of heat led
Heating of a gas in a cylinder with a con-

off is:
stant loaded piston is an example of the P>
isobaric process. The relation for the appli- q = mxRxTx1n < P >
ed quantity of heat is: v
q = p1xVyxln < 2)
M4
q = mxcyx(T-Ty) q = quantity of heat (J)
. m = mass (kg)
AN quantitgothcat(]) R = individual gas constant

m = mass (kg) (J/kg x K)
= the heat capacity at constant

e
|

T = absolute temperature (K)
pressure (J/ kg x K) v

T = absolute temperature (K)

= volume (m?)
p = absolute pressure (Pa)



1.3.4.4 Isentropic process The relation for such a process is:

An example of an isentropic process is if a p x V" = konstant
gas is compressed in a fully insulated cylin-
der without heat exchange with the sur- p = absolute pressure (Pa)
roundings. Or if a gas is expanded through V = volume (m’)
a nozzle so quickly that no heat exchange n = 0 means isobaric process
with the surroundings has time to take n = 1 means isothermic process
place. The relation for such a process is: n =K means isentropic process
n = % means isochoric process
K K
P2 _ <L> P :(L e
P1 Va P1 Ty 1.3.5 Gas flow through a nozzle
p = absolute pressure (Pa) The gas flow through a nozzle depends on
V = volume (m?) the pressure ratio on respective sides of the
T = %bsolute temperature (K) nozzle. If the pressure after the nozzle is
K = cp lowered the flow increases, however, only
v

until its pressure before the nozzle is
approximately double so high. A further
110 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 gas’s isentropic expo-

nent (k). The critical pressure ratio occurs
P A when the flow velocity is equal to the sonic
velocity in the nozzle’s narrowest section.

o isentropic The flow becomes supercritical if the
A pressure after the nozzle is reduced further,
under the critical value. The relation for the

1 flow through the nozzle is:
P, %

v, Vi v
When the entropy in a gas that has been com- G = axPxp;x10°x A x / _2
pressed or expanded is constant, no heat RxT,
exchange with the surroundings takes place. _
This change in state follows Poisson’s law. G = mass flow (kg/s)
a = nozzle coefficient
. = flow coefficient
1.3.4.5 Polytropic process v ..
A = minimum flow area (m?)
The isothermic process involves full heat R = individual gas constant (J/kg K)
exchange with the surroundings and the T, = absolute temperature before the
isotropic process involves no heat exchange nozzle (K)
at all. In reality all processes are something p1 = absolute pressure before the
between these extremes and this general nozzle (bar)

process is called polytropic.



1.3.6 Flow through pipes

Reynold’s number is a dimensionless ratio
between inertia and friction in a flowing
medium. It is defined as:

Re= Dxwxn/px=Dxw/v

D = a characteristic measurement
(for example the pipe diameter) (m)

w = mean flow velocity (m/s)

p = the density of the flowing medium
(kg/m>)

n = the flowing medium’s dynamic
viscosity (Pa x s)

v = n/p= the flowing medium’s
kinematic viscosity (m?/s).

In principal there are two types of flow in a
pipe. With Re<2000 the viscous forces
dominate in the media and the flow be-
comeslaminar. This means thatdifferentlay-
ers of the medium move in relation to each
other in good order. The velocity distribu-
tion across the laminar layers is usually
parabolic shaped. With Re>4000 the inertia
forces dominate the flowing medium and
the flow becomes turbulent, with particles
that move randomly in the flow’s cross sec-
tion. 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 undeter-
mined, either laminar or turbulent or a mix-
ture of the both. The conditions are govern-
ed by factors such as the surface smooth-
ness of the pipe or other disturbances.

To start a flow in a pipe requires a specific
pressure difference or pressure drop, to
overcome the friction in the pipe and
couplings. The size of the pressure drop

depends on the diameter of the pipe, its
length and form as well as the surface
smoothness and Reynold’s number.

1.3.7 Throttling

When an ideal gas flows through a restric-
tor, with a constant pressure before and
after the restrictor, the temperature remains
constant. However, there occurs a pressure
drop across the restrictor, through the inner
energy transforming into kinematic energy,
which is why the temperature falls.
However, for real gases this temperature
change becomes lasting, even if the gas’s
energy content is 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.

If the flowing medium has a sufficient-
ly low temperature (<+329°C for air) a tem-
perature drop occurs across the restrictor,
but if the flow medium is hotter, a tempera-
ture increase occurs. This condition is used
in several technical applications, for
example, in refrigeration technology and
the separation of gases.
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When an ideal gas flows through a small open-
ing 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.



1.4.1 Air in general

Air is a colourless, odourless and tasteless
gas mixture. It consists of many gases, but
primarily oxygen and nitrogen. Air can be
considered a perfect gas mixture in most
calculation contexts. The composition is
relatively constant, from seal level and up
to an altitude of 25 kilometres.

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.

Air is always more or less contaminated
with solid particles, for example,dust, sand,
soot and salt crystals. The degree of conta-
mination is higher in populated areas, less
in the countryside and at higher altitudes.

Air is not a chemical substance, but a
mechanically mixed substance. This is why
it can be separated into its constituent ele-
ments, for example, by cooling.

1.4.2 Moist air

Air can be considered as a mixture of dry
air and water vapour. Air that contains
water vapour is called moist air, but the

air’s humidity can vary within broad limits.
Extremities are completely dry air and air
saturated with moisture. The maximum
water vapour pressure that air can hold
increases with rising temperatures. A maxi-
mum water vapour pressure corresponds
to each temperature.

Air usually does not contain so much water
vapour that maximum pressure is reached.
Relative vapour pressure (also known as
relative humidity) is a state between the
actual partial vapour pressure and the satu-
rated pressure at the same temperature.

The dew point is the temperature when air
is saturated with water vapour. Thereafter
with a fall in temperature the condensation
of water takes place. Atmospheric dew
point is the temperature at which water
vapour starts to condense at atmospheric
pressure. Pressure dew point is the equiva-
lent temperature with increased pressure.
The following relation applies:

(P-9xp)x10°xV=R,xm,xT
Pxpsx10°x V=R, xm,xT

p = total absolute pressure (bar)
ps = saturation pressure at the actual
temperature (bar)

¢ = relative vapour pressure
V = total volume of the moist air (m?)
R, = gas constant for dry air

= 287.1]/KgxK
R, = gas constant for water vapour
= 461.3]/Kgx K
m,= mass of the dry air (kg)
m,= mass of the water vapour (kg)
T = absolute temperature of the
moist air (K)



1.5

Types of compressors

1.5.1 Two basic principles

There are two basic principles for the com-
pression of air (or gas), the displacement
principal and dynamic compression.
Among displacement compressors are, for
example, piston compressors and different
types of rotary compressors. They are the
most common compressors in most
countries.

On a piston compressor for example,
the air is drawn into a compression cham-
ber, which

Thereafter the volume of the chamber dec-

is closed from the inlet.
reases and the air is compressed. When the
pressure has reached the same level as the
pressure in the outlet manifold, a valve is
opened and the air is discharged at a con-
stant pressure, under continued reduction
of the compression chamber’s volume.

In dynamic compression air is drawn into a
rapidly rotating compression impeller and
accelerates to a high speed. The gas is then
discharged through a diffuser, where the
kinetic energy is transformed to static pres-
sure. There are dynamic compressors with
axial or radial flow. All are suitable for
large volume rates of flow.

1.5.2 Displacement compressors

A bicycle pump is the simplest form of a
displacement compressor, where air is
drawn into a cylinder and is compressed
by a moving piston. The piston compressor
has the same operation principle, with a
piston whose forward and backward
movement is accomplished by a connecting
rod and a rotating crankshaft. If only one
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Single stage, single acting piston compressor.

side of the piston is used for compression
this is called single acting. If both the pis-
ton’s top and undersides are used the com-
pressor is called double acting. The diffe-
rence between the pressure on the inlet side
and the pressure on the outlet side is a
measurement of the compressor’s work.

The pressure ratio is the relation between
absolute pressure on the inlet and outlet
sides. Accordingly, a machine that draws in
air at atmospheric pressure and compresses
it to 7 bar overpressure works with a pres-
sure ratio of (7 +1)/1 =8.
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Compressors
Dynamic | Displacement
Ejector Radial Axial
] \ 4 % ig%
]
Rotary
Piston compressors
lSingle acting Double acting lLabyrinth sealed |Diaphragm
] *_IT]]l J[[i“ﬂl 1 1
= T
Single rotor Double rotor

lVane Liquid ring lScroII lScrew Tooth lBIower

v v

oL

The chart shows the most common types of compressor, divided according to their working principles.
They can also be divided according to other principles, for example, air or liquid cooled, stationary or

portable, etc.
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This is how a piston compressor works in
theory with self-acting valves. The p/V dia-
gram shows the theoretical process, without
losses with complete filling and emptying of

the cylinder.
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Pressure

A
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Volume

This is how the actual p/V diagram can appear
for a piston compressor. The pressure drop on
the inlet side and the overpressure on the
discharge side are minimised primarily by
giving the compressor sufficient valve area.

1.5.3
The compressor diagram for
displacement compressors

Figure 1:15 illustrates a theoretical com-
pressor diagram and figure 1:16 illustrates

a real compressor diagram for a piston
compressor. The stroke volume is the cylin-
der volume that the piston travels during
the suction stage. The clearance volume is
the area that must remain at the piston’s
turning point for mechanical reasons,
together with the area required for the val-
ves, etc.

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 real diagram is due to the
practical design of a compressor, e.g. a
piston compressor. The valves are never
fully sealed and there is always a degree of
leakage between the piston and the cylin-
der wall. In addition, the valves can not
open and close without a delay, which
results in a pressure drop when the gas
flows through the channels. Due to reasons
of design the gas is also heated when it
flows into the cylinder.

Compression work with isothermic
compression becomes:
W =p;x Vi x In(p,/p1)
Compression work with isentropic
compression becomes:

K
W= 7 X (P2Vao- piVi)

W = compression work (J)

p1 = initial pressure (Pa)

V, = initial volume (m?)

p» = final pressure (Pa)

K = isentropic exponent in most
cases x Kk = 1,3 — 1,4 applies.

These relations show that more work is
required for isentropic compression than
with isothermic compression. In reality the
requisite work lies between the limits
(k=13-14).



1.5.4 Dynamic compressors
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Intake

Diffusor

Radial compressor

A dynamic compressor is a flow machine
where the pressure increase takes place at
the same time as the gas flows. The flowing
gas accelerates to a high velocity by means
of the rotating blades, after which the velo-
city of the gas is transformed to pressure
when it is forced to decelerate under
expansion. Depending on the main direc-
tion of the flow they are called radial or
axial compressors.

In comparison with displacement
compressors, dynamic compressors have a
characteristic where a small change in the
working pressure results in a large change
in the capacity. See figure 1:19.

Each speed has an upper and lower
capacity limit. The upper limit means that
the gas’s flow velocity reaches sonic veloci-
ty. The lower limit means that the counter
pressure is greater than the compressor’s
pressure build-up, which means return
flow in the compressor. This in turn results
in pulsation, noise and the risk for mech-
anical damage.

1.5.5 Compression in several stages

Theoretically a gas can be compressed
isentropically or isothermally. This can take

place as a part of a reversible process. If the
compressed gas could be used immediate-
ly, at its final temperature after compres-
sion, the isentropic process would have cer-
tain advantages. In reality the gas can rare-
ly be used directly without being cooled
before use. Therefore the isothermal pro-
cess is preferred, as this requires less work.

In practice attempts are made to reali-
se this process by cooling the gas during
compression. How much you can gain by
this is shown, for example, with an effect-
ive working pressure of 7 bar that theoreti-
cally requires 37% higher output for
isentropic compression compared with
isothermal compression.

A practical method to reduce the heat-
ing of the gas is to divide the compression
into several stages. The gas is cooled after
each stage, to then be compressed further.
This also increases the efficiency, as the
pressure ratio in the first stage is reduced.
The power requirement is at its lowest if
each stage has the same pressure ratio.

The more stages the compression is
divided into the closer the entire process

Isothermal compression

_/_

-

+«—— Isentropic compression

Reduced work
1 requirement through
2-stage compression

-
X -
-

>V
The shaded area represents the work saved
by dividing the compression into two stages.



gets to be isothermal compression. How-
ever there is an economic limit for how
many stages a real installation can be
designed with.

1.5.6
Comparison between displace-
ment and centrifugal compressors

The capacity curve for a centrifugal com-
pressor differs significantly from an equiv-
alent curve for a displacement compressor.
The centrifugal compressor is a machine
with a variable capacity and constant pres-
sure. On the other hand a displacement
compressor is a machine with a constant
capacity and a variable pressure.

Examples of other differences is that a
displacement compressor gives a higher
pressure ratio even at a low speed, unlike the
more significantly higher speed centrifugal
compressors. The centrifugal compressors
are well suited to large air flow rates.

Pressure
Centrifugal
compressor

e

Displacement
compressor

>

Flow

This is how the load curves for centrifugal
respective displacement compressors appear
when the load is changed at a constant speed.

1.6

Electricity

1.6.1 Basic terminology
and definitions

The alternating current used for example to
power lighting and motor operations regu-
larly changes strength and direction in a
sinusoidal variation. The current strength
grows from zero to a maximum value, then
falls to zero, changes direction, grows to a
maximum value in the opposite direction
to then become zero again. The current has
then completed a period. The period T is
the time in seconds under which the cur-
rent has gone through all its values. The
frequency states the number of complete
cycles per second.

f=1/T
f = frequency (Hz)
T = time for a period (s)

When speaking about current or voltage it
is usually the root mean square value that
is meant. With a sinusoidal current the rela-
tion for the current’s respective voltage’s
root mean square value is:

peak value

V2

root mean square value =

Time = 1period = 1/50 sec

% >
Voltage Peak-
325V value
230 4 Root Mean
‘Square
Value
0
Wy Root Mean
230 Square
325V Value
Peak-

value

This is how a period of a sinusoidal voltage
appears (50 Hz).



Voltage under 50V is called extra low volt-
age. Voltage under 1000V is called low
voltage. Voltage over 1000V is called high
voltage. Standard voltages at 50 Hz are
230/400V and 400/690V.

1.6.2 Ohm’s law for
alternating current

An alternating current that passes a coil
gives rise to a magnetic flow. This flow
changes strength and direction in the same
way as the current. 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 connect-
ed pole voltage. The phenomenon is called
self-induction.

Self-induction in an alternating current
unit partly gives rise to phase displacement
between the current and the voltage, and
partly to an inductive voltage drop. The
unit’s resistance to the alternating current
becomes apparently greater than that calcu-
lated or that measured with direct current.

Phase displacement between the cur-
rent and voltage is represented by the angle
¢. Inductive resistance (reactance) is repre-
sented by X. Resistance is represented by R.
Apparent resistance in a unit or conductor

Applicable for impedance is:

EFX

impedance ()

Z
Z
R = resistance (Q)
X = reactance (Q)

Ohm’s law for alternating current reads:

U=1x2Z
U = voltage (V)
I = current (A)
Z = impedance (Q)
1:21
A- .................................
X z
¢ R \

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

is represented by Z.
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Phase 1
'Uh Uh | Uf
Phase 2
Uh Uf
Phase 3
Jur
0 Neutral wire
Uh |uh
Uf
1-phase ék Uh
3-phase Y 3-phase A

This is how the different connection options for a three-phase system appears. The voltage between the two
phase conductors is called the main voltage (Uh). The voltage between one phase conductor and the
neutral wire are called phase voltage (Uf). The phase voltage = Main voltage// 3 .



1.6.3 Three-phase system

Three-phase alternating current is produ-
ced in a generator with three separate wind-
ings. All values on the sinusoidal voltage
are displaced 120° in relation to each other.

Different units can be connected to a
three-phase unit. A single phase unit can be
connected between the phase and zero.
Three-phase units can be connected in two
ways, star (Y) or delta (A) connection. With
the star connection a phase voltage lies
between the outlets. With a delta connec-
tion a main voltage lies between the outlets.

1.6.4 Power

Active power, P, is the useful power that
can be used for work. Reactive power, Q, is
the “useless” power and can not be used
for work. Apparent power, S, is the power
that must be consumed from the mains
supply to gain access to active power. The
relation between active, reactive and appar-
ent power is usually illustrated by a power
triangle.

»

This is how the relation between apparent
power (S), reactive power (Q) and active
power (P) The angle ¢ between S and P gives
the power factor cose.

The following relation applies:

Single phase: P = UxIxcosg
Q = UxIxsing
S = UxI
cosp =P/S

Three phase: P =+3x U, x I x cosg
Q= \/ngthxsincp
S = \/§ x Uy, x1
cosp =P/S

U = voltage (V)

Up= main voltage, (V)

U¢ = phase voltage

I = current (A)

I, = main current (A)

I; = phase current (A)

P = active power (W)

Q = reactive power (VAr)

S = apparent power (VA)

¢ = phase angle

cosp = power factor

voltage A Uy Uy Uz
--y y
4 L3
" [N 'O L Y
Ry
4
4 “
—
- 120° 2 - 4
LK 2 Time

= - - € —¢ - 240° - -

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, short circuit induction motor. This
type of motor can be found within all
industries. Silent and reliable, it is a part of
most systems, for example, compressors.
The electric motor consists of two main
parts, the stationary stator and the rotating
rotor. The stator produces a rotating mag-
netic field and the rotor converts this ener-
gy to movement, i.e. mechanical energy.

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

1.6.5.1 Rotation speed

If the motor shaft should rotate at the same
speed as the magnetic field, the induced
current in the rotor would at the same time
be zero. However, due to losses in, for
example the bearings, this is impossible
and the speed is always approx. 1-5%
lower than the magnetic field’s synchro-
nous speed (slip). Applicable for this syn-
chronous speed is:

n=2xfx60/p

n = synchronous speed (r/min)
f = main supply’s frequency (Hz)
p = number of poles

1.6.5.2 Efficiency

Energy conversion in a motor does not take
place without losses. These are due to,
among others, resistive losses, ventilation
losses, magnetisation losses and friction

losses. Applicable for efficiency is:

- 5,
n = efficiency
P, = stated power, shaft power (W)
P, = applied power (W)

It is always the stated power, P>, stated on
the motor’s rating plate.

1.6.5.3 Insulation class

The insulation material in the motor’s
windings is divided into insulation classes
in accordance with IEC 85 (International
Electrotechnical Commission). A letter cor-
responding to the temperature, which is
the upper limit for the isolation’s calculated
application area, designates each class. If
the upper limit is exceeded by 10°C the ser-
vice life of the insulation is shortened by
about half.

Insulation class B=130°C | F=155°C | H=180°C
Ambient temp. “C 40 40 40
Temp. increase °C 80 105 125
Thermal marginal °C 10 10 15
Max. final temp. °C 130 155 180

1.6.5.4 Protection classes

Protection classes state, according to IEC
34-5, how the motor is protected against
contact and water. These are stated with
the letters IP and two digits. The first states
the protection against contact and penetra-
tion by a solid object. The other digit states
the protection against water. For example
IP23 represents: (2) protect against solid
objects greater than 12 mm, (3) protect a-
gainst direct sprays of water up to 60° from
the vertical. IP 54: (5) protection against
dust, (4) protection against water sprayed
from all directions. IP 55: (5) protection
against dust, (5) protection against low-
pressure jets of water from all directions.



1.6.5.5 Cooling methods

Cooling methods state, according to IEC
34-6, how the motor shall be cooled. This is
designated with the letters IC and two
digits. For example IC 01 represents: Free
circulation, own ventilation and IC 41:
Jacket cooling, own ventilation.

1.6.5.6 Installation method

The installation method states, according to
IEC 34-7, how the motor should be instal-
led. This is designated by the letters IM and
four digits. For example IM 1001 repre-
sents: two bearings, shaft with free journal-
led end, stator body with feet. IM 3001: two
bearings, shaft with free journalled end,
stator body without feet, 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 phases in a three-phase motor
are marked U, V and W (U1-U2; V1-V2;

W1-W2). With the star (Y) connection the
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“ends” of motor winding’s phases are join-
ed together to form a zero point, which
looks like a star (Y).

A phase voltage (phase voltage =
main Voltage/ \/3; for example 400V =
690/~/3 ) will lie across the windings. The
current I} in towards the zero point be-
comes a phase current and accordingly a
phase current will flow I; = I, through the
windings.

With the delta (A) connection you join the
beginning and ends between the different
phases, which then form a delta (A). There
will then lie a main voltage across the
windings. The current Th into the motor is
the main current and this will be divided
between the windings and give a phase
current through these, I, Al3 = I;. The same
motor can be connected as 690V star con-
nection or 400V delta connection. In both
cases the voltage across the windings will
be 400V. The current to the motor will be
lower with a 690V star connection than
with a 400V delta connection. The relation
between the current levels is/3.

4001/

Motor windings

01017
2N\

M

L1 Motor terminal

W2 Uz vz

U1<P V1(P Wl?

L |
L1 L2 L3

Star connection

This is how the motor wind-
ings are connected with a star
connection. The top figure
shows how the connection
strips are placed on the star
connected unit. The example
shows the connection to a
690V supply.

690V

690V

L3
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This is how the motor windings are connected with a delta connection. The top figure shows how the con-
nection strips are placed on the delta connected unit. The example shows the connection to a 400V supply.

On the motor plate it can, for example,
state 690/400 V. This means the star con-
nection is intended for the higher voltage
and the delta connection for the lower. The
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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.

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 operation of the cooling fan when rotating anticlockwise.



Torque A

Mst Mmin Mmax

Mn

Y \/

rpm

The torque curve for a short circuited, induction motor. When the motor starts the torque is high, during
acceleration the torque first drops a little, to then rise to its max. value before dropping. M = torque,
Mst = start torque, Mmax = max torque (“cutting torque”), Mmin = min. torque (“saddle torque™),

Mn = rated torque.
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Torque A
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Loaded compressor

Unloaded compressor
Time

A star/delta started induction motor’s torque cure inserted in a torque curve for a screw compressor. 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 rises, the compressor is loaded and

finds its working point.

1.6.5.8 Torque

An electric motor’s turning torque is an
expression for the rotor’s turning capacity.
Each motor has a maximum torque. A load
above this torque means that the motor
does not have the power to rotate. With a
normal load the motor works significantly
under its maximum torque, however, the
start phase involves an extra load. The cha-
racteristics of the motor are wusually
presented in a torque curve.









_ 2.1
Displacement

compressors

2.1.1 Displacement compressors
in general

A displacement compressor is character-
ised by enclosing a volume of gas or air and
then increasing the pressure by reducing
the area of the enclosed volume.

2.1.2 Piston compressors

The piston compressor is the oldest and
most common of all compressors. It is avail-
able as single or double acting, oil lubricat-
ed or oil-free with a different number of
cylinders in different configurations. With
the exception of really small compressors
with vertical cylinders, the V configuration
is the most common for small compressors.

On double acting, large compressors
the L-type with vertical low pressure cylin-
der and horizontal high pressure cylinder,
offers immense benefits and is why this is

the most common design.

Piston compressor



Oil lubricated compressors normally work valves. A self-acting valve opens and clo-

with splash lubrication or pressure lubrica- ses through pressure differences on respec-
tion. Most compressors have self-acting tive sides of the valve disk.

Single acting

V-type W-type Stepped piston (Two stage)

Double acting (cross head type)

Inline

=)

Horizontal stepped pistons

Examples of cylinder placement on piston compressors.



A 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
is sufficiently flexible to fold downwards to
allow the 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.

1. Crosshead

2. Guide bearing
3. Oil scraper

4. Oil thrower ring
5. Stuffing box

6. Valve disc

Labyrinth sealed, double acting oil-free
piston compressor with crosshead.



Diaphragm

Connecting rod

Flywheel

Ol

Cam

Shaft
Clutch

[ ]

{

.

Counterbalance weight

)

) S—

Mechanical diaphragm compressor, where the movement of the diaphragm is transferred from a conventio-
nal crankshaft with connecting rod, which is connected to the diaphragm.

2.1.3 Oil-free piston compressors

Oil-free piston compressors have piston
rings of PTFE or carbon, alternatively the
piston and cylinder wall can be toothed as
on labyrinth compressors. Larger machines
are equipped with a crosshead and seals
on the gudgeon pins, ventilated intermedi-
ate piece to prevent oil from being transfer-
red from the crankcase and into the com-
pression chamber. Smaller compressors
often have a crankcase with sealed for life
bearings.

2.1.4 Diaphragm compressors

Diaphragm compressors form another
group. The diaphragm is actuated mecha-
nically or hydraulically. The mechanical
diaphragm compressors are used with a
small flow and low pressure or as vacuum
pumps. The hydraulic diaphragm com-

pressors are used for high pressure.

2.1.5 Screw compressors

The principle for a rotating displacement
compressor with piston in a screw form

was developed during the 1930s, when a
rotating compressor with a high capacity
and stable flow in varying conditions was
required.

The screw element’s main parts are
the male and female rotors, which move
towards each other while the volume
between them and the housing decreases.
Each screw element has a fixed, integrated
pressure ratio that is dependent on its
length, the pitch of the screw and the form
of the discharge port. To attain the best
efficiency the pressure ratio must be adap-
ted to the required working pressure.

The screw compressor is not equip-
ped with valves and has no mechanical
forces that cause unbalance. This means it
can work at a high shaft speed and com-
bine a large flow rate with small exterior
dimensions. An axial acting force, depen-
dent on the pressure difference between
the inlet and outlet, must be taken up by
the bearings. The screw, which originally
was symmetrical, has now been developed
in different asymetrical helical profiles.
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An oil lubricated screw compressor



A stage in an oil-free screw compressor. Male and female rotors are journalled in the rotor housing,
which here is water-cooled. The front rotor, with four lobes, is the male, this is connected to the gearbox.
The distant rotor, with six lobes, is the female, this is held in place by the synchronising gear to the left.

2.1.5.1 Oil-free screw compressors

The first screw compressors had a symetric
profile and did not use liquid in the com-
pression chamber, so-called oil-free or dry
screw compressors. At the end of the 1960s
a high speed, oil-free screw compressor
was introduced with an asymetric screw
profile. The new rotor profile resulted in
significantly improved efficiency, due to
reduced internal leakage.

An external gear is used in dry screw com-
pressors to synchronise the counter rota-
ting rotors. As the rotors neither come into
contact with each other nor with the com-
pressor housing, no particular lubrication
is required in the compression chamber.
Consequently the compressed air is com-

pletely oil-free. The rotors and housing are
manufactured with great precision to mini-
mise leakage from the pressure side to the
inlet. The integrated pressure ratio is limit-
ed by the temperature difference between
the intake and the discharge. This is why
oil-free screw compressors are frequently
built with several stages.

2.1.5.2 Liquid injected
SCrew Compressors

A liquid injected screw compressor is
cooled and lubricated by liquid that is
injected to the compression chamber and
often to the compressor bearings. Its
function is to cool and lubricate the com-
pressor element and to reduce the return
leakage to the intake.



Today oil is the most common liquid due pressure ratio, which why one compres-

to its good lubricating properties, however, sion stage is usually sufficient for pressure
other liquids are also used, for example, up to 13 bar. The element’s low return
water. Liquid injected screw compressor leakage also means that relatively small
elements can be manufactured for high screw compressors are efficient.

Minimum pressure valve

Suction filter
Suction valve

Non-return
valve

Compressor element

von separator

Oil injected screw compressor.
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Suction filter
I Suction valve Intercooler Aftercooler

Water separator Water separator

Compressor element

Oilfree screw compressor.



Inlet ports

Outlet ports

1. Intake

3.Compression completed

2.1.6 Tooth compressor

The compression element in a tooth com-
pressor consists of two rotors that rotate
towards each other in a compression
chamber.

The compression process consists of
intake, compression and outlet. During the
intake phase air is drawn into the compres-
sion chamber until the rotors block the
inlet. During the compression phase the
drawn in air is in the compression cham-
ber, which gets smaller and smaller as the
rotors move.

The outlet is blocked during com-
pression by one of the rotors, while the in-
let is open to draw in new air into the op-
posite section of the compression chamber.

Female r

otor
@ \ Male rotor

2. Compression starts

4. Outlet

Discharge takes place when one of the
rotors opens the channel and the compres-
sed air is forced out of the compression
chamber. Intake and outlet take place ra-
dially through the compression chamber,
which allows the use of simpler bearing
design and improve filling properties.

Both rotors are synchronised via a
gear wheel. The maximum pressure ratio
obtainable with an oil-free tooth compres-
sor is 4.5. Consequently several stages are
required for higher pressures.

2.1.7 Scroll compressor

A scroll compressor is a type of oil-free
rotating displacement compressor, i.e. it
compresses a specific amount of air in an
ever decreasing volume. The compressor
element consists of a fixed spiral in an ele-
ment housing and a motor powered
eccentric, moveable spiral. The spirals are
mounted with 180° phase displacement to
form air pockets with a varying volume.

This provides the elements with ra-
dial stability. Leakage is minimised as the
pressure difference in the air pockets is less
that the pressure difference between the
inlet and the outlet.



A scroll compressor in cross section.

The moving spiral is driven by a short
stroke crankshaft and runs eccentrically
around the centre of the fixed spiral. The
intake is situated at the top of the element
housing.

When the moving spiral runs antic-
lockwise air is drawn in, and is captured in
one of the air pockets and compressed

variably in towards the centre where the
outlet and a non-return valve are situated.
The compression cycle is in progress for
2.5 turns, which virtually gives constant
and pulsating free air flow. The process is
relatively silent and vibration free, as the
element has hardly any torque variation
compared to, e.g. a piston compressor.
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Operating principle for a scroll compressor

2.1.8 Vane compressor

The operating principle for a vane com-
pressor is the same as for many compres-
sed air motors. The vanes are usually
manufactured of special cast alloys and

most compressors are oil lubricated.

Intake

A rotor with radially movable blades is
eccentrically mounted in a stator housing.
When it rotates the vanes are pressed
against the stator walls by centrifugal
force. Air is drawn in when the distance
between the rotor and stator is increasing.
The air is captured in different compressor
pockets, which decrease in volume with
rotation. The air is discharged when the
vanes pass the outlet port.

2.1.9 Liquid-ring compressor

The liquid ring compressor is a displacement
compressor with built-in pressure ratio. The
rotor has fixed blades and is eccentrically
mounted in a housing, which is partly filled
with a liquid. The blade wheel transports the

liquid around in the compressor housing
and a ring of liquid is formed around the
compressor housing wall by means of centri-
fugal force. The liquid ring lies eccentrically
to the rotor as the compressor housing has
an oval form. The volume between the blade
wheel varies cyclically. The compressor is
usually designed with two symmetrical,
opposite compression chambers to avoid
radial thrust on the bearings.

Cooling in a liquid ring compressor is
direct, due to the contact between the li-
quid and the air, and means the tempera-
ture increase on the compressed air is very
little. However, losses through viscous fric-
tion between the housing and the blades
are high. The air becomes saturated with
compressor liquid, which normally is
water. Other liquids can also be used, for
example, to absorb a specific constituent
part of the gas to be compressed or to pro-
tect the compressor against corrosion when
aggressive gases are compressed.

“ — Compression

Outlet



2.1.10 Blowers

A blower is not a displacement compressor
as it works without internal compression.
When the compression chamber comes
into contact with the outlet, compressed air
floods in from the pressure side. It is first
here that compression takes place, when
the volume of the compression chamber
decreases  with  continued  rotation.
Accordingly, compression takes place
against full counter-pressure, which results
in low efficiency and a high noise level.
Two identical, normally symmetrical,
counter-rotating rotors work in a housing
with flat ends and a cylindrical casing. The
rotors are synchronised by means of a gear
wheel. Blowers are usually air cooled and
oil-free. The low efficiency limits the blow-
ers to low pressure applications and com-
pression in a single stage, even if two and
three stage versions are available. Blowers
are frequently used as vacuum pumps and

for pneumatic conveyance.

2.2
Dynamic

compressors

Operating principle of a blower

2.2.1 Dynamic compressors in
general

Dynamic compressors are available in axial
and radial designs. The latter are frequent-
ly called turbo or radial turbo and the for-
mer are called centrifugal compressors. A
dynamic compressor works with a con-
stant pressure, unlike for example a displa-
cement compressor, which works with a
constant flow. The performance of a dyna-
mic compressor is affected by external con-
ditions, for example, a small change in the
inlet pressure results in a large change in
the capacity.



2.2.2 Centrifugal compressors

The centrifugal compressor is character-
ised by the radial discharge flow. Air is
drawn into the centre of a rotating impeller
with radial blades and is thrown out
towards the periphery of the impeller by
centrifugal forces. Before the air is led to
the centre of the next impeller, it passes a
diffuser and a volute where the kinetic
energy is converted to pressure.

The pressure ratio across each stage is
determined by the compressor’s final pres-
sure. This also gives a suitable velocity inc-
rease for the air after each impeller. The air
temperature at the inlet of each stage has a
decisive significance for the compressor’s

power requirement, which is why cooling
between stages is needed. Centrifugal com-
pressors with up to six stages and pressure
up to 25 bar are not uncommon. The
impeller can have either an open or closed
design. Open is the most common with air
applications. The impeller is normally
made of special stainless steel alloy or alu-
minium. The speed is very high compared
with other types of compressor, 15,000-
100,000 r/min are common.

This means that journalling on the
compressor shaft takes place using plain
bearings instead of rolling bearings.
Rolling bearings are used on single stage

compressors with a low pressure ratio.
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Three stage centrifugal compressor



Often multi-stage compressors have two
impellers mounted on each end of the
same shaft to counteract the axial loads
caused by the pressure differences. The
lowest volume flow rate through a centri-
fugal compressor is primarily determined
by the flow through the last stage. A prac-
tical limit value of 160 1/s in the outlet
from a horizontal split machine is often a
rule-of-thumb.

Each centrifugal compressor must be
sealed in a suitable manner to reduce leak-
age along the shaft where it passes
through the compressor housing. Many
types of seal are used and the most advan-
ced can be found on compressors with a
high speed intended for high pressures.
The four most common types are labyrinth
seals, ring seals, (usually graphic seals that
work dry, but even sealing liquids are
used), mechanical seals and hydrostatic
seals.

2.2.3 Axial compressors

A axial compressor has axial flow, the air
or gas passes along the compressor shaft
through rows of rotating and stationary
impellers. In this way the velocity of the air
is gradually increased at the same time as
the stationary blades convert the kinetic
energy to pressure.

The lowest volume flow rate through
such a compressor is about 15 m’/s. A
balancing drum is usually built into the
compressor to counterbalance axial thrust.

Axial
smaller than equivalent centrifugal com-

compressors are generally
pressors and work ordinarily with about a
25% higher speed. They are used for con-
stant high volume rate of flow at a relative-
ly moderate pressure. With the exception
of gas turbine applications the pressure
ratio is seldom higher than 6. The normal
flow is approx. 65 m*/s and effective pres-
sure up to approx. 14 bar(e).
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Axial compressor



2.3 dynamic or displacement type, but piston
Other compressors are the most common. The
power requirement for a booster compres-
sor increases with a rising pressure ratio,
while the mass flow drops. The curve for
2.3.1 Vacuum pumps power requirement as a function of the
intake pressure has the same general form
as the curve for a vacuum pump.

compressors

A vacuum means a lower pressure than
atmospheric pressure. A vacuum pump is

a compressor that works in this pressure 2:21
range. A typical characteristic of a vacuum

pump is that they work with a very high KW 40

pressure ratio, however despite this, multi- 35

stage machines are common. Multi-stage
compressed air compressors can also be =0 14
used for vacuums within the pressure 255
range 1 bar(a) and 0.1 bar(a). _.: \

20: \

2.3.2 Booster compressors 15 \
A booster compressor is a compressor that 10 \
works with air that has been compressed 5 . \

and compresses it to a higher pressure. It is
used to compensate the pressure drop in
long pipelines or in applications where a

0o 1 2 3 4 5 6 7 8bar

higher pressure is required for a sub-pro- Adiabatic power requirement for a booster com-
cess. Compression may be single or multi- pressor with an absolute final pressure of 8 bar.
staged and the compressor can be of a
2:20
/s —
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10" :
10° D B A
10
1 -17 [ -14 [ -11 ! -8 ! -5 ! -2
10 10 10 10 10 10 1
. bar (a)
A Displacement | | Eiector and c Molecular D Sorption or
pumps diffusion pumps pumps cryo pumps

The working range for some types of vacuum pumps



2.3.3 Pressure intensifiers

Pressure intensifiers increase the pressure
in a medium, for example, for laboratory
tests of valve, pipes and hoses. A pressure
of 7 bar can be amplified in a single stage
to 200 bar or up to 1700 bar in multi-staged
equipment. The pressure intensifier is only
available for very small flows.

2:22
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. Low pressure piston

. High pressure piston
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Intake

Outlet
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A cross section of a single stage pressure
intensifier.

When the high pressure chamber is filled,
the low pressure piston is lifted. When the
propellant flows in, the piston is pressed
downwards and forces the medium out
under high pressure. The intensifier can
work in a cycling process, up until a preset
pressure level. All inert gases can be com-
pressed in this way. Air can also be com-
pressed in a pressure intensifier, but must
be completely oil-free to avoid selfignition.

2.4
Treatment of

compressed air

2.4.1 Drying compressed air

All atmospheric air contains water vapour,
more at high temperatures and less at
lower temperatures. When the air is com-
pressed the water concentration increases.
For example, a compressor with a working
pressure of 7 bar and a capacity of 200 1/s
that draws in air at 20°C with a relative
humidity of 80% will give off 80 litres of
water in the compressed air line during an
eight hour working day.

The term pressure dew point (PDP) is
used to describe the water content in the
compressed air. It is the temperature at
which water vapour transforms into water
at the current working pressure. Low PDP
values indicate small amounts of water
vapour in the compressed air.

It is important to remember that
atmospheric dew point can not be com-
pared with PDP when comparing different
dryers. For example, a PDP of +2°C at 7 bar
is equivalent to -23°C at atmospheric pres-
sure. To use a filter to remove moisture
(lower the dew point) does not work. The
reason is because further cooling means
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Moist air Compressor Aftercooler Refrigerant dryer Compressed air system

é 200 lis

air 240 litres
240 litres water/day

AM water/day

90 litres i
water/day Dry air

150 litres 70 litres
water/ water/day
day

A compressor that delivers 200 litres of air per second, also supplies approx. 240 litres of water per day if
working with air at 20°C. To avoid problems and disturbances due to water precipitation in the pipes and
connected equipment the compressed air must be dried. This takes place in an aftercooler and drying
equipment as set out in the figure.

continued precipitation of condensation
water. You can select the main type of dry-
ing equipment based on the pressure dew
point. Seen from a cost point of view, the
lower the dew point required the higher
the acquisition and operating costs for air

Pressure dew point °C

drying. In principle, there are four me-
thods to remove the moisture from com-
pressed air: Cooling, over-compression
absorption and adsorption. There is equip-
ment available, based on these methods for
different types of compressed air systems.
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This is how the relation between dew point and compressed air looks.



Different aftercoolers and water
separators. The water separator
can, for example, work with cyc-
lone separating or separation
through changes indirection and
speed.

2.4.1.1 Aftercooler

An aftercooler is a heat exchanger, which
cools the hot compressed air to precipitate
the water that otherwise would condensate
in the pipe system. It is water or air cooled,
generally equipped with a water separator
with automatic drainage and should be
placed next to the compressor.

80-90% of the precipitated condensa-
tion water is collected in the aftercooler's
water separator. A common value for the
temperature of the compressed air after the
aftercooler is approx. 10°C above the cool-
ant temperature, but can vary depending
on the type of cooler. An aftercooler is
used in virtually all stationary installa-
tions. In most cases an aftercooler is built
into modern compressors.

2.4.1.2 Refrigerant dryer

Refrigerant drying means that the com-
pressed air is cooled, whereby a large
amount of the water condenses and can be
separated. After cooling and condensing
the compressed air is reheated to around
room temperature so that condensation
does not form on the outside of the pipe
system. Cooling of the compressed air

takes place via a closed coolant system. By

cooling the incoming compressed air with
the cooled air in the heat exchanger the
energy consumption of the refrigerant
dryer is reduced. Refrigerant dryers are
used with dew points between +2°C to
+10°C and are limited downwards by the
freezing point of the condensed water.

Compressor Aftercooler Refrigerant dryer
Pressure
7
V4
7
4
7z
Temperature
V4 S
2z e~
| = ~7
Specific humidity
\
N\
\
\
\
\‘
Relative humidity
I —
I

Examples of how different parameters change with
compression, aftercooling and refrigerant drying.
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Incoming compressed air
Air/air heat exchanger
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Water separator

Air/coolant heat exchanger

o

E Dry compressed air
F Compressor

G Condenser

H

Expansion valve

This is how refrigerant cooling works in principle.

2.4.1.3 Over-compression

Over-compression is perhaps the easiest
method to dry compressed air.

Air is first compressed to a higher
pressure than the intended working pres-
sure, which means the concentration of
water vapour increases. Thereafter the air
is cooled, whereby the water is separated.
Finally the air is allowed to expand to the
working pressure, whereby a lower PDP is
attained. However, this method is only
suitable for very small air flow rates, due
to the high energy consumption.

2.4.1.4 Absorption drying

Absorption drying is a chemical process,
where water vapour is bound to the
absorption material. The absorption mate-
rial can either be a solid or liquid. Sodium
chloride and sulphuric acid are frequently
used, which means the possibility of corro-
sion must be taken into consideration.

This method is unusual and has a
high consumption of absorption material.
The dew point is only lowered to a limited
degree.
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2.4.1.5 Adsorption drying

There are two types of adsorption dryer,
cold regenerative and hot regenerative.
Cold regenerative dryers are best suited to
smaller air flow rates. The regeneration
process takes place with the help of com-
pressed air and requires approx. 15-20% of
the dryer's nominal capacity at 7 bar(e)
working pressure, PDP 20°C. Lower PDP
requires a greater leakage air flow. Hot
regenerative adsorption drying regenera-
tes the desiccant by means of electrical or
compressor heat, which is more economi-
cal than cold regeneration. Very low dew
points (-30°C or lower) can be obtained.
Guaranteed separation and drainage
of the condensation water shall always be
arranged before adsorption drying. If the

Solenoid valves

Cold regenerative adsorption drying

compressed air has been produced using
oil lubricated compressors, an oil separat-
ing filter should also be fitted before the
drying equipment. In most cases a particle
filter is required after adsorption drying.
There are adsorption dryers for oil-
free screw compressors that use the heat
from the compressor to regenerate the
desiccant. These types of dryers are gene-
rally fitted with a rotating drum with
desiccant of which one sector (a quarter) is
regenerated by means of a partial flow of
hot compressed air (130-200°C) from the
compressor stage. Regenerated air is then
cooled, the condensationdrained and theair
returned via the ejector to the main air
flow. The rest of the drying drum's surface
(three-quarters) is used to dry the com-



compressed
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Dry
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Schedule
Left tower

Right tower

Pressure equalisation
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Adsorption Regeneration | |
Regeneration | | Adsorption
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Cooling Pressure equalisation and rest

In the diagram the left tower dries the compressed air while the right tower regenerates. After cooling and
pressure equalisation the towers are automatically switched.

pressed air from the compressor's aftercool-

er. The system gives no compressed air

losses. The power requirement for such a
dryer is limited to that required for power-
ing the drum. For example, a dryer with a
capacity of 1000 1/s only requires 120 W.
In addition, no compressed air is lost and
neither oil nor particle filters are required.

Oil-free screw compressor with a MDD type adsorption dryer.
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MD dryer

2.4.2 Filters

Particles in an air stream that pass a filter
can be removed in several different ways.
If the particles are larger than the opening
in the filter material they are separated
mechanically.

This wusually applies for particles
greater than 1 um. The filter’s efficiency in
this regard increases with a tighter filter
material, consisting of finer fibres. Particles
between 0.1 ym and 1 um can be separated
by the air stream going around the filter

the
through their inertia continue straight on.

—— 0 —
e

»

material's fibres, while particles

This is how filter material with mechanical
separation works in theory. Particles that are
> 1um are separated.

These then hit the filter material's fibres
and adhere to the surface. The efficiency of
the filter in this regard increases with an
increased flow velocity and a tighter filter
material consisting of finer fibres.

Very small particles (<0.1 ym) move
randomly in the air stream influenced by
collisions with air molecules. They "hover"
in the air flow changing direction the
whole time, which is why they easily col-
lide with the filter material's fibres and
adhere there. The efficiency of the filter in
this regard increases with a reduction in
the stream velocity and a tighter filter
material consisting of finer fibres.

—— 0 —

Particles between 0.1-1 um move randomly
in the air stream and are separated when they
collide with the fibres in the filter material.



The separating capacity of a filter is a
result of the different sub-capacities as set
out above. In reality, each filter is a com-
promise, as no filter is efficient across the
entire particle scale, even the effect of the
stream velocity on the separating capacity
for different particle sizes is not a decisive
factor. For this reason particles between 0.2
um and 0.4 ym are the most difficult to

separate.
2:34

Particles (<0.1 pm) that collide with fibres
in the filter are separated by adhering to the
surface.

This is how a particle filter can look in reality. A
large filter housing and large area mean a low air

velocity, less pressure drop and a longer service life.

The separating efficiency for a filter is spe-
cified for a specific particle size. A separa-
tion efficiency of 90-95% is frequently
stated, which means that 5-10% of all
particles in the air go straight through the
filter. Furthermore, a filter with a stated
95% separation efficiency for the particle
size 10 ym can let through particles that
are 30-100 ym in size. Oil and water in
aerosol form behave as other particles and
can also be separated using a filter.

Drops that form on the filter mater-
ial's fibres sink to the bottom of the filter
due to gravitational forces. The filter can
only separate oil in aerosol form. If oil in
vapour form is to be separated the filter
must contain a suitable adsorption mate-
rial, usually active carbon.
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A filter to remove oil, water and dust particles. The

filter element has a small diameter and consists of
spun glass fibre



Al filtering results in a pressure drop, that
is to say, an energy loss in the compressed
air system. Finer filters with a tighter struc-
ture cause a greater pressure drop and
become blocked more quickly, which
demands more frequent filter replacement
resulting in higher costs.

Accordingly, filters must be dimen-
sioned so that they not only handle the
nominal flow, but also have a greater capa-
city threshold so they can manage a pres-
sure drop due to a degree of blockage.

2.5
Control and

regulation systems

2.5.1 Regulation, general

Frequently you require a constant pressure
in the compressed air system, which makes
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demands on the ability to be able to control
the compressed air flow from the compres-
sor centre. There are a number of methods
for this depending on, e.g. the type of com-
pressor, permitted pressure variations, con-
sumption variations and acceptable losses.
Energy consumption represents ap-
prox. 80% of the total cost for compressed
air, which means that you should carefully
consider the choice of regulation system.
Primarily this is because the differences in
performance broadly overshadow the dif-
ferences between compressor types and
manufacturers. It is ideal when the com-
pressor's full capacity can be exactly adap-
ted to an equal consumption, for example,
through carefully choosing the gearbox's
transmission ratio, something that is
frequently used in process applications. A
number of consumers are self-regulating,
i.e. increased pressure gives an increased

200

250

Time in seconds

300

1. Continuous capacity regulation 2. Load/unload regulation



flow rate, which is why they form stable
systems. Examples can be pneumatic
conveyors, ice prevention, chilling, etc.
However, normally the flow rate must be
controlled, which often takes place using
equipment integrated in the compressor.
There are two main groups of such regula-
tion systems:

1. Continuous capacity regulation involves
the continuous control of the drive motor
or valve according to variations in pres-
sure. The result is normally small pressure
variations (0.1 to 0.5 bar), depending on
the regulation system's amplification and
its speed.

2. Load/unload regulation is the most
common regulation system and involves
the acceptance of variations in pressure
between two values. This takes place by
completely stopping the flow at the higher
pressure (off-loading) and resume the flow
rate (loading) when the pressure has drop-
ped to the lowest value. Pressure varia-
tions depend on the permitted number of
load /unload cycles per time unit, but nor-
mally lie within the range 0.3 to 1 bar.

2.5.2 Regulation principles for
displacement compressors

2.5.2.1 Pressure relief

The original method to regulate a compres-
sor is a pressure relief valve, which relea-
ses excess pressure into the atmosphere.
The valve in its simplest design can be
spring loaded, where the spring tension
determines the final pressure.

Frequently a servo-valve is used
instead, which is controlled by a regulator.
The pressure can then be easily controlled
and the valve can also act as an off-loading

valve when starting a compressor under
pressure. Pressure relief makes large ener-
gy demands, as the compressor must work
continuously against full counter pressure.

A variant, which is used on smaller
compressors, is to unload the compressor
by fully opening the valve so that the com-
pressor works against atmospheric pres-
sure. Power consumption is significantly
more favourable using this method.

2.5.2.2 Bypass

Bypass regulation has in principle the
same function as pressure relief. The
difference is that the pressure relieved air
is cooled and returned to the compressor's
intake. The method is often used on pro-
cess compressors where the gas is unsuit-
able or too valuable to release into the
atmosphere.
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2.5.2.3 Throttling the intake

Throttling is an easy method to reduce the
flow. By increasing the pressure ratio
across the compressor, depending on the

induced underpressure in the intake, the



method is however limited to a small regu-
lation range. Liquid injected compressors,
which have a large permitted pressure
ratio, can however be regulated down to
10% of the maximum capacity. This
method makes relatively high energy
demands, due to the high pressure ratio.

2.5.2.4 Pressure relief
with throttled intake

The most common regulation method cur-
rently used that unites a maximum regula-
tion range (0-100%) with low energy con-
sumption, only 15-20% of full load power
with an off-loaded compressor (zero flow).
The intake valve is closed, but with a small
opening remaining, at the same time as a
blow off valve opens and relieves the out-
going air from the compressor.

The compressor element then works with a
vacuum in the intake and low counter pres-
sure. It is important the pressure relief is
carried out quickly and that the relieved
volume is small to avoid unnecessary los-
ses during the transition from loaded to
unloaded. The system demands a system
volume (air receiver), the size of which is
determined by the acceptable difference
between loading and off-loading pressure
and by the permitted number of unloading
cycles per hour.

2.5.2.5 Start/stop

Compressors less than 5-10 kW are often
controlled by completely stopping the
electric motor when the pressure reaches
an upper limit value and restarting it when
the pressure passes the lower limit value.
The method demands a large system vol-
ume or large pressure difference between
the start and stop pressure, to minimise the
load on the electric motor. This is an effec-
tive regulation method under the condi-
tion that the number of starts per time unit
is kept low.

2.5.2.6 Speed regulation

A combustion engine, turbine or frequency
controlled electric motor controls the com-
pressor's speed and thereby the flow. It is an
efficient method to attain an equal outgoing
pressure and a low energy consumption.

s

The regulation range varies with the type

of compressor, but is greatest for liquid
injected compressors. Frequently speed
regulation and pressure relief are com-
bined, with or without a throttled intake,
at low degrees of loading.



2.5.2.7 Variable discharge port

The capacity of screw compressors can be
regulated by moving the position of the
discharge port in the housing, in the
screw’s lengthways direction, towards the
the method demands
high power consumption with sub-loads

intake. However,

and is relative unusual.

2.5.2.8 Suction valve unloading

Piston compressors can be effectively relie-
ved by mechanically forcing the intake val-
ves to the open position. Air is then pump-
ed out and in under the position of the
piston, with minimal energy losses as a
result, often lower than 10% of the loaded
shaft power. On double acting compres-

ced to better adapt the capacity to the
demand. An odd method used on process
compressors is to allow the valve to be
open during a part of the piston stroke and
thereby receive a continuous flow control.

2.5.2.9 Clearance volume

By varying the clearance volume on a
piston compressor the degree of filling de-
creases and thereby the capacity. The clear-
ance volume is varied by means of an
externally connected volumes.

2.5.2.10 Load—-unload-stop

The most common regulation method used
for compressors greater than 5 kW that
combines a large regulation range with
low losses. In practice a combination of the

sors there is generally multi-stage off-loa- start/stop and different off-loading
ding, where one cylinder at a time is balan- systems. See further under 2.5.4.2.
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2.5.3 Regulation principles for
dynamic compressors
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2.5.3.1 Throttling the intake

The intake can be throttled on a dynamic
compressor to continuously reduce the
capacity of the compressor. The minimum
flow is determined when the pressure ratio
reaches the pump limit and the machine
becomes unstable (surge).

The regulation range is determined
by the design of machine, for example, the
number of stages and the impeller design,
but also to a large degree by external fac-
tors such as counter pressure, suction tem-
perature, and the coolant temperature. The
minimum flow often varies between 60%
and 85% of the maximum flow.

2.5.3.2 Inlet guide vanes

Vanes arranged as radial blades in the in-
take cause the in-drawn gas to rotate, at
the same time as the flow is throttled. The
method acts as throttling, but with a grea-
ter regulation range and with improved
energy utilisation. Regulation down to
50-60% of the design flow is a typical
value. There is also the possibility of in-
creasing the capacity and pressure of the
compressor to a certain degree, by turning

the vanes in the opposite direction, how-
ever, this does impair performance a little.

2.5.3.3 Outlet guide vanes (diffuser)

To further improve the regulation range
you can also control the flow in the com-
pressor stage's diffuser. Regulation down
to 30% with maintained pressure is com-
mon. Normally usage is limited to single
stage compressors, due to the complexity
and increased costs.

2.5.3.4 Pressure relief

The original method of regulating a dyna-
mic compressor was also to use a pressure
relief valve, which releases excess com-
pressed air into the atmosphere. The
method works in principle as pressure
relief on a displacement compressor.

2.5.3.5 Load—unload-stop

While throttling the compressor's inlet is
limited by the pump limit, this can be sol-
ved in one of two ways:

1. Modulating. The excess flow is released
into the atmosphere (or intake), however,
with unchanged energy consumption.

2. Auto Dual. The regulation system virtu-
ally fully closes the intake valve at the
same time as the compressor's outlet is
opened to the atmosphere (compare the
displacement compressor). However, the
off-loading power is relatively high, over
20% of the full load power, depending on
the design of the impeller, etc.

2.5.3.6 Speed regulation

Speed regulation is commonly used on
compressors where the flow shall be regu-
lated and the pressure is permitted to vary.
With constant pressure regulation, speed
regulation gives no benefits when compa-
red with other regulation systems.
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The relation between the shaft
power and flow for oil lubricated
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2.5.4 Control and monitoring

2.5.4.1 General

Regulation principles for different com-
pressors are taken up in chapters 2.5.2 and
2.5.3. To control compressors according to
these principles requires a regulation
system that can either be intended for an
individual compressor or an entire com-
pressor installation.

Regulation systems are becoming
more advanced and development goes
quickly. Relay systems have been replaced
by programmable equipment (PLC), which
in turn are being replaced by product
adapted systems based on microcompu-
ters. The designs are often an attempt to
optimise operations and cost.

This section deals with a few of the
control and monitoring systems for the
most common types of compressor.

2.5.4.2 Load—unload-stop

The most common regulation principles
for displacement compressors are "produce
air"/"don't produce air" (loaded/unload-
ed), see 2.5.2.4 and 2.5.2.5.

When air is required a signal is sent
to a solenoid valve, which in turn guides
the compressor's intake damper to the
fully open position. The damper is either
fully opened (loaded) or fully closed (un-
loaded), there is no intermediate position.

The traditional control, now common
on smaller compressors, has a pressure
switch placed in the compressed air system
that has two settable values, one for the
minimum pressure (= loaded) and one for
maximum pressure (unloaded). The com-
pressor will then work within the limits of
the set values, for example, 0.5 bar. If the
air requirement is small or nothing the

compressor runs off-loaded (idling). The

length of the idling period is limited by a
timer (set e.g. to 20 minutes). When the
time elapses, the compressor stops and
does not start again until the pressure has
dropped to the minimum value. This is the
traditional tried and trusted control
method. The disadvantage is that it gives
slow regulation.

NVAVAWSE

Pressure band, min—max, within which the com-
pressor works. "Min” = load, "Max" = off-load.

A further development of this traditional
system is to replace the pressure switch
with an analogue pressure transducer and
a fast electronic regulation system. The
analogue transducer can, together with the
regulation system, sense how quickly the
pressure in the system changes. The
system starts the motor and controls the
opening and closing of the damper at the
right time. This gives quick and good
regulation within + 0.2 bar.

Y Open damper %
Start motor~\ Close damper

Min
An advanced regulation system can send signals to
the motor, starter and regulator at "the right time”.

If no air is used the pressure will remain
constant and the compressor will run off-
loaded (idling). The length of the idling
period is controlled by how many starts
and stops the electric motor can withstand
without becoming too hot and by the over-
all operating economy. The latter is possib-
le as the system can analyse trends in air
consumption and thereby decide whether
to stop the motor or continue to idle.
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2.5.4.3.Speed control

Compressors with a power source whose
speed is controlled electronically provide a
great opportunity to keep the compressed
air constant within a very tight pressure
range.

A frequency converter, which regula-
tes the speed on a conventional induction
motor, is an example of such a solution.
The compressor's capacity can be adapted
exactly to the air requirement by contin-
uously and accurately measuring the
system pressure and then allow the pres-
the motor's
thereby the
motor's speed. The pressure within the

sure signals to control

frequency converter and

system can be kept within + 0.1 bar.

2.5.5 Control and monitoring

All compressors are equipped with some
form of monitoring equipment to protect
the compressor and prevent production
downtime. The transducer is used to sense
the current condition of the installation.
Information from the transducers is pro-
cessed by the monitoring system, which
gives a signal to, e.g. an actuator.

A transducer for measuring the pres-
sure or temperature often consists of a sen-
sor and a measurement converter. The sen-
sor senses the quantity to be measured.
The measurement converter converts the

sensor's output signal to an appropriate
electrical signal that can be processed by
the control system.

2.5.5.1 Temperature measurement

A resistance thermometer is normally used
to measure the temperature. This has a
metal resistor as a transducer, whose
resistance increases with the temperature.
The change in resistance is measured and
converted to a signal of 4-20 mA. Pt 100 is
the most common resistance thermometer.

The nominal resistance at 0°C is 100Q.

Pt 100

An example of a 3 wire connection using a resistan-
ce thermometer of 100Q. The resistance thermome-
ter and connectors are connected on a bridge.

The thermistor is a semiconductor, whose
resistance changes with the temperature. It
can be used as a temperature controller, for
example, on an electric motor. PTC, Posi-
tive Temperature Coefficient, is the most
common type. The PTC has an insignifi-
cant change in resistance with increased



temperature up to a reference point, where
the resistance increases with a jump. The
PTC is connected to a controller, which
senses the "resistance jump" and gives a
signal, for example, stop the motor.

2.5.5.2 Pressure measurement

A pressure sensing body, e.g. a diaphragm
is used to measure the pressure. The
mechanical signal from the diaphragm is
then converted to an electrical signal, 4-20
mA or 0-5V.

WZU

1. Connections
2. Measurement
diaphragm

4 5
. Silicone oil
. Fixed isolator
. Protective diaphragm

Example of a capacitive system for pressure
measurement

The conversion from a mechanical to an
electrical signal can take place in different
measurement systems. In a capacitive
system, pressure is transferred to a diaph-
ragm. The position of the measurement
diaphragm is sensed by a capacitor plate
and is converted in a measurement conver-
ter to a direct voltage or direct current,
proportional to the pressure.

The resistive measurement system consists
of a strain gauge, connected in a bridge
connection and attached to the diaphragm.

When the diaphragm is exposed to
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supply

o Output signal
0

Bridge connection with strain gauge.

pressure a low voltage (mV) is received.
This is then amplified to a suitable level.
The piezo electric system is based on speci-
fic crystals (e.g. quartz) generating electri-
cal charges on the surface of the crystal.
The charges are proportional to the force
(pressure) on the surface.

2.5.5.3 Monitoring

Monitoring equipment is adapted accord-
ing to the type of compressor, which
entails a large range when concerning the
scope of equipment. A small piston com-
pressor is only equipped with a conventio-
nal overload cut-out for the motor, while a
large screw compressor can have a number
of cut-outs/transducers for overloading,
temperature and pressure, etc.

On smaller, more basic machines the
control equipment switches off the com-
pressor and the machine is blocked for res-
tarting when a cut-out gives an alarm
value. A warning lamp, can in some cases,
indicate the cause of the alarm.

Compressor operations can be fol-
lowed on a control panel on more advan-
ced compressors, for example, by directly
reading off the pressure, temperature and
status, etc. If a transducer value approaches
an alarm limit the monitoring equipment
gives off a warning. Measures can then be
taken before the compressor is switched
off. If the compressor is stilled stopped by
an alarm, the restart of the compressor is
blocked until the fault has been rectified or
is reset by hand.



Trouble shooting is significantly facilitated
on compressors equipped with a memory
where data on, e.g. temperatures, pressure
and operating status are logged. The capa-
city of the memory covers, for example, the
last 24 hours. By using this it's possible to
produce trends over the last day and then,
using logical trouble shooting, quickly
track down the reason for the downtime.

2.5.6 Comprehensive
control system

Compressors that are a part of a system of
several machines should have co-ordinated
compressor operations. There are many
factors that speak for a comprehensive
control system. The division of operating
times between machines reduces the risk
of unexpected stoppages. Servicing com-
pressors is also easier to plan. Standby
machines can be connected if something
should occur during operations.

2.5.6.1 Starting sequence selector

The simplest and most common form of

Compressor Outlet

Intercooler

Automatically Loaded

Menu Show More

o
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7.7 bar
2.1 bar

Unload

master control system is the well tried and
tested start sequence selector. This has the
task of equally dividing the operating
times and starts between the connected
compressors. The start sequence can be
switched manually or automatically accord-
ing to a time schedule. This basic selector
utilises an on/off pressure transducer,
with one transducer per compressor,
which is a simple and practical solution.

The disadvantage is that there are rel-
atively large steps between the different
compressor's loading and off-loading
levels, which in turn gives relatively broad
pressure bands (the span between maxi-
mum and minimum levels) for the installa-
tion. Therefore this type of selector should
not be used to control more than 2-3 com-
pressors.

A more advanced type of start se-
quence selector has the same type of se-
quence control, but with only one, centrally
positioned, analogue pressure transducer.
This manages to keep the installation's

total pressure band within a few tenths of

TR | |
B @

A user-friendly monitoring panel shows all the operating parameters for the compressor, for example,
pressure and temperatures, with data logically grouped for direct read-off.



Compressor 1
Compressor 2
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Total pressure band

Compressor 3
Compressor 4
DD Compressor 5

Total
pressure
band

The difference in the pressure band for five compressors controlled by conventional pressure switches
(left-hand field) and the same machines controlled by a regulation system with an analogue transducer
(right-hand field).

a bar and can control 2-7 machines. A start
sequence selector of this type, which
selects the machines in fixed sequences,
does not take the capacity of the compres-
sors into consideration. It is therefore
appropriate that the connected compres-

sors are of approximately the same size.

2.5.7 Central control

Central control in association with com-
pressors usually means relatively intelli-
gent control systems. The basic demand is
to be able to maintain a predetermined
pressure within tight limits and that the
installation's operation shall be as econo-
mic as possible. To achieve this, the system
must be capable of predicting what will
happen in the system and at the same time
sense the load on the compressor.

The system senses how quickly the pres-
sure changes, upwards or downwards (i.e.
the time derived pressure). Using these

values the system can perform calculations
that make it possible to predict the air
requirement and, for example, off load/
load or start/stop the machines. In a
the

correctly dimensioned installation

pressure will be within + 0.2 bar.

It is extremely important for the operating
economy that the central control system
selects a compressor or compressor combi-
nations, if compressors of different capa-
city are included in the system.

The compressors shall run virtually
continuously loaded and thereby minimise
idling to give the best economy.

An another advantage of a comprehensive
control system is that it is generally possib-
le to connect older machines to these
systems and thereby, in a relatively easy
manner, modernise the entire compressor
installation. Operations become more eco-
nomic and availability increases.
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A centrally controlled compressor installation

2.5.8 Remote monitoring

In a number of compressor installations
there may be a need of monitoring and
controlling compressor operations from a
remote location. On smaller installations it
is fairly easy to connect an alarm, operat-
ing indicator, etc. from the compressor.
Normally it is also possible for remote
starting and stopping.

On
immense value is at stake, central monitor-

larger installations, where
ing can be motivated. It should consist of
equipment that gives a continuous over-
view of the system, but where it is also
possible to access individual machines to
control details such as the intercooler pres-
sure, oil temperature/ etc.

The monitoring system should also
have a memory, so that it is possible to

produce a log of what has happened

during the past 24 hours. The log makes
up the basis for trend curves, where it is
possible to read off whether any values
have a tendency of deviating from the
default. The curves can form the basis for
continued operations or a planned stop.

The system frequently presents compres-
sor installation status reports in the form of
different levels, from a total overview to
detail status for individual machines.
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An overview display with remote monitoring. The upper section shows the installation status. Three
machines in operation, one stopped. In the lower section details for compressor 4 are shown, among
others, flow chart for the compressed air, cooling water and oil as well as prevailing compressor data.






3.1
Dimensioning

compressor
installations

3.1.1 General

A number of decisions must be made
when dimensioning a compressed air
installation for it to suit the user’s needs,
give the best operating economy and be
prepared for future expansion.

The foundation is the applications or
process that will use the compressed air.
Therefore, you must start by mapping out
these to gain the correct basis for continu-
ed dimensioning.

The areas to be looked at are calculation or
assessment of the air requirement and the
reserve capacity and the space for future
expansion. The working pressure is a criti-
cal factor, as this significantly affects the
energy consumption. Sometimes it can be
economical to use different compressors
for different pressure ranges.

The quality of the compressed air is
not just a question of the water content,
but has also become increasingly directed
towards environmental issues. Odour and

the microorganism content are important
factors that can affect the product quality,
rejections, the working environment and
the outdoorenvironment. The issue of whe-
ther the compressor installation should be
centralised or decentralised affects the
space requirement and perhaps future
expansion plans. From economic and
environmental standpoints it is becoming
more important to investigate the possibi-
lities of recovering energy at an early
stage, this often gives very quick return on
the investment.

It is important to analyse these types
of issues with regard to current as well as
future requirements. It is then possible,
and only then, to design an installation
offering sufficiently flexibility.

3.1.1.1 Calculating the working pressure

The compressed air equipment in an
installation determines the requisite work-
ing pressure. The right working pressure
does not just depend on the compressor
but also on the design of the compressed
air system with piping, valves, compres-
sed air dryers, filters, etc.

Different types of equipment can
demand a different pressure in the same
system. Normally the highest pressure
determines the requisite installation pres-

Nominal air
Connected equipment omina’ a

requirement

Total air
requirement max/min

Utilisation
factor max/min

Tools, total

Production lines, total

Process lines, total

The air requirement for connected equipment is obtained from, e.g. tool catalogues and descriptions of
production equipment. By analysing and assessing the utilisation factor you can easily attain upper and
lower limits for the overall air requirement.



sure and other equipment is fitted with
reducing valves at the point of consump-
tion. In more extreme cases the method
can be uneconomical and a separate com-
pressor for special needs can be a solution.

Also bear in mind that the pressure
drop increases quickly with an increasing
flow. If a change in consumption can be
expected, it is makes economic sense to
adapt the installation to these conditions.

Filters, special dust filters, have a low
initial pressure drop, but in time become
blocked and are replaced at the recom-
mended pressure drop, which here will be
a factor in the calculation. The compres-
sor’s flow regulation also brings about
pressure variations and shall be included
in the assessment. It may be appropriate to
systematise the calculations according to
the following example:

Description Pressure drop bar(e)

End user 6

Final filter 0.1-0.5
Pipe system 0.2
Dust filter 0.1-0.5
Dryer 0.1

Compressor’s regulation range 0.5

Compressor’s max

working pressure 7.0-7.8

Primarily it is the end user together with
the pressure drop between the compressor
and the consumer that determines the
pressure that the compressor needs to pro-
duce. By, as in this example, adding the
pressure drop in the system the working
pressure can be determined.

3.1.1.2 Calculating the air requirement

The nominal compressed air requirement
is determined by the air consumers. This is
calculated as a sum of the air consumption

for all tools, machines and processes to be
connected, bearing in mind the utilisation
factor that experience tells us will be perti-
nent. Additions for leakage, wear and
future changes in the air requirement must
also be considered.

A simple method to estimate the present
and future air requirement is to compile
the air requirement for connected equip-
ment and the utilisation factor.

This type of calculation requires a list
of machines, supplemented with respec-
tive machine’s air consumption and expect-
ed utilisation factor. If you do not have
data for the air consumption or utilisation
factor, standard values can be used. The
utilisation factor for tools can be difficult
to estimate, therefore calculation values
should be compared with measured con-
sumption in similar applications.

For example, when large power con-
sumers such as grinders and sand-blasting
machines are used, it is frequently for long
periods (3-10 min) under continuous op-
eration, despite the low overall utilisation
factor. This does not really correspond to
intermittent operation, which is why it is
necessary to estimated how many machi-
nes will be used simultaneously to judge
the total maximum air consumption.

The compressor capacity is essenti-
ally determined by the total nominal com-
pressed air requirement. The compressor’s
free output flow rate should cover this rate
of air consumption. The calculated reserve
capacity is primarily determined by the
cost of lost production with a possible
compressed air failure.

The number of compressors and the mutu-
al size is determined principally by the
required degree of flexibility, control sys-
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The principle for an operating analysis.

tem and energy efficiency. In an installa-
tion where, due to reasons of cost, only one
compressor shall answer for the compres-
sed air supply, the system can be prepared
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compressor
installations
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for the quick connection of a portable com-
pressor in connection with servicing. An
older compressor, used as a reserve source,

can be used for inexpensive reserve power.
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During an operating analysis the compressed air production is continuously measured, for example,

during a week. This is the results in diagram form for a

compressor with the capacity 260 m*/min where

the different curves represent the days of the week.



3.1.1.3 Measuring the air requirement

An operating analysis provides key factors
about the compressed air requirement and
forms the basis for assessing how much
compressed air it is best to produce. Most
industrial companies develop continuous-
ly, which means that the compressed air
requirement also changes. It is therefore
important that the compressed air supply
is based on the current prevailing condi-
tions, at the same time as an appropriate
margin for expansion is built into the
installation.

Operating analysis involves the measure-
ment of operating data, possibly supple-
mented with the inspection of an existing
compressed air installation during a suit-
able period of time. The analysis should
comprise at least one week of operations
and the measurement period should be
selected with care in order to serve as a
typical case to ensure that a relevant pic-
ture is obtained. The stored data also pro-
vides an opportunity to simulate different
measures and changes in compressor op-
erations and to analyse the significance for
the installation’s overall economy.

Factors such as the loading times and
off-loading times also have a bearing on
the total assessment of compressor opera-
tions. These provide the basis to assess the
loading factor and the compressed air
requirement, spread over a day or work-
ing week. Accordingly, the loading factor
can not just be read off on the compres-
sor’s running hour meter.

An operating analysis also gives a basis for
the potential energy recovery. Frequently
more than 90% of the supplied energy can
be recovered. Furthermore, the analysis can
provide answers relating to dimensioning

as well as the operating method for the
installation. For example, the working
pressure can often be reduced at certain
times and the control system can be modi-
fied in order to improve compressor usage
with changes in production. Another
important factor is to check whether there
is any leakage.

For the production of small quanti-
ties of air during the night and weekends,
you must consider whether it is worth-
while installing a smaller compressor to
cover this requirement.

Hole . o @
diameter: mm 1 3 5 10
Leakage, (I/s)

at 6 bar 1 10 27 105
Power loss, kW

at the compressor 0,3 3,1 83 33

Even small leakage can result in large costs
and downtime.

3.1.2 Centralisation or
decentralisation

3.1.2.1 General

There are several factors that affect the
choice between one large or several smal-
ler compressors to meet the same compres-
sed air requirement. For example, the cost
of a production stoppage, the availability
of electricity, loading variations, costs for
the compressed air system and the avail-
able floor space.

3.1.2.2 Centralised
compressor installations

A centralised compressor installation is in
most cases the solution of choice, as it is



less expensive than several, locally situa-
ted compressors. Compressor plant can be
efficiently interconnected, which result in
lower energy consumption. A central
installation also involves lower monitoring
and maintenance costs as well as better
conditions for recovering energy. The
overall, requisite floor area for the com-
pressor installation is less. Filters, coolers
and other auxiliary equipment and the air
intake can be optimally dimensioned and
installed. Noise insulation will also be easi-
er to fit.

A system comprising several, diffe-
rent sized compressors in a central installa-
tion can be sequence controlled to improve
efficiency. One large compressor has dif-
ficulty in meeting large variations in the
compressed air requirement, without effi-
ciency dropping.

For example, systems with one large
compressor are often supplemented with a
smaller compressor, for use during periods
such as a night shift or at weekends.
Another factor worth considering is the
effect the start of a large electric motor has
on the mains supply.

3.1.2.3 Decentralised
compressor installations

A system with several decentralised com-
pressors involves a smaller, simpler com-
pressed air system. The disadvantages of
decentralised compressors is the difficulty
in inter-regulating the compressed air sup-
ply, the expense and that maintenance
work is more demanding as well as it is
hard to maintain a reserve capacity. De-
centralised compressors can be utilised to
maintain the pressure in a system with a
large pressure drop if the intermediate
processes temporarily draw too much air.
Otherwise an alternative with extremely

short peaks is to solve the problem by
positioning a buffer (air receivers) at stra-
tegic places.

A unit or building normally supplied
from a compressed air central and which is
the sole consumer of compressed air at
specific periods can be sectioned off and
supplied with its own compressor. The
advantage of this is you avoid “feeding”
any leakage in the remaining part of the
system and that the localised compressor
can be adapted to the smaller requirement.

3.1.3 Dimensioning at high altitude

3.1.3.1 General

The ambient pressure and temperature
diminish at heights above sea level. This
affects the pressure ratio, for compressors
as well as the connected equipment, which
in practice means an influence on the
power and air consumption. At the same
time the changes also affect the available
rated power from electric motors and com-
bustion engines.

You should also be aware of how the
ambient conditions influence the end user.
Is it a specific mass flow rate, e.g. in a pro-
cess or is it volume flow rate you require?
Is it the pressure ratio, absolute pressure
or over pressure that was used for dimen-
sioning? Is the compressed air temperature
significant?

All these create different conditions
for dimensioning a compressed air instal-
lation installed at a high altitude and can
be fairly complex to calculate. If you feel
unsure you should always contact the
manufacturer of the equipment.



Atmospheric pressure

Height
below/
above sea | Pressure |Temperature
level bar °C

-1000 1.138 21.5
-800 1.109 20.2
-600 1.080 18.9
-400 1.062 17.6
-200 1.038 16.3
0 1.013 15.0
200 0.989 13.7
400 0.966 124
600 0.943 11.1
800 0.921 9.8
1000 0.899 8.5
1200 0.877 72
1400 0.856 5.9
1600 0.835 4.6
1800 0.815 33
2000 0.795 2.0
2200 0.775 0.7
2400 0.756 -0.6
2600 0.737 -1.9
2800 0.719 -3.2
3000 0.701 -4.5
3200 0.683 -5.8
3400 0.666 =741
3600 0.649 -8.4
3800 0.633 -9.7
4000 0.616 -11.0
5000 0.540 -17.5
6000 0.472 -24.0
7000 0.411 -30.5
8000 0.356 -37.0

The table shows the standardised pressure and
temperature variations at different heights. The
pressure is dependent on the weather and varies
approx. + 5%, while the local season dependent
temperature variations can be considerable.

3.1.3.2 The effect on a compressor

To choose the right compressor where the
ambient conditions differ from those sta-
ted on the data sheet, you should take the
following factors into consideration:

* Height above sea level

or ambient ressure

* Ambient temperature

* Humidity

« Coolant temperature

« Type of compressor

« Power source

These factors primarily affect the follow-
ing:

» Max. working pressure

» Capacity

» Power consumption

» Cooling requirement

The most important factor is the intake
pressure variations at altitude. For examp-
le, this means a compressor, with a pressu-
re ratio of 8.0 at sea level, will have a pres-
sure ratio of 11.1 at an altitude of 3000
metres (under the condition that the work-
ing pressure is constant). This affects the
efficiency and thereby the power require-
ment. To what degree is dependent on the
type of compressor and the design as set
out in figure 3:6.

The ambient temperature, humidity
and coolant temperature interact and

Reduction for each 1000 metres above sea level

Compressor type Free output flow rate % | Mass flow or Normal flow %
Single stage oil-free screw compressor 0.3 11
Two stage oil-free screw compressor 0.2 11
Single stage oil injected screw compressor 0.5 12
Single stage piston compressor 5 17
Two stage piston compressor 2 13
Multi-stage centrifugal compressor 0.4 12

A rule of the thumb for the altitude’s effect on the compressor at 7 bar(e) working pressure and constant
ambient temperature. Bear in mind that each compressor has a top pressure ratio that can not be exceeded.



Height above sea Ambient temperature, °C
level, metres

<30 30-40 45 50 55 60
1000 107 100 96 92 87 82
1500 104 97 93 89 84 79
2000 100 94 90 86 82 77
2500 96 90 86 83 78 74
3000 92 86 82 79 75 70
3500 88 82 79 75 71 67
4000 82 77 74 71 67 63

The table shows the permitted load in % of the electric motor’s rated power.

affect the compressor’s performance to dif-
ferent degrees on single or multi-stage
compressors, dynamic compressors and
displacement compressors.

3.1.3.3 Power source

3.1.3.3.1 Electric motors

Cooling becomes impaired on electric
motors by the thinner air at high altitude.
It should be possible for standard motors
to work up to 1000 m and with an ambient
temperature of 40°C without the rated
data deteriorating. With greater heights
table 3:7 can be used as a guideline for
standard motors. Notice that for some
types of compressor the motor perform-
ance is impaired more than the
compressor’s requisite shaft power at high
altitude.

3.1.3.3.2 Combustion engines

A reduction in the ambient pressure, a
temperature increase or a reduction in
humidity reduce the oxygen content in the
intake air and thereby the extractable
power from the engine. The degree of
shaft power degradation depends on the
type of engine and its breathing method as
set out in figure 3:8. The humidity plays a
lesser part (<1% /1000 m) when the tempe-
rature falls below 30°C.

Notice that the engine power falls
more rapidly than the compressor’s requi-
site shaft power, which means that for
each compressor/engine combination
there is a maximum working height.
Generally, you should let respective sup-
pliers calculate and state the specific data
that applies to the compressor, engine and
air consumption equipment in question.

Engine t Power reduction in % per 1000 m Power reduction in % per
ngin W ucti 1

ginetype °P 10°C temperature increase
Suction engine 12 3.6
Compressor fed 8 5.4

The table shows how combustion engines are affected by altitude and temperature.



3.2

Alir treatment

3.2.1 General

It is a matter of vital importance to the
user that the compressed air is of the right
quality. If air that contains contamination
comes into contact with the final product,
rejection costs can quickly become unac-
ceptably high and the cheapest solution
can quickly become the most expensive. It
is important that you select the compres-
sed air quality in line with the company’s
quality policy and even attempt to judge
future requirements.

The compressed air can contain
unwanted substances, for example, water
in drop or vapour form, oil in drop or
aerosol form as well as dust. Depending
on the compressed air’s application area,
these substances can impair the produc-
tion result and even increase costs. The
purpose of air treatment is to produce the

e
S

Air receiver

Compressor

Refrigerant dryer
Oil separator

compressed air quality specified by the
consumer.

When the compressed air’s part in
the process is clearly defined, the answer
to which system is the most profitable and
efficient will be found. It is a question,
among others, of establishing whether the
compressed air will come into direct con-
tact with the product or whether, e.g. oil
mist can be accepted in the working envi-
ronment. A systematic method is necessa-
ry to select the right equipment.

3.2.2 Water vapour in

the compressed air
Air in the atmosphere always contains
moisture in the form of water vapour.
Some follows with the compressed air and
can cause problems. Examples of which
are: High maintenance costs, shortened
service life and impaired tool performance,
high rate of rejection with spray painting
and plastic injection, increased leakage,
disturbances in the control system and
instruments, shorter service life for the

Adsorption dryer

Dust filter

The main components in a compressed air system when set up and installed.
The equipment for air treatment determines the quality of the compressed air,
which has a great effect on the economy of the installation.
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ISO 8573-1 quality classes

Quality class Contamination Water Qil
Particle size Max. concentration Max pressure Max. concentration
(um) (mg/m3) dew point (°C) (mg/m?)
1 0.1 0.1 -70 0.01
2 1 1 -40 0.1
3 5 5 -20 1.0
4 15 8 +3 5.0
5 40 10 +7 25
6 - - +10 -
For example: compressed air of quality class 2.2.2. (Contamination: Particles 1 um and
1 mg/m?3, water: -40°C pdp (pressure dew point), oil: 0,1 mg/m?3)

1SO has quality classified compressed air with regard to the degree of contamination.

pipe system due to corrosion and more
expensive installation. The water can be
separated by using accessories, e.g. after-
coolers, condensation sepators, refrigerant
dryers and adsorption dryers.

A compressor that works with 7
bar(e) overpressure, compresses air to 7/8
the volume. This also reduces the air’s abi-
lity to hold water vapour by 7/8. The
quantity of water that is released is consi-
derable. For example, a 100 kW compres-
sor that draws in air at 20°C and with 60%
relative humidity will give off approx. 85
litres of water during an 8 hour shift.
Consequently, the amount of water to be
separated depends on the compressed air’s

application area. This in turn is decides
which combination of coolers and dryers
are suitable.

3.2.3 Oil in the compressed air

The quantity of oil in the compressed air is
dependent on several factors, among
others, the type of machine, design, age,
condition, etc. There are two main types of
compressor design in this respect, those
working with lubricant in the compression
chamber and those working without lubri-
cant. In lubricated compressors the oil
takes part in the compression process and
also follows with the compressed air fully

or partly. However, on modern, lubricated

25°C 100% relative humidity
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"'20 r|20
H,0
1 m3; 8 bar(a), 7 bar(e)
IR
2 -
HO H,0 Compressor _} H,0
H,0 25°C 100%
relative humidity

@ @2

A compressor that works with 7 bar(e) overpressure, compresses air to 1/8 of the volume.



piston and screw compressors the oil
quantity is only small. For example, in an
oil injected, screw compressor the oil con-
tent in the air is less than 3 mg/m?® at 20°C.
The oil content can be reduced by means
of multi-stage filters. If such a solution is
chosen it is important to consider the qua-
lity limitations, risks and energy costs this
brings about.

3.2.4 Microorganisms
in the compressed air

More than 80% of the particles that conta-
minate the compressed air are less than 2
um and thereby easily pass through the
compressor’s intake filter. Thereafter the
particles are spread in the pipe system and
mix, among others, with the water and oil
residue and pipe deposits. This can result
in the growth of microorganisms. A filter
directly after the compressor can eliminate
these risks. Nevertheless, to have pure or
sterile compressed air you must have full
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Filter

Aftercooler

\
y

Compressor Air receiver

Filter

control over any bacteria growth after the
filter.

The picture becomes even more com-
plicated as gases and aerosol can be con-
centrated into drops (through concentra-
tion or electric charging) even after pas-
sing several filters. Microorganisms germi-
nate through the filter walls and therefore
exist in the same concentrations on the
inlet and outlet sides of the filter.

During investigations it has been estab-
lished that microorganisms thrive in com-
pressed air systems with undried air and
thereby high humidity (100%). Contamina-
tion smaller than 1 um and thereby micro-
organisms, can pass unimpeded through
the compressor’s intake filter.

Oil and other contamination act as
nutrients for growth. The most decisive
factor is to dry the air to a humidity of
<40%, which is achieved by using an
adsorption dryer and at room temperature
also with a refrigerant dryer.

Refrigerant dryer  Quality class 1.4.1
Filter

v
b

Quality class 3.-.4

? Adsorption dryer

7

Quality class 1.2.1
Filter

A view of an installation that can produce compressed air in '
different quality classes in accordance with ISO 8573-1.



3.2.5 Filters

Modern fibre filters are very efficient at
removing oil. However, it is difficult to
exactly control the quantity of oil remain-
ing in the air after filtration as the tempe-
rature, among others, has an important
effect on the separation process. Efficiency
is also affected by the oil concentration in
the compressed air and the amount of free
water.

To achieve the best results the air should
be as dry as possible. Oil, carbon and ste-
rile filters all give bad results if there is
free water in the air (the filter specifications
do not apply in such conditions). Fibre
filters can only remove oil in the form of
droplets or as aerosols. Oil vapour must be
removed using a filter with active carbon.
A correctly installed fibre filter, together
with a suitable prefilter, can reduce the
quantity of oil in the compressed air to
approximately 0.01 mg/m?® at 21°C. A filter
with active carbon can reduce the quantity
of oil to 0.003 mg/m? at 21°C.

Carbon filters should have the correct
quality of carbon and dimensioned to give
the lowest possible pressure drop. To have
the best effect the filters should also be plac-
ed as close to the application in question as
possible. In addition, they must be check-
ed carefully and replaced relatively fre-
quently. Filters with active carbon only
remove air contamination in the form of
vapour, for example, oil. Sterile filters shall
withstand sterilisation on site in the pipe
system with the help of, e.g., steam or be
removed for treatment. A filter’s capacity
to separate oil from compressed air varies
at different operating temperatures.

Data stated in the filter specification
always applies at a specific air tempera-
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PPM penetrated quantities of oil mist mg/m?
10

9 =

Standard filter

0 20 40 60 80 100
Compressor’s working pressure °C

e Compressor’s working pressure: 7 bar
e 1 PPM = 1,2 mg/m®

Temperature variations in compressed air
result in quality variations with the
use of filters.

Note that standard and high effect filters do
not have an effect on oil in vapour form.

ture, normally 21°C. This corresponds
approximately with the temperature after
an air cooled compressor working in an
ambient temperature of 10°C. However,
climate and seasonal changes give tempe-
rature variations, which in turn affect the
filter’s separation capacity.

An oil free compressor eliminates the
need of an oil filter. This means the com-
pressor can work at a low pressure, which
reduces energy consumption. It has been
shown in many cases that oil-free com-
pressors are the best solution, both econo-
mically and for quality.



3.2.6 Aftercooler

The compressed air from the compressor is
hot after compression, often 70-200°C. An
aftercooler is used to lower the tempera-
ture, which also reduces the water content
and now is frequently included as stan-
dard equipment in a compressor installa-
tion. The aftercooler should always be
placed directly after the compressor. It is
the heat exchanger that cools the hot air, to
then precipitate the main part of the con-
densation water as quickly as possible that
would otherwise follow out into the
system. The aftercooler can either be water
or air cooled and is generally fitted with a
water separator with automatic drainage.

3.2.7 Water separator

Most compressor installations are fitted
with an aftercooler as well as a water sepa-
rator, in order to separate as much conden-
sation water as possible from the compres-
sed air. With the right choice and sizing of
the water separator an efficiency of 80-90%

can be achieved. The remainder follows
with the compressed air as water mist into
the air receiver.

3.2.8 Oil as droplets

Oil in the form of droplets is separated
partly in, e.g. an aftercooler, condensation
separator or a condensation tap and fol-
lows with the condensation water. This
oil/water emulsion is classed from an
environmental point of view as waste oil
and must not be lead off in the sewage
system or directly into nature.

New and more stringent laws are
continuously  being introduced with
regard to the handling of environmentally
hazardous waste. The drainage of conden-
sation, as well as the collection and drain-
age, is involved and expensive.

An easy and cost effective solution to the
problem is to install an oil/water separa-
tor, for example, with a diaphragm filter,
which gives clean drainage water and
leads the oil off into a special receiver.

Clean water

Qil

Clean water

This is how a diaphragm filter for oil separation works. The diaphragm lets through small molecules
(clean water), while larger molecules (oils) are kept in the system and can be collected in a container.



3.3

Cooling system

3.3.1 Water cooled compressors

3.3.1.1 General

A water cooled installation makes little
demand on the ventilation of the compres-
sor room, as the larger part of the heat pro-
duced is led off by the cooling water. The
cooling water from a water cooled com-
pressor contains, in the form of heat,
approx. 90% of the energy taken up by the
electric motor.

A compressor’s cooling water system
can be designed based on one of three
main principles. As an open system with-
out circulating water, as an open system
with circulating water, and as a closed cir-
culating system.

3.3.1.2 Open system,
without circulating water

An open system without circulating water
means that the water comes from the

DTS
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municipal water mains, a lake, a stream, or
a well and is used to cool the compressor
and is then discharged as waste water. The
system should be controlled by a thermo-
stat, to maintain the desired temperature
as well as to govern water consumption.
The cooling water pressure should be
lower than the pressure the components
parts are designed for.

Generally an open system is easy and inex-
pensive to install, but expensive to run,
especially if the cooling water is taken
from the municipal water mains. Water
from a lake or stream is normally free, but
must be filtered and purified to be used
without the risk of blocking the cooling
system. Furthermore, water rich in lime
can result in boiler scale forming in the
coolers, bringing about impaired cooling.
The same applies to salt water, which
however is possible to use if the system is
designed and dimensioned accordingly.

3.3.1.3 Open system, circulating water

An open system with circulating water
means that cooling water from the com-

Compressor

An open cooling system with circulating cooling water.



This is how a flat
heat exchanger can
appear. The advan-

tage of a flat heat
exchanger is that it

is easy to clean,
which makes it pos-
sible to indirectly
cool the compressor
using lake or stream
water.

pressor is recooled in a cooling tower.
Water is cooled in the cooling tower by
allowing it to sprinkle down into a cham-
ber at the same time as surrounding air is
blown through, whereby a part of the
water vaporises and the remaining water
is cooled to 2°C under the ambient tempe-
rature (can vary depending on the tempe-
rature and relative humidity). Open
systems with circulating water are prima-
rily used when the availability of water is
limited. The disadvantage here is that the
water becomes contaminated by the sur-
rounding air. The system must be contin-
uously diluted using fresh water due to
evaporation.

Dissolvable salts are deposited on

the hot metal surfaces, this reduces the

—

3:17

%

thermal dissipation capacity of the cooling

A

tower. The water must be regularly ana-
lysed and treated with chemicals to
prevent algae from growing in the water.
During the winter, when the compressor is
not operating, the cooling tower must eit-
her be emptied or the water heated to pre-
vent freezing.

3.3.1.4 Closed system

In a compressor cooled with a closed
system the same water circulates between
the compressor and some form of cooler.
This cooler is in turn cooled either by
means of another water circuit or the sur-
rounding air. Generally when the water is
cooled against another water circuit a flat
heat exchanger is used.

A basic air heater (air cooled
heat exchanger) can be found in

c |
Il )
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‘ Compressor

closed cooling systems for cool-

ing liquids such as water/glycol,

oil, etc. In aggressive environ-
ments or with aggressive liquids,
materials such as stainless steel

or titan are used.



When the water is cooled against the sur-
rounding air a cooling battery is used con-
sisting of pipes and cooling flanges. The
surrounding air is forces to circulate
around the battery by means of one or
more fans. The air is normally filtered first
to prevent blockage. This method is suit-
able if the availability of water is limited.
The cooling capacity of open or closed cir-
cuits is about the same, i.e. the compressor
water is cooled by 5°C above the coolant
temperature.

cooled by the
surrounding air, the addition of an anti-

If the water is

freeze, e.g. glycol is required. The closed
cooling water system is filled with pure,
softened water.

When glycol is added the compressor
system’s water flow must be recalculated,
as the type and concentration of glycol
affects the thermal capacity and the visco-
sity. The addition of chemical agents also
affects the cooling water’s capacity to
crawl through the connection points.

Compressor NRV Pump 2
& R B e
- NRV Pump 1
DV
T 1
1
“““ ' Compressed air
Compressor (Optional)
®_—r\_ Air cooled heat exchanger 1
- Tt
> P 1
[lov :tﬁ% :
1 1
I —— \ Water cooled heat exchanger SYSPS S GRS :
Y

P>
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Freezing Glycol Heat

point mixture capacity

°C % kJ/°C. kg
-10 23 3.850
-15 30 3.650
-20 37 3.450
-25 43 3.350
to 0 4.190

The water must be protected from freezing at
low temperatures. It is important to
remember that the size of the cooler may
need to be increased as, for example, a
water/glycol mixture has a lower thermal
capacity than pure water.

It is also important that the entire system is
well cleaned before being filled for the first
time. A correctly implemented closed
water system requires very little supervi-
sion and has low maintenance costs. For
installations where the available cooling
water is aggressive, it is appropriate to use
a cooler designed using a corrosion retar-
dant material such as incoloy.

Expansion vessel, etc.

E‘*

This is how a closed cooling system can be made up. The heat exchanger can be water or air cooled.



3.4

Energy recovery

3.4.1 General

When air is compressed heat is formed.
The heat energy is concentrated in the dec-
reasing volume and the excess is led off
before the air goes out into the pipe
system. For each compressed air installa-
tion you must assure yourself that there is
sufficient and reliable cooling capacity for
the installation. This can take place either
by means of the outdoor air or a water
system such as municipal water, stream
water or process water in an open or clo-
sed system.

On many installations producing compres-
sed air there are significant and frequently
unutilised energy saving possibilities in
the form of energy recovery from the com-
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Shaft power 100%

Radiant losses 2%

pressors. Energy costs can, in larger
industries, amount to 80% of the total cost
for the production of compressed air. As
much as 94% of the compressor’s supplied
energy can, for example, be recovered as
90° hot water from large, oil-free screw
compressors. This means that each saving
measure quickly gives noticeable divi-
dends.
Presuppose that a
central in a large industry consumes 500

compressor

kW during 8,000 operating hours per
annum. This corresponds to no less than
approximately 4 million kWh/year. The
possibilities to recover this waste heat via
hot air or hot water are good.

The return on the investment for
energy recovery is usually as short as 1-3
years. In addition, energy recovered by
means of a closed cooling system is advan-
tageous to the compressor’s operating con-
ditions, reliability and service life due to

Remain in compressed air 4%

=

Recoverable energy 94%

As heat is the natural by-product of compression, energy can be recovered in the form of hot water from
the compressor’s cooling system.



Cooling water and its usage

t°c
o -
800 -
o Heating of
51% boiler return
70° -
Heating of buildings
L 60° via the shunt circuits
299, 50° Hot tap water
(-]
Preheating of
40° tap water,
I process water,
14% supply air, maintain
30° ground heat

The diagram illustrates some of the typical application areas for energy recovery from the compressor’s
cooling water in different temperature ranges. In the highest temperature levels the degree of recovery is
the greatest.

an equal temperature level and high cool- runner and energy recovery has for long
ing water quality to name but a few. The time been praxis when it comes to com-
Nordic countries are somewhat of a fore- pressors.

K\ Hot tap water

O
T

Heating
of radiators

Hot water boiler-
preheating of
supply water

Each compressor installation represents large possibilities for energy recovery. A whole 95% of the compres-
sor’s supplied energy can, for example, be recovered from large, oil-free screw compressors.



Most compressors from the major suppli-
ers are today adapted to be supplemented
with standard equipment for recovery.

3.4.2 Calculation of the
recovery potential

Virtually all energy supplied to a compres-
sor installation is converted to heat. The
more energy you can recover and use in
other processes, the higher the system’s
efficiency. The quantity that can be recover-
ed can easily be calculated by the relation:

Recovered energy kWh/year:
W=[(K; x Q) +(Ky x Q)] x Tr

Saving/ year: Wxe,/n
Saved oil m*/year: W /68000 x 1

W =Recovered energy Wh/year)

Trg ~ =Time per year when there is a
need of recovered power
hours/year)

K, =Part of Ty with loaded
compressor

K,  =Partof Ty with off-loaded
compressor

Q =Available power in coolant
with load compressor (kW)

Q,  =Available power in coolant
with off-loaded compressor
(kW)

y =Energy price

n =Normal heat source’s efficiency

In many cases the degree of recovery can
exceed 90%, if the energy you gain
through cooling the compressor installa-
tion can be taken care of efficiently. The
function of the cooling system, distance to
the point of consumption, and the degree
and continuity of the demand are all deci-
sive factors.

When it is a question of a large thermal
flow it can be of interest to look at the pos-
sibility of selling the recovered heat ener-
gy. A purchaser can be the energy supplier
and you can seek agreement forms for
investment, suborder and delivery. There
is also the possibility of co-ordinating
energy recovery from several processes.
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Energy recoverable power
FAD Heat flow Saving Oil EO1
m3/min kW at m3/year
2000
oper.hours/year
kWh/year
6.4 34 68 000 10.0
7.4 40 80 000 11.8
11.4 51 102 000 15.0
14.0 61 122 000 17.9
18.7 92 184 000 27.1
21.6 109 218 000 321
23.2 118 236 000 34.7
27.9 137 274 000 40.3
34.8 176 352 000 51.8
43.1 215 430 000 63.2
46.9 235 470 000 68.1
46.5 229 458 000 67.4
51.3 253 506 000 74.7
56.9 284 568 000 83.5
62.9 319 638 000 93.8
69.7 366 732 000 108
75.4 359 718 000 106
83.2 392 784 000 115
103.6 490 980 000 144
124.5 602 1200 000 177

Example of recovery potential
from compressors.

3.4.3 Recovery methods

3.4.3.1 General

Energy recovery from compressed air
installations does not always give heat
when it is required and perhaps not in suf-
ficient quantities. The quantity of recov-



ered energy will vary if the compressor
has a variable load. In order for recovery
to be possible a corresponding energy
requirement is needed, which is normally
met through an ordinary system supply.
Recovered energy is best utilised as addi-
tional energy to the ordinary system, so
that the available energy is always utilised
when the compressor is running.

3.4.3.2 Air cooled systems

Options for air cooled compressors, which
give off a large hot air flow rate at a rela-
tively low temperature, are direct building
heating or heat exchanging to a preheating
battery. The heated cooling air is then dis-
tributed using a fan.

After-
cooler

| Pa—

Compressor

After-
cooler
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Compressor
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>

Energy recovery
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Energy recovery from an air cooled compressor.

When the buildings do not require additio-
nal heat, the hot air is led off into the
atmosphere either automatically using

3:25

Expansion vessel, etc.

NRV Pump 1

Compressed air

Air cooler
residue cooler

%

\ |

Capillary tube

An example of water-borne energy recovery for an oil-free screw compressor.
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Example of water-borne energy recovery for oil lubricated screw compressor. The residue cooler with
regulation system is integrated in the compressor.

thermostat control or manually by control-
ling the air damper. A limiting factor is
that the distance between the compressors
and the building to be heated should be
short, preferably it should be a question of
an adjoining building. Furthermore, the
possibility of recovery is limited to the
colder parts of the year. Air-borne energy
recovery is more common on small and
medium sized compressors. Recovery
results in small losses and requires little

investment.

3.4.3.3 Water cooled system

On a water cooled compressor, the cooling
water from the compressor with a tempe-

rature up to 90° can supplement a hot
water flow. If hot water is used for wash-
ing, cleaning or showering a normal hot
water boiler is still required. The energy
recovered from the compressed air system
provides an addition that reduces the load
on the boiler, saves fuel and possibly can
result in the use of a smaller boiler.

Prerequisites for energy recovery from
compressed air compressors differs partly
depending on the type of compressor. Oil-
free compressors even in the standard
design are easy to modify for energy reco-
very. This type of compressor in a hot
water design reaches the water tempera-



tures (90°C) required for efficient energy
recovery. On oil lubricated compressors
the oil, which takes part in compression, is
the factor that limits the possibilities to
reach higher cooling water temperatures.

In centrifugal compressors the tem-
perature levels are lower an thereby, so is
the degree of recovery. In addition the per-
formance of the compressor is negatively
affected by the increased water tempera-
tures.

Water-borne energy recovery is best
suited to compressors with an motor
power over 10 kW. Water-borne recovery
of energy brings about a more complex
installation than air-borne energy reco-
very. The basic equipment consists of
pumps, heat exchanger and regulation val-
ves.

Heat can also be distributed to remote
buildings using relatively small pipe
dimensions (40-80 mm) without significant
heat losses using water-borne energy reco-
very. The high initial temperature means

that energy can be used to increase the
temperature of the return water from a hot
water boiler. Thereby the normal heating
source can be periodically switched off
and replaced by the compressor’s waste
heat. Waste heat from compressors in the
process industry can also be used to in-
crease the temperature of the process. It is
fully possible even with the use of air
cooled, oil lubricated screw compressors to
arrange water-borne energy recovery. This
requires a heat exchanger in the oil circuit,
but the system gives lower temperature

levels than with an oil-free compressor.

3.5

The compressor room

3.5.1 General

Not so long a go the acquisition of a com-
pressor meant that you needed to buy the
electric motor, starter equipment, aftercool-
er, intake filters, etc. You then needed to
go through capacity and quality demands

Adsorption dryer

Dust filter

Installation in a compressor room is easier today than before. The compressor plant is now a turnkey solu-
tion ready to install and connect to requisite auxiliary equipment.



with each supplier of the different compo-
nents This was necessary to ensure that
they would work well together with the
compressor. Nowadays, the compressor
and accessories are purchased in as a turn-
key solution. A compressor package consi-
sts of a box frame, on which the compres-
sor and accessories are mounted. All inter-
nal connections between the different parts
are already made. The complete compres-
sor package is enclosed in a sound redu-
cing hood to reduce noise levels.

This has resulted in a significant simplifi-
cation of the installation and you can be
completely assured from the outset that
the system will work. Irrespective of this,
it is important to remember that the instal-
lation method and technology still have a
significant influence on the compressor
system’s performance and reliability.

The main rule for an installation is
first and foremost to arrange a separate
compressor central. Experience says that
centralisation is preferable, irrespective of
the type of industry. This gives, among
others, improved operating economy, a
better designed compressed air system,
service and user friendliness, protection
against authorised access, good noise con-
trol and simpler possibilities for controlled
ventilation.

Secondly, a demarcated area in a
building used for other purposes can be
used for the compressor installation. The
risk for other problems should be observed
with such an installation, for example,
disturbances from noise, the compressor’s
ventilation requirements, physical risks
and/or the risk of overheating, drainage
for condensation, hazardous surroundings
substances,

e.g. dust or inflammable

aggressive substances in the air, space

requirements for future expansion and
accessibility for service. However, installa-
tion in, e.g. a workshop or warehouse can
facilitate the installations for energy reco-
very. If there are no facilities to install the
compressor indoors it can also be placed
outdoors under a roof. You must however
bear in mind the risk of freezing in con-
densation pockets and discharges, rain and
snow protection on the air intake, suction
inlet and ventilation, demands of a solid
and flat foundation, e.g. asphalt, concrete
slab or a flattened bed of shingle, the risk
of dust, inflammable or aggressive sub-
stances and unauthorised access protec-
tion.

3.5.2 Placement and design

The compressed air central should be pla-
ced to facilitate routing of the distribution
system in large installations with long
piping. It can be advantageous for service
and maintenance to place the compressed
air central close to auxiliary equipment
such as pumps and fans; even a location
close to the boiler room can be beneficial.

The building should have access to lifting
equipment dimensioned to handle the
heaviest components in the compressor
installation, (usually the electric motor)
and/or the possibility of using a fork lift
truck. It should also have floor space for
the installation of an extra compressor
with future expansion.

In addition, the clearance height must be
sufficient to allow the lift of an electric
motor or the like if the need arises. The
compressed air central should have a floor
drain or other facilities to handle conden-
sation from the compressor, aftercooler, air
receiver, dryers, etc. The floor drain shall



be implemented in accordance with muni-
cipal directives.

3.5.3 Foundation

Normally only a flat floor of sufficient
bearing capacity is required to set-up the
compressor plant. In most cases vibration
dampening is integrated in the plant. It is
usual with new installations to cast a plin-
th for each compressor package to allow
the floor to be cleaned.

Large piston and centrifugal compressors
can require a concrete slab foundation,
which is anchored to the bedrock or on a
solid soil base. The effects of externally
produced vibration has been reduced to a
minimum on advanced, complete com-
pressor plants. In systems with centrifugal
compressors it may be necessary to vibra-
tion dampen the compressor room’s foun-
dation.

3.5.4 Intake air

The compressor’s intake air must be clean
and free from solid and gaseous contami-
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nation. Particles of dirt that cause wear
and corrosive gases can be particularly
damaging.

The compressor’s air intake normally
takes place via the sound reducing hood,
but can also be placed where the air is as
clean as possible. Gas contamination such
as vehicle exhaust fumes, can be fatal if
mixed in air to be breathed. For example,
hospital applications usually make special
demands on the placement of the air in-
take. A prefilter (cyclone, panel or rotary
band filter) should be used on installations
where the surrounding air has a high dust
concentration. In such cases the pressure
drop caused by the prefilter must be ob-
served, so that it does not exceed the maxi-
mum limits prescribed by the manufac-
turer.

It is also beneficial for the intake air to be
cold. It can therefore be appropriate to
route this via a separate pipe from the out-
side of the building to the compressor.

It is important that corrosion resi-
stant pipes, fitted with mesh over the inlet

S

It is important that the compressor installation has a design that is service friendly and flexible to accom-
modate future expansion. The minimum area at service points in front of the machine’s electrical cabinets
should be 1200 mm.




and designed so that there is no risk of
drawing in snow or rain into the compres-
sor, are used for this purpose. It is also
important to use pipes of a sufficient large
dimension to gain as low a pressure drop
as possible.

The design of the inlet pipes on
piston compressors is particularly critical.
Pipe resonance caused by the compressor’s
cyclic pulsating frequency, can damage the
compressor, cause vibration and affect the
surroundings

through low frequency

noise.

3.5.5 Compressor room ventilation

Heat in the compressor room is generated
from all compressors. This heat is led off
through ventilating the compressor room.
The quantity of ventilation air is deter-
mined by the size of the compressor and

whether it is air or water cooled.

This is how a basic ventilation solution can be
designed. The disadvantage is that ventilation
is constant irrespective of the outer temperatu-
re. In addition difficulties can occur if two
compressors are installed. The fans will be over
specified if only one of the compressors is used.
The problem can be solved by fitting the fans
with speed controlled motors, which start via a
multi-stage thermostat.

The ventilation air with air cooled com-
pressors contains close to 100% of the ener-
gy consumed by the electric motor in the
form of heat. The ventilation air with
water cooled compressors contains down

This is how a system with several thermostat
controlled fans, which together can handle the
total ventilation requirement, can be designed.
The thermostats on the individual fans are set
for different ranges, which means the quantity
of ventilation air can vary depending on the
outer temperature and/or the number of com-
pressors in use (as the thermostats will switch
on the fans one after another depending on the
temperature in the compressor room).
Alternatively, the fans can be started via a
multi-stage thermostat.

to 10% of the energy consumed by the
electric motor. The heat must be removed
to maintain the temperature in the com-
pressor room at an acceptable level. The
compressor manufacturer should provide
detailed information regarding the requi-
site ventilation, but it can also be

calculated according to the following:

o

Vo 125xAT

P,, = requisite quantity of ventilation
air (m®/s)

Qy = heat flow (kW)

AT = permitted temperature rise (°C)

A better way to deal with the problem is to
recover the energy and use it in the enter-
prise.

Ventilation air should be taken from out-
doors, preferably without long ducting.
The inlet for the ventilation air should be
placed on a north facing wall if possible, or



in another place in the shade so that the
intake air is as cool as possible during the
summer. A grille should be fitted to the
outside of the intake and an air stream
operated damper on the inside to prevent
foreign objects from entering and cold
draughts.

Furthermore, the intake should be
placed as low as possible, yet avoiding the
risk of being covered with snow during
the winter. Even the possible risk of dust
and explosive or corrosive substances
entering the compressor room must be
taken into consideration.

The ventilation fan/fans should be
placed high up on one of the compressor
room’s end walls, while the air intake is
placed on the opposite wall. The air velo-
city at the intake should not exceed 4 m/s.

Thermostat controlled fans are the
most appropriate. These must be dimen-
sioned to handle the pressure drop in the
ducting, outer wall grille, air stream opera-
ted damper, etc. The quantity of ventila-
tion air must be sufficient to limit the tem-
perature increase in the room to 7-10°C.
The possibility in using water cooled com-
pressors should be considered, if there is a
problem in arranging sufficient ventilation
in the room.
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A small compressor installation in practice. The pipe for draining condensation must not open out under
the water surface in the floor drain. An oil separator must be installed, if there is a risk that the waste
water contains oil.

Electrical
distribution
cabinet

Compressors

Refrigerant dryer

Example of a hospital installation with closed supply on the suction side and 100% reserve system (double
independent system).



3.6
The compressed air

network’s structure

3.6.1 General

Three demands are placed on a distribu-
tion system to provide reliable operations
and good economy: a low pressure drop
between the compressor and point of con-
sumption, a minimum of leakage, and the
best possible condensation separation in
the system if a compressed air dryer is not
installed.

This primarily applies to the main pipes.
The cost of installing larger pipe dimen-
sions as well as fittings than that initially
demanded is low compared with the cost
of rebuilding the system at a later date.
The air line network’s routing, design and
dimensioning are important for the effi-
ciency of the installation, reliability and
cost. Sometimes a large pressure drop in
the pipeline is compensated by increasing
the working pressure of the compressor
from, e.g. 7 bar(e) to 8 bar(e). This gives
inferior compressed air economy. When
the compressed air consumption falls, the
pressure drop also falls and the pressure at
the point of consumption rises above the
permitted level.

Fixed compressed air installations
should be dimensioned so that the pres-
sure drop in the pipes does not exceed 0.1
bar between the compressor and the furt-
hest point of consumption. Added to this
is the pressure drop in hoses, hose coup-
lings and other fittings. It is particularly
important how these components are
dimensioned, as the greatest pressure drop

frequently occurs at such connections.

The longest permitted length in the pipe
network for a specific pressure drop can be
calculated from the following empirical
relation:

_Apxd>-p
450 x Q1

1 = overall pipe length (m)

Ap= largest permitted pressure drop
in the network (bar)

p = absolute inlet pressure (bar)

Q. = flow, FAD (1/s)

d =internal pipe dimension (mm)

In general the best solution is to design a
pipe system as a ring line around the area
where air consumption will take place.
Branch pipes are then taken off of the main
pipeline to the points of consumption. This
gives an even compressed air supply,
despite heavy intermittent usage as the air
is led to the actual point of consumption
from two directions.

This system should be used for all installa-
tions, even if some points of consumption
are at a great distance from the compressor
installation. A separate main pipe is then
routed to these areas.

3.6.1.1 Air receiver

One or more air receivers are included in
each compressor installation. The size is
adapted, e.g. according to the compressor
capacity, regulation system and the consu-
mer’s air requirement. The air receiver
forms a storage area for the compressed
air, balances pulsation from the compres-
sor and cools the air and collects condensa-
tion. Accordingly, the air receiver must be
fitted with a drainage device.
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Air

receiver

5 m3/min 15 m3/min 7 m3/min

Compressor 1 Compressor 2 Compressor 3

The air receiver is always dimensioned

according to the capacity of the largest

compressor when a system comprises of
several compressors.

The following relation applies when
dimensioning the receiver’s volume. Note
that the relation only applies for compres-
sors with offloading/loading regulation.

0,25 x Q. x p; x Ty

fmax X (Pu-p) x Ty

V = air receiver’s volume (1)

Q.= Compressor’s capacity
(1/s) FAD

p1 = Compressor’s intake pressure
(bar(a))

T, = Compressor’s maximum intake
temperature (K)

Ty = Compressed air temperature in
receiver (K)

(pu-pL) = set pressure difference bet
ween the loaded and off-
loaded

fmax = maximum frequency

=1 cycle/30 seconds (applies to
Atlas Copco compressors)

Simplified formula that applies with an
ambient relation 1 bar(a) and approx. 20°C
and 30 s cycle time.

V = air receiver’s volume (m?®)

Q = capacity of the largest
compressor (m*/min)

Ap = desired pressure difference (bar)

When air is required in large quantities
during short periods it is not economic to
dimension the compressor or pipe
network according to this. A separate air
receiver is then placed close to the consu-
mer and is dimensioned according to the
maximum air output.

In more extreme cases, a smaller high
pressure compressor is used together with
a large receiver to meet short-term, large
air requirements between long intervals.
The compressor will then be dimensioned
for the mean consumption. The following
relation applies for such a receiver:

_ Qxt L
" Pi-P2  pi-p2

V = air receiver’s volume (1)

Q = air flow during the emptying
phase (1/s)

t = length of the emptying phase (s)

P; = normal working pressure in the
network (bar)

P, = minimum pressure for the con
sumer’s function (bar)

L = filling phase’s air requirement
(1/work cycle)

The formula does not take into considera-
tion the fact that the compressor can supp-
ly air during the emptying phase. A com-
mon application is the start of large ship
engines, where the receiver’s filling pres-
sure is 30 bar.
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3.6.2 Design of the
compressed air network

In smaller installations the same pipe can
serve as the riser and distribution pipe.
The starting point when designing and
dimensioning a compressed air network is
an equipment list with all the compressed
air consumers, and a drawing indicating
their placement. The consumers are group-
ed in logical units and are supplied via the
same distribution pipe. The distribution
pipe is fed in turn by risers from the
compressor central. A larger compressed

g [

Riser ——

dryer Oil separator

Adsorption dryer .
Dust filter

air network can be divided into four main
parts: Risers, distribution pipes, service
pipes and compressed air fittings. The
risers transport the compressed air from
the compressor central to the consumption
area.

Distribution pipes divide the air across the
distribution area. Service pipes feed the air
from the distribution pipes to the workpla-
ces. The compressed air fittings are the
connections between the service pipe and
the compressed air consumer.



3.6.3 Dimensioning the compres-
sed air network

The pressure obtained immediately after
the compressor can generally never be uti-
lised fully, accordingly, you must calculate
that the distribution of compressed air
claims some losses, primarily friction los-
ses in the pipes. In addition, throttling and
changes in the direction of flow occur in
valves and pipe bends. Losses, which are
converted to heat, result in a pressure drop

that for a straight pipe can be calculated

with the relation:

qV],BS X 1

Ap:450xm

Ap = pressure drop (bar)

qv = air flow, free air (1/s)
d =internal pipe diameter (mm)

1 =length of the pipe bar(a)

p = absolute initial pressure

Equivalent length in metres

Inner pipe diameter in mm (d)

Component 25 | 40 | 50 | 80 | 100| 125| 200| 250| 250| 300 400
Bf*a:: ;/Ialve TI_ 0.3| 0.5/ 0.6| 1.0/ 1.3| 1.6 | 1.9 |2.6|3.2 | 3.9| 5.2
el 5 |8 | 10| 16|20 |25 |30 |40 |50 |60 | 80
Diaphragm J| -
va,fefuﬁy 15{% 15| 2.5/ 30| 45/6 (8 |10 |- |- |- |-
open

[
Angle valve T 4 |6 |7 |12|15 |18 |22 |30 |36 |- |-
fully open
Poppet valve ':@—B\:‘ 75| 12| 15 | 24 (30 |38 |45 (60 |- |- |-
Flap check l::\;:l 2.0| 3.2| 40| 6.4/80|10 |12 |16 |20 | 24 | 32
valve

N

Elbow R = 2d N 0.3| 05/ 0.6| 1.0/ 1.2| 15| 1.8 |2.4|3.0 | 3.6| 4.8

R T

“u

Elbow R = d 04| 06| 0.8 1.3)/1.6| 2.0/ 2.4 |3.2|4.0| 48| 6.4

Ry
90° angle F 15| 2.4| 30| 45/6.0[75|9 |12 |15 |18 | 24
Tee
through-flow 0.3| 04| 1.0/ 1.6/ 2.0| 25| 3 4 5 6 8
Tee side-flow @ 15| 2.4| 3.0/ 48/ 60| 75|9 |12 |15 |18 | 24

v

Reducing gI
nipple H 05| 0.7| 1.0/ 2.0/ 25| 3.1 3.6 |4.8|6.0|7.2| 9.6

Some fittings and their influence on losses in pipes of a different diameter. The losses are recalculated to a

corresponding increase in the length of the pipe network (m).



When calculating different parts of the
compressed air network the following
values can be used for the permitted pres-
sure drop:

Pressure drop across

service pipes 0.03 bar
Pressure drop across

distribution pipes 0.05 bar
Pressure drop across risers 0.02 bar
Total pressure drop across

the fixed pipe installation 0.10 bar

The requisite pipe lengths for the different
parts of the network (risers, distribution
and service pipes) are estimated. A scale
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drawing of the probable network plan is a
suitable basis. The length of the pipe is
corrected through the addition of equiva-
lent pipe lengths for valves, pipe bends,
unions, etc as set out in figure 3:36. When
calculating the pipe diameter a nomogram,
as set out in figure 3:37, can be used to find
the most appropriate pipe diameter as an
alternative to the formula (page 99). The
flow, pressure, permitted pressure drop
and the pipe length must be known to
make a calculation. Standard pipe of the
closest, greater diameter is then selected
for the installation.

The equivalent pipe lengths for all

Pipe length in metres

1 2 3456 10 20 50 60

25

100 2

00 500 600 1000 2000

0.010

32

40

et
50

_(7/17/
Tk
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i

Pipe’s internal diameter in mm

100

Air flow rate in m®per second (free air)

125

150
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20

50 100 200 300 500 800 1100 1600

~
Pressure drop in the pipe in kPa

~
Absolute pressure in kPa



the parts of the installation are calculated
by using a list of fittings and pipe compo-
nents as well as the flow resistance expres-
sed in pipe length. These “extra” pipe
lengths are added to the starting pipe leng-
th. The network’s selected dimensions are
then recalculated to ensure that the pressu-
re drop will not be too great. The individu-
al sections (service pipe, distribution pipe
and risers) should be calculated separately
on large installations.

3.6.4 Flow measurement

Strategically placed flow meters permit
internal debiting and economic allocation
of compressed air utilisation within the
company. Compressed air is a production
media that should be a part production
costs for individual departments within
the company. With such a viewpoint it
becomes interesting for all concerned to
try to reduce consumption within the dif-
ferent departments.

The modern flow meters available on
the market can give everything from
numerical values for manual reading, to
measurement data directly to a computer
or debiting module.

The flow meters are generally moun-
ted close to shutoff valves. Ring measure-
ment makes particular demands as the
meter needs to be able to measure both
forwards and backwards.

3.7
Portable

compressors

3.7.1 General

Today, virtually all portable compressors
consist of a diesel engine powered, oil in-
jected, screw compressor. Oil-free com-
pressors only occur, for example, with ser-
vice work in the process industry.

3.7.2 Noise and gaseous emissions

Modern designs of diesel powered com-
pressors have a very low noise level
according to applicable EU standards (ISO
84/536/EC) and can therefore be used in
populated areas and close to hospitals, etc.

During the passed years fuel econo-
my has been improved dramatically
through efficient screw elements and more
effective diesel engines. This is especially
valuable, e.g. for well drilling, where the
compressor works intensively under a
long period. At the current time, there are
engines with exhaust gas emissions that
comply with the stringent demands set out
in EURO-1. Contractors carrying out work
in large towns must today (1998) use
machinery that complies with this stan-
dard.

Pressure range

Pressure (bar)

Application area

Low 27 Contract work
Medium 10-12 Blasting, ground work
High 20< Water and energy well

drilling, geotechnical
investigations

Portable compressors are chiefly available in three different pressure ranges.



3.7.3 Pressure range

Modern portable compressors have a good
overall economy through high operating
reliability, good service characteristics,
compact dimensions and a low total
weight. They have a chassis normally
designed for a transport speed of 30km/h
or 80km/h. As for stationary compressors
there is auxiliary equipment such as after-
coolers, different filter packs (dust filters,
carbon, etc.), after heaters and lubricating
oil systems available. They can also be
equipped with cold start equipment and a
generator 230V /400V. There are portable,
diesel powered generators built in a simi-
lar way to portable compressors for grea-
ter power requirements. The power classes
start from 10 kVA and upwards.

3.8

Electrical installation

3.8.1 General

To dimension and install a compressor
installation requires knowledge on how
component parts affect each other and
which regulations and provisions apply.
Here follows an overview of the
parameters that should be especially consi-
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dered to obtain a compressor installation
that functions satisfactorily with regard to
the electrical installation.

3.8.2 Motors

Short-circuited, three phase induction
motors are used for compressor opera-
tions. Low voltage motors are generally
used up to 450 kW and there above high
voltage is the best option.

The motor’s protection class is regu-
lated by standards. The dust and water
spray resistant design (IP54) is preferred to
open motors (IP23), which require regular
dismantling and cleaning. In other cases,
dust deposits in the machine will eventu-
ally cause overheating, resulting in a redu-

ced service life.

The motor, usually fan cooled, is intended
to work at a maximum ambient temperatu-
re of 40°C. At high temperatures the output
must be reduced. The motor is normally
flange mounted and directly connected to
the compressor. The speed is adapted to
the compressor, however, in practice 2 pole
or 4 pole motors with a speed of 3000 rpm
respective 1500 rpm are solely used.

The rated output of the motor is also deter-
mined by the compressor and should be as

Example of a portable compressor



close to the compressor’s requirement as
possible.

A too large motor is more expensive
to buy, requires an unnecessarily high
starting current, requires larger fuses, has
low output factor and somewhat inferior
efficiency. A too small motor becomes
overloaded and consequently a risk for
breakdown.

The starting method should also be
included as a parameter when selecting a
motor. The motor is only started with a
quarter of its rated torque with star/-
delta—start, which is why a comparison
between the motor’s and the compressor’s
torque curves can be justified to ensure
that the compressor starts correctly.

See 3.8.3.

3.8.3 Starting methods

The most common starting methods are
direct start, star/delta—start and gradual
start. Direct start is easy and only requires
a contactor and overload protection. The
disadvantage is the high starting current,
6-10 times the motor’s rated current and
sometimes the high starting torque, which
can, for example, damage shafts and

couplings.
Current
7 1. Direct start
2. Star/delta-start
7] 3. Gradual start, voltage ramp

I/\—\

Connection current/time at different
starting methods

The star/delta-start is used to limit the
starting current. The starter consists of
three contactors, overload protection and a
timer. The motor is started with the star
connection and after a set time (when the
speed has reached 90% of the rated speed)
the timer switches the contactors so that
the motor is delta connected, which is the
operating mode. See 1.6.5.7.

The star/delta-start reduces the starting
current to approximately 1/3 compared
with a direct start, however, the starting
torque falls at the same time to a quarter.
The relatively low starting torque means
the motor’s load should be low during the
starting phase, so that the motor virtually
reaches its rated speed before switching to
the delta connection. If the speed is too
low, a current/torque peak as great as
with direct
switching to the delta connection.

start, will occur during

Gradual start, which can be an alter-
native start method to star/delta—start is a
starter built up of semiconductors (thy-
ristors) instead of mechanical contactors.
The thyristors are controlled according to a
time ramp, so that an equal rising current
feeds the motor. The start is gradual and
the starting current is limited to approx.
three times the rated current.

The starters for direct start and star/delta-
start are in most cases integrated in the
compressor. It can be motivated with large
compressor plant to place the units sepa-
rately in the switchgear, due to space
requirements, heat developmentand access
for service.

A starter for gradual start is usually
set-up separately next to the compressor.
High voltage fed compressors always have
their start equipment in the switchgear.



3.8.4 Control voltage

Normally no separate control voltage is
connected to the compressor, as most com-
pressors are fitted with an integrated con-
trol transformer. The transformer’s prima-
ry side is connected to the compressor’s
power supply. This arrangement gives
more reliable operations. In the event of
disturbances in the power supply the com-
pressor will be stopped immediately and
blocked for restart.

This function, with one internally fed
control voltage, should be copied in those
cases where the starter is placed away
from the compressor.

3.8.5 Short-circuit protection

Short-circuit protection, which is placed on
one of the cables’ starting points, can be
made up of fuses or a circuit-breaker.
Irrespective of which of the solutions you
select it will give, if correctly matched,
good protection.

Both methods have advantages and disad-
vantages. Fuses are well-known and work
better than a circuit-breaker with large
short-circuit currents, but they do not
make a fully isolating break and have a
long tripping time with small fault cur-
rents. A circuit-breaker breaks fully isola-
ting and rapidly even with small fault cur-
rents, but demands more work during the
planning stage compared to fuses.
Dimensioning of the short-circuit protec-
tion is based on the expected load, but also

on the limitations of the starter unit.

With regard to the starter’s short-circuit
protection see the standard according to
IEC (International Electrotechnical Com-
mission) 947-4-1 Type 1 & Type 2. How a
short-circuit will affect the starter is deter-

mined by which of the options, Type 1 or
Type 2, is selected.

Type 1: “damage to contactors and overload relays
can occur. The replacement of components may be
necessary”.

Type 2: “Damage does occur to the overload relays.
Light welding of the contactors is permitted. It shall
be possible using basic measures to reset the starter

in the operating mode.”

3.8.6 Cables

Cables shall, according to the provisions
“be dimensioned so that during normal
operations they do not accept hazardous
temperatures and that they shall not be
damaged thermally or mechanically with a
short-circuit”. The dimensioning and
selection of cables is based on the load,
permitted voltage drop, routing method
(on a rack, on a wall, etc.) and the ambient
temperature. Fuses can be wused, for
example, to protect the cables and can
make up both a short-circuit protection
and an overload protection. For motor
operations a short-circuit protection is
used (for example, fuses) and a separate
overload protection (usually the motor
protection included in the starter).

The overload protection protects the
motor and motor cables by tripping and
breaking the starter, when the load current
exceeds the pre-set value. The short-circuit
protection protects the starter, overload
protection and the cables. How cables are
dimensioned taking the load into conside-
ration is set out in IEC 364 5 523 (SS
4241424).

There is a further parameter to bear
in mind when dimensioning cables and
the short-circuit protection, namely the
“tripping
means the installation shall be designed so,

condition”. This condition
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A basic system for the connection of an electric motor to the mains supply.

a short-circuit anywhere in the installation
shall result in quick and safe breaking.
Whether the condition is met is deter-
mined by, among others, the short-circuit
protection, the length and cross-section of
the cable.

3.8.7 Phase compensation

The electric motor does not only consume
active power, which can be converted to
mechanical work, but also reactive power,
which is needed for the motor’s magneti-
sation. The reactive power loads the cables
and transformer. The relation between the
active and reactive power is determined
by the power factor, cosg. This usually is
between 0.7 and 0.9 where the lower value
refers to small motors.

The power factor can be raised to virtually
1 by generating the reactive power directly
by the machine using a capacitor. This
reduces the need of drawing the reactive
power from the mains. The motive for

7 Qc

/

Q1

>

Reactive power Qc is supplied to increase
the motor’s power factor (cosg) to close to 1.

phase compensation can be that the power
supplier may charge for drawing reactive
power over a predetermined level and that
heavily loaded transformers and cables
need to be off-loaded.

3.9

Sound

3.9.1 General

Noise is an energy form that propagates in
a room as longitudinal waves through the
air, which is an elastic medium. The wave
movement causes changes in pressure,
which can be registered by a pressure sen-
sitive instrument, for example a micro-
phone. The microphone is therefore one of
the main parts in all equipment for sound
measurement.

To measure the sound power in the SI unit
Watt is difficult, due to the range covered
by the sounds that surround us. Within
acoustics they speak of levels instead, and
measure sound in relation to a reference
point. Measurement becomes manageable
by apply a logarithm to the relation. The
formula is:

LW = ].0 X loglo X W/WO

Ly = sound power level (dB)

W = actual sound power (W)

W, = reference power,
usually 10-12 (W)
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3.9.2 Sound pressure

The sound pressure level is a measurement
of the sound’s intensity. The relation is:

L, =20 xlog;o x p/po

L, = sound pressure level (dB)

p = actual sound pressure (bar)

Po = reference sound pressure,
usually 0.0002 x 10 (bar)

The sound pressure level always refers to a
specific distance to the power source, e.g. a
machine. For a stationary compressor the
distance is 1 metre and for a portable com-
pressor the distance is 7 metres (according
to CAGI Pneurop).

Information about the sound pres-
sure level must always be supplemented
with a room constant for the room where
the measurement was made. Otherwise
the room is assumed to be limitless, i.e. an
open field. In a limitless room there are no
walls that can reflect the sound waves,
which would affect the measurement.

3.9.3 Absorption

When sound waves come into contact with
a surface, some of the waves are reflected
and some absorbed into the material of
which it consists. The sound pressure at a
certain moment therefore always consists
partly of a sound that the sound source
generates, partly of sound that is reflected
from surrounding surfaces (after one or
more reflections).

How effectively a surface can absorb
sound depends on the material it is made
up of and is usually stated as an absorp-
tion factor (between 0 and 1).

3.9.4 Room constant

A room constant is calculated for a room
with several surfaces, walls and other sur-

faces, which depends on the different sur-
faces” absorption characteristics. The rela-
tion is:

Axa

C1-a

total absorption 41X G1+AgX ot

¢ total area - A+AL+

K = room constant

o = average absorption factor
for the room (m?)

A = total room area (m?)
A, A, etc. are the parts of the
room surface that have
absorption factors o, o, etc.

3.9.5 Reverberation

The reverberation time is defined as the
time it takes for the average sound pres-
sure to decrease by 60 dB once the sound
source has become silent. The average or
equivalent absorption factor for the room
is calculated as:

_ 0163xV
T

a

V= volume of the room (m?)
T = reverberation time (s)

The room constant is obtained if this
expression in put in relation to:

A = total room area (m?)

3.9.6 Relation between sound
power and sound pressure

If sound is sent out from a point sound
source in a room without reflecting surfa-
ces, the sound is distributed equally in all



directions and the measured intensity will
therefore be the same at all points at the
same distance from the sound source.
Accordingly, the intensity is constant at all
points on a spherical surface around the
sound source.

From this you can derive that the
sound level falls by 6dB for each doubling
of the distance to the sound source.
However, this does not apply if the room
has hard, reflective walls. You must then
take the sound reflected by the walls into
consideration. If you then introduce a
direction factor the relation becomes:

Q
L =Ly + 10lo
P w 8 4gtr?

L, = sound pressure level (dB)
L,.= sound power level (dB)

Q = direction factor (m?)

r = distance to the sound source

For Q the empirical values apply (for other
positions of the sound source the value of
Q must be estimated):

Q=1 if the sound source is suspended in
the middle of a large room.

if the sound source is placed on a
Q=2 hard, reflective floor, close to the
center of awall or ceiling.

if the sound source is placed close to
the transition wall-floor or wall-ceiling.

if the sound source is placed in a
Q=8 corner close to the intersection
of three surfaces.

If the sound source is placed in a room
where its border surfaces do not absorb all
the sound, the sound pressure level will
increase due to the reverberation effect.
This addition is inversed proportionally to
the room constant:

_ Q .4
L,=L, +10log |:4nr2 + K:|

If this relation was drawn as a serie of cur-
ves it would show that in the proximity of
the power source the sound pressure level
drops by 6 dB for each doubling of the
distance. However, at greater distances
from the power source the sound power
level is dominated by the reflected sound
and thereby there is no decrease at all with
increased distance.

The machines, which transmit sound
through their bodies or frames, do not
behave as point sources if the listener is at
a distance greater than 2-3 times the mach-
ine’s greatest dimension from its centre.

3.9.7 Sound measurements

The human ear distinguishes sound at dif-
ferent frequencies with different clarity.
Low or very high frequency sounds must
be stronger than sounds around 1000-2000
Hz to be perceived as equally strong.

Lp (dB)
+10

— C
/ B&C

o

10 100 1000 10 000

Pitch (Hz)

This is how the frequency curves appear for
the different filters used to weight sound
levels when measuring sound.



Different filters that adjust the measured
levels at low and high frequencies are used
to emulate the human ear’s ability to hear
sounds. When measuring noise an A-filter
is usually used and the sound is measured
as dB(A).
3.9.8 Interaction of
several sound sources

When there is more than one sound source
in a room the sound pressure increases.
However, as the sound pressure level is

Difference between Addition to the most
sound sources powerful sound sources
(dB) (dB)
0o —— 3
1 —+— 25
2 —1— 20
3 —
4 —— 1.5
dB 5 dB
6 L 1.0
7 —— 08
8 —1— 06
9 —— 05
10 —+— 04
11—
12 —— 0.3
B —1 o2
14 ——
15 —— 0.1

The nomogram defines how many dB shall be
added to the most powerful sound source when
the power of two sound sources shall be added.

defined logarithmically you can not add
the sound pressure levels algebraically.
When more than two sound sources are
active, you start by adding two and there-
after the next is added to the sum of the
first and so on. As a mnemonic rule, when
two sound sources with the same levels
shall be added the result is an increase by

m 3 dB. When ten sound sources with the

same levels shall be added the increase is
10 dB.

3:45

Difference between Deduction from
the total sound level |the total sound level
and background sound (dB)
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The nomogram defines how many dB shall
be deducted from the total sound level at dif-
ferent background sound levels in order to
estimate the total noise level.

Background sound is a special case. It is
treated as a separate sound source and the
value is deducted from the total of the
other sound sources in order to give these
special treatment.

3.9.9 Sound reduction

There are five different ways to reduce
sound. Sound insulation, sound absorp-
tion, vibration insulation, vibration dam-
pening and dampening of the sound sour-
ce. Sound insulation involves an acoustic
barrier being placed between the sound
source and the receiver.

This means that only a part of the
sound can be insulated, depending on the



area of the barrier and the insulation cha-
racteristics. A heavier barrier is more effec-
tive than a lighter barrier.

Sound absorption involves the sound
source being surrounded by light, porous
absorbents attached to a barrier. Thicker
absorbents are more effective than thinner
absorbents and typical densities are
approx. 30 kg/m® for polyurethane foam
respective approx. 150 kg/m® for mineral
wool. Vibration insulation is used to pre-
vent the transfer of vibrations from one
part of a structure to another. A common
problem is the transfer of vibrations from a
built-in machine to the surrounding bar-
rier or down to the floor. Steel springs,
cork, plastic, and rubber and examples of
material used for vibration insulation. The
choice of material and dimensioning is
determined by the frequency of the
vibration and demands of stability on the
machine set-up.

Vibration dampening involves a
structure being fitted with a dampening
external surface of an elastic material with
a high hysteresis factor. When the damp-
ening surface is sufficiently thick, a wall,
for example, is effectively prevented from
vibrating and thus starting to emit sound.
Dampening of a sound source gives small
results, yet a good exchange in relation to
the cost. In this way a reduction in the
machine’s total sound level by approx. 5
dB can be achieved, while integration can
mean a reduction by approx. 15-25 dB.

3.9.10 Noise with
compressor installations

A compressor’s noise level is measured on
a machine in free field. When it is installed
in a room the noise level is affected by the
properties of the room. The size of the
room, material in the walls and ceiling as

the presence of other equipment (and its
possible noise level) in the room are all sig-
nificant.

Furthermore, the positioning of the
compressor in the room also affects the
noise level, precisely as the set-up and con-
nection of pipes and the like. Sound radia-
ting from compressed air pipes are fre-
quently a more problematic noise source
than the noise from the compressor and its
power source. It can be a question of vibra-
tion transferred mechanically to the pipe,
often in combination with vibration trans-
ferred through the compressed air. It is
therefore important to fit vibration insula-
tors and even enclose part of or the entire
pipe system with a combination of sound
reducing material and a sealed barrier.

3.10
Standards,

laws and provisions

3.10.1 General

In the compressed air sector, as in many
other sectors, there are regulations that
apply. It can be demands that are defined
in laws and provisions as well as optional
regulations, as in national and interna-
tional standards. Sometimes the regula-
tions in standards are also binding, for
example, when they come into force
through legislation. If a standard is quoted
in an agreement it can thereby also be
made binding.

Binding regulations can apply, for
example, to safety for people and property
while optional standards are used to facili-
tate activities such as work with specifica-
tions, selection of quality, measurements,
manufacturing drawings etc.



3.10.2 Standards

Standards are quoted in many cases by
legislators as a way of creating the desired
level of safety. You can be considered as
complying with the legislation’s different
demands if you follow the detailed directi-
ves given by the standards with regard to
design, equipment and testing. Standards
are useful to the manufacturer and the
consumer. They increase interchangeabili-
ty between components from different
manufacturers and the possibility of com-
parison under the same conditions.

Standards are produced and issued
nationally as well as on European and
international levels. International stan-
dards, ISO or EN usually come into force
as national standards (SIS in Sweden).

It is the standardization body ISO (Interna-
tional Organization for Standardization)
with its base in Geneva respective CEN
(Commission  Européenne pour la
Standardization), that organise the interna-
tional work.

SIS (Standardiseringskommissionen i
Sverige) is the Swedish party in this work
and in addition manages national standar-
disation in Sweden with the help of a
number of specialised standardisation
bodies. You can purchase all standards,
national as well as international from SIS.

Besides official standards there are
also documents produced by trade bodies
such as PNEUROP an association of
European manufacturer’'s of compressed
air equipment. An example of such a docu-
ment is the measurement standards for,
e.g. compressor capacity, oil content in the
compressed air, etc. which are issued
while awaiting a standard to be drawn up.






4.1

Economy

4.1.1 Costs for compressed air
production

4.1.1.1 General

Electrical energy is the dominant energy
type with virtually all industrial compres-
sed air production. In many compressed
air installations there are often significant
and unutilised energy-saving possibilities
through, e.g. energy recovery, pressure
lowering, leakage reduction and by opti-
mising operations through the choice of
the control and regulation system.

It is profitable to look to the future as far as
possible and try to assess the affects of
new situations and demands that might
apply to the installation when planning a
new investment. Typical examples are
environmental demands, energy saving
demands, increased quality requirements
from production and future production
investments.

Optimised compressor operations

are becoming more important, especially
for larger, compressed air dependent
industries. Production changes over time
in a developing industry and thereby the
conditions for compressor operations. It is
therefore important that the compressed
air supply is based both on the actual
requirement and on plans for the future.
Experience shows that an extensive and
unbiased analysis of the operating situa-
tion results, on nearly every occasion, in
improved overall economy.

Energy costs are clearly the dominating
factor for the installation’s overall econo-
my. It is therefore important to concentrate
on finding solutions that comply with
demands of performance and quality as
well as demands on efficient energy utili-
sation. The added cost involved with
acquiring compressors and other equip-
ment that comply with both of these
demands will been seen in time as a good
investment.

As energy consumption often repre-
sents approx. 80% of the overall cost you
should exercise care when selecting the
regulation system. The difference in regu-
lation systems overshadows the difference

Investment 19%

When analysing different
expenses for the production of
compressed air you will find a
breakdown similar to the one
in the diagram. However, the
apportionment between diffe-
rent types of costs change with

the number of operating
hours/year, the equipment
included in the calculation, the
types of machine and the selec-
ted cooling system, etc.

Cooling water1%

Maintenance 7%

Energy 73%



between types of compressor. The ideal
situation is when the compressor’s full
capacity is adapted exactly to balanced
consumption, something frequently ap-
plied in process applications. Most types
of compressors are supplied with their
own control and regulation system, but the
addition of equipment for co-control with
other compressors in the installation can
further improve the operating economy.

Speed regulation is becoming a
popular regulation method, due to the
power requirement being virtually propor-
tional to the speed, drawn capacity. To
think carefully and allow the requirement
govern the selection of regulation equip-
ment gives good results.

If a small amount of compressed air is
required during the night and weekends, it
can be profitable to install a small com-
pressor adapted to this requirement. If, for
some reason, you need another working
pressure, the requirement should be analy-
sed to discover whether the entire produc-
tion can take place from a compressor
centre or whether the network should be
divided up for different pressure levels.
Sectioning of the compressed air network
can also come into question, in order to
shutdown certain sections during the night
and at weekends, to reduce air consump-
tion or when you wish to apportion costs
internally based on flow measurements.

4.1.1.2 Apportioning costs

Investment costs are a fixed cost made up
of the purchasing price, building costs,
installation and insurance. The cost of the
investment as a part of the overall cost is
connected partly with the selection of the
quality of the compressed air and partly
with the amortisation period and the cal-

Costs, kr
600 000 ———
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|:| Maintenance
400 000y [linvestment
300 000 1 [Icooling water
200 000
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Comp1 Comp2 Comp 3 Equipment

This is how costs can be divided between 3 com-
pressors and auxiliary equipment. The large dif-
ferences can be due to how the included machi-
nes are valued, that the capital value for an older
machine may be higher than for a newly purcha-
sed machine, that the selected level of safety can
affect the accounted maintenance costs, etc.

culation’s interest rate. The size of energy
costs are linked to the operating time per
year, degree of utilisation and the energy
price, etc. Some acquisition costs, for
example, equipment for energy recovery
give a direct pay off in the form of reduced
operating and maintenance costs.

4.2
Opportunities

for saving

4.2.1 Power requirement

When performing calculations it is impor-
tant to bear in mind the overall power
requirement. All energy consumers that
belong to machines, should be observed,
for example, intake filters, fans and
pumps.

With comparisons between different
investment options particular importance
must be placed on the use of comparable
values. Therefore you must be assured that
the values are stated in accordance with
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Performance for water cooled compressors

Compressor: Ambient conditions
Make: Pressure bar(a)
Type: Temperature °C
Humidity %
J_ Intake filter
T Electric motor
Compressor \& / = M
"Cooling fan" \v4

supplied Elec. power kW
== Supplied power
M = Shaft power kW
Elec. power kW

oot Cooler
pt: )
<7
Cooling water
Flow vs >
Temperature in °C
Temperature out °C Non return valve
Pressure drop bar
Outgoing
Compressed Air
T Flow, FAD m3/min
. Flow, N Nm%h
Total supplied power Pressure bar(e)
Elec. power kW Temperature °C

The figure shows a simple, but extremely
useful model that can be used to give a true
picture of a compressor’s electrical energy
requirement.

internationally agreed regulations, for ex-
ample, as set out in ISO 1217. Ed3, supple-
ment C-1996.

4.2.2 Working pressure

The working pressure directly affects the
power requirement. High pressure means
higher energy consumption. To increase
the working pressure to compensate for
pressure drop always results in impaired
operating economy.

Despite this it is a common method,
for example, with pressure drop caused by
a too small pipe system or blocked filters.
As an example , an increase in the working
pressure by 1 bar, brings about an increase
in the power requirement by approx. 6% .
In an installation with several filters, espe-
cially if they have been operational for a
long period of time without being repla-
ced, the pressure drop can be significantly
higher and therefore very costly.

%
100
95 —
90 —
85 —
80 —
- Compressor’s specific
75 — X
energy consumption, J/I
70 — —— Compressed air flow rate
with supercritial flow, I/s
65 —
= Total power requirement
60
rrrrrr1T 1T 17T 17T T T 7T T 1T 1T T1

6 62 64 66 6.8

7

72 74 76 7.8 8

Working pressure, bar(e)

The relation between pressure and electrical energy consumption. For a compressor of 15 m¥min a
reduction of the working pressure from 7 to 6 bar means that the power requirement decreases from
114 91 to 85 kW. With a running time of 4000 hours/year this represents 24,000 kWh/year.
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This is how the pressure drop across different components in the network affects the requisite working pressure.

In many installations it is not possible to
implement large pressure reductions, but
using modern regulation equipment it is
frequently fully realistic to lower the pres-
sure by 0.5 bar. This means a saving of
perhaps a few per cent, which may seem
to be low, but if you consider that the total
efficiency of the installation is increased to
an equivalent degree it becomes more evi-
dent what the pressure reduction means.

4.2.3 Air consumption

By analysing routines and the use of com-
pressed air, you can find solutions that
give a more equal load on the compressed
air system. The need of increased air pro-
duction can thereby be kept low, which
reduces operating costs.

Unprofitable consumption, which
usually depends on leakage, worn equip-
ment, processes that have not been adap-
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The diagram shows how consumption can be spread during a week and 24 hours per day. Consumption is
low during the night shift, high during the day shift, it drops during breaks, but is constant during the
weekends (leakage or production).



ted or the incorrect use of compressed air
is best rectified by increasing general awa-
reness. Dividing the compressed air
system into sections, that can be separated
using valves, can be a method of reducing
consumption during the night and at week-
ends. In most installations there is some
leakage, which is a pure loss that must the-
refore be minimised. Frequently leakage
claims 10-15% of the produced compres-
sed air sometimes even more. Leakage is
proportional to the working pressure,
which is why one method of reducing

Hole diameter Output flow at Power
7 bar working requirement for

pressure the compressor
Size mm I/s kw
. 1 1.2 0.4
[ 3 111 4.0

‘ 5 31 10.8

. 10 124 43

The table shows the relation between leakage
and power consumption for some different
(small) holes at a system pressure of 7 bar.

leakage is to repair leaking equipment and
lower the working pressure, e.g. at night.

A lowering of the pressure by only
0.3 bar reduces leakage by 4%. If the leak-
age in an installation of 100 mé/min is 12%
and the pressure is reduced by 0.3 bar, this
represents a saving of approx. 3 kWh/
hour, which is equivalent to the electricity
consumption in a normal electrically hea-
ted home. Even the air consumption for
machines and equipment increases with an
increased working pressure.

4.2.4 Regulation method

Using a modern, master control system the
compressor central can be run optimally for
different operating situations at the same
time as safety and availability increase.

Selecting the right regulation method
allows the supplied quantity of energy to
be reduced through a lower system pres-
sure and the degree of utilisation is optimi-
sed for each machine in the installation. At
the same time availability increases, which
reduces the risk of unplanned downtime.
Besides, central control allows program-
ming for automatic pressure reduction in
the entire system, e.g. during operations at
night and weekends.

Refrigerant drying

MD-drying

Adsorption drying

Total cost for compressed air production

T T

T T T T T T

010 20 30 40 50 60 70 80 90 100%

A cost comparison between different drying methods.



As compressed air consumption is seldom
constant, thecompressor installation should
have a flexible design, for example,
through the use of compressors with diffe-
rent capacities and speed controlled
motors. Compressors with a prudent
design can be run with speed control and
screw compressors are especially suited
for this, as their capacity and power
requirement are virtually proportional to
the speed.

4.2.5 Air quality

High quality compressed air reduces the
need of maintenance, increases operating
reliability of the pneumatic system, control
system and instrumentation at the same
time as wear to the air-powered machines
is reduced.

If the compressed air system is adapted for
dry compressed air from the outset the
installation will be less expensive and
simpler, as the pipe system does not need
to be fitted with a water separator and so-
called, swan-necks. When the air is dry it
is not necessary to discharge air to the

Energy consumption, kW
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atmosphere to remove condensation. Con-
densation drainage on the pipe system is
also not required, which means lower
costs for installation and maintenance. The
best economy can be gained by installing a
centralcompressed air dryer. Decentralising
air treatment, with several smaller units
placed in the system, is more expensive
and makes the system harder to maintain.

It is normally calculated that the reduced
installation and maintenance costs for a
system with dry compressed air cover the
cost of the drying equipment. Profitability
is very good, even when it is a question of
supplementing existing installations with
drying equipment.

Oil-free compressors do not need an
oil separator or cleaning equipment for
condensation. At the same time filters are
not needed and therefore the cost for filter
replacement is avoided. Consequently,
there is no need to compensate for the
pressure drop in the filter so compressor’s
working pressure can be lowered, which
improves the installation’s economy yet
further.

Oil lubricated compressor
with filters

. . . . . . e compress
| |

3000

6000 Operating hours

An oil-free compressor gives constant compressed air quality to a fixed energy cost.



4.2.6 Energy recovery

If you use electricity, gas or oil for any
form of heating within the production faci-
lities or in the process, there is good reason
to investigate the possibilities of fully or
partly replacing the energy with surplus
energy from the compressor installation.
The decisive factors are the alternative
value in SEK/kWh for the surplus energy,
degree of utilisation and the amount of
additional investment necessary. A well
planned investment in energy recovery
often gives a repayment time of only 1-3
years. Over 90% of the power supplied to
the compressor can be recovered in the
form of highly valuable heat. The tempera-
ture level of the recovered energy deter-
mines the possible application areas and
thereby the value.

Shaft power 100%

Radiant
losses 2%

\Z

Recoverable energy 94%

Remain in

compressed \y = Recovered energy (kWh/year)
air 4%

Tg = Time per year when there is a need
- of power recovery (hours/year)
K, = Partof Trwith loaded compressor

The highest degree of efficiency is gene-
rally obtained from water cooled installa-
tions, when the compressor installation’s
outgoing cooling water can be connected
directly to a continuous heating require-
ment, for example, the heating boiler’s
return circuit. Surplus energy can then be
effectively utilised all year round.
Different compressor designs give diffe-
rent prerequisites. In situations requiring a
large heat flow, long transporting distan-
ces to the point of utilisation, a generally
lower requirement or a requirement that
varies during the year, it can be of interest
to look at the possibilities of selling the
recovered energy.

4.2.7 Maintenance

As all other equipment, even a compressor

Recovered energy kWh/year:
W = [(Kyx Qq) + (Kax Q)] x Tg

Saving/year: W x e,/m

Saved oil m¥year: W/6800 x n

K, = Part of Ty with off-loaded
compressor

Q, = Available power in coolant with
loaded compressor (kW)

Q, = Available power in coolant with
off-loaded compressor (kW)

€, = Energy price

n = Normal heat source’s efficiency.

At the same time as the compressor produces compressed air, it also converts the supplied energy to heat,

which is transferred to the coolant, air or water. Only a small part follows with the compressed air and is

emitted as radiation from the machine and pipes. An air cooled compressor involves the simplest recovery
system, while a water cooled compressor involves more efficient and more flexible recovery possibilities.



installation requires some form of mainte-
nance. However, maintenance is low in
relation to other costs, but can be reduced
further through planning measures. The
choice of the level of maintenance is deter-
mined by the installation’s reliability and
performance.

Maintenance makes up the smallest
part of the installation’s total cost. This is
connected to a high degree on how the
installation has been planned in general
and the choice of compressor and the auxi-
liary equipment.

You can reduce costs by combining
monitoring with other functions when
using equipment for fully automatic ope-
rations and monitoring of the compressor
central. The total budget for maintenance
is affected by:

¢ Type of compressors
e Auxiliary equipment
(dryers, filters, control and

regulation equipment)

* Operating situation

» Installation conditions

* Media quality

* Maintenance planning

* Choice of safety level

» Energy recovery/cooling system

» Degree of utilisation

The annual cost usually lies between
5-10% of the machine’s investment value.

4.2.7.1 Maintenance planning

Well planned maintenance means that you
can anticipate costs and extend the service
life of the machine and auxiliary equip-
ment. At the same time costs for repair of
small faults decrease and downtime be-
comes shorter.

By utilising advanced electronics to a
greater degree machines are equipped
with instruments for diagnostic examina-
tion. This means that component parts can
be utilised optimally and replacement
takes place only when there is a need. The

Different forms of maintenance

Purchaser/user carries Supplier carries
out the service out the service

Third party carries
out the service

@urchaser’s responsibilitD

(Question of responsibility unclear)

Preventive maint-

R Operating reliability
contract

Service order [enance agreement
as needed /

/

Continuous costs
Purchaser’s
responsibility

™\ Partly fixed costs,
divided responsibility
between
purchaser/supplier

Comprehensive
insurance
-Fixed cost supplier’s
responsibility

/

The highest possible degree of utilisation reduces the cost of service and maintenance, counted in
SEK/operating hour. It is realistic to plan for 100% utilisation and at least 98% availability.



need of reconditioning can be discovered
at an early stage before becoming immen-
se, thus avoiding subsequent damage and
unnecessary downtime.

By utilising the supplier’s service staff and
original spare parts, you can expect the
machine to have a high technical standard
and you have the possibility of adopting
modifications based on the latest findings
during the machine’s service life. The
assessment of the maintenance require-
ment is made by specially trained techni-
cians, who also answer for the training of
in-house maintenance staff. You should
always have you own skilled staff to take
care of daily inspection, as ears and eyes
can hear and see things that monitoring
equipment cannot.

4.2.7.2 Auxiliary equipment

It is easy to expand an installation with
numerous pieces of auxiliary equipment
to, for example, increase the air quality or
monitor the system. However, even auxil-
iary equipment needs service and brings
about costs for maintenance, e.g. in the
form of filter replacement, drying agent
replacement, adaptation to other equip-
ment and the training of staff.

In addition there are secondary
maintenance costs, for example, the distri-
bution network and production machines,
which are affected by the quality of the
compressed air and deposit costs for oil
and filter cartridges. All of these costs
must be evaluated in the calculation that
forms the basis of an investment.

4.3

Other economic
factors

4.3.1 General

You can describe and analyse a product, a
material or service in a systematic way (yet
simplified), with the help of a life cycle
analysis, LCA. The LCA analyses all the
stages in the product’s live cycle. This
means everything, from the selection of
the raw material to the final waste deposit-
ing are included in the study.

The analysis is often used as a com-
parison between different options, for
example, products with an equivalent fun-
ction. The result is often used to provide
guidance in issues concerning processes or
product design. LCA can also be used by
companies in communication with sub-
contractors, customers or the authorities to
describe their product’s characteristics.

The results from an LCA primarily act to
form the basis for making decisions in the
work minimise a product’s effect on the
environment. LCA does not give the an-
swer to every question, which is why other
aspects such as quality and the available
technology must be examined to provide
comprehensive background material.

4.3.2LCC

LCC calculations (LCC = Life Cycle Cost)
are used more and more as a tool to eva-
luate the different investment options.
Included in the LCC calculation are the
product’s combined costs during a specific
period, thus the capital cost, operating cost
and the service cost.

The LCC calculation is often imple-



mented based on a planned installation or
a working installation and with this as a
basis, defines the requirement level for the
new installation. However, it is right to
point out that a LCC calculation is often
only a qualified guess with regard to fu-
ture costs and is limited as it is based on
today’s knowledge of an installation’s con-
dition and energy price changes.

Neither does it bear in mind “soft”
values that can be just as important, for
example, production safety and subse-
quent costs.

To make an LCC calculation requires
knowledge and preferably experience of

compressed air installations. For the best
result it should be made in consultation
between the purchaser and the salesman.
Central issues are, e.g. how different inve-
stment options affect factors such as pro-
duction quality, production safety, the
need of subsequent investment, mainte-
nance of production machines and the dis-
tribution network, environment, the quali-
ty of the final product, risk assessment for
downtime and rejections. An expression
that must not be forgotten in this context is
LCP, Life Cycle Profit, i.e. the earnings that
can be made through, e.g. energy recovery
and reduced rejections.

4:13
Example of a compressor calculation

Input data
Price of electricity SEK/kWh 0.45
Calculation interest % 12
Depreciation period years 10
Operating time hours/year 6 000

Comp Comp Comp Dryers TOTAL

1 2 3

Annual consumption
Electricity MWh/year 1200 555 406 133 2294
Water (circulation system) mslyear = = o = =
Divided operating costs
Electricity kSEK/year 540 250 183 60 1033
Water kSEK/year 6 4 2 0 12
Annual costs without energy recovery | kSEK/year 760 383 197 114 1454
Operating costs kSEK/year 547 254 185 60 1046
Capital cost kSEK 167 99 2 44 312
Service and maintenance kSEK/year 45 30 11 11 97
Air production, total Mm?®/year |12 600 5 760 3 670 . 22 030
Energy recovery
Energy price (for the alternative use) SEK/kWh 0.4 0.4 0.4 - -
Recovery period months/year 10 10 8 - -
Degree of recovery % 94 94 94 - -
Quantity of recovered energy MWh/year 893 395 233 - 1521
Annual cost with energy recovery kSEK/year 413 234 109 114 870
Saving with energy recovery kSEK/year 347 149 88 584
Specific air costs 1, ore/m3 6.0 6.6 5.4 0.5 6.6
without energy recovery
Specific air costs 2, ore/m?3 3.3 4.1 3.0 3.9
with energy recovery

Note:values have been rounded off.



When assessing service and maintenance
costs you must also consider the equip-
ment’s expected condition after the calcu-
lation period has passed, that is whether it
should be seen as consumed or be restored
to its original condition.

Service and maintenance 7%

Capital costs 21%

Operating costs 72%

Furthermore, the calculation model must
be adapted to the type of compressor. The
example below can serve as a model for
the economic evaluation of a compressor
installation, with or without energy re-
covery.

This is how costs are divided without energy recovery.

Service and maintenance 6%

Capital costs 23%

Operating costs 31%

Saving in operating costs
with energy recovery 40%

This is how costs are divided with energy recovery.






5.1 Example of dimensioning

compressed air installations

Below follows some normal calculations for dimensioning a compressed air installation. The
intention is to show how some of the formulas and data from previous chapters are used.
The example is based on a desired compressed air requirement and result in dimensioned
data, based on components that can be chosen for the compressed air installation. After the

example are a few additions that show how special cases can be handled.



5.2 Input data

The compressed air requirements and the ambient conditions must be established before
dimensioning is started. In addition to this requirement, a decision as to whether the com-

pressor shall be oil lubricated or oil-free and whether the equipment shall be water cooled or
air cooled must be made.

5.2.1 Requirement

Assume that the need consists of three compressed air consumers.
They have the following data:

Consumer Flow Pressure Dew point
1 12 Nm*/min 6 bar(e) +5°C
2 67 I/s (FAD) 7 bar(a) +5°C
3 95 I/s (FAD) 4 bar(e) +5°C

5.2.2 Ambient conditions (dimensioning)

Dimensioning ambient temperature: 20°C
Maximum ambient temperature: 30°C
Ambient pressure: 1 bar(a)

Humidity: 60%

5.2.3 Miscellaneous

Air cooled equipment

Compressed air quality from an oil lubricated compressor is regarded as sufficient.



5.3 Component selection

It is a good idea to recalculate all input data from the requirement table under 5.2.1 so that it

is uniform with regard to type before dimensioning of the different components is started.

Flow: In general the unit 1/s is used to define the compressor capacity, which is why consu-
mer 1, given in Nm?/min, must be recalculated.
12 Nm?®/min = 12 x 1000/ 60 = 200 N1/s.

Insertion of the current input data in the formula gives:

_Qux (273 + Ti) x 1.013 _ 200 x (273 + 35) x 1.013

~3091/s (FAD
QFAD 273 x Pi 273 x0.74 /s (FAD)

Pressure: The unit generally used to define pressure for the compressed air components is

overpressure in bar, i.e. bar(e).
Consumer 2 is stated in absolute pressure, as 7 bar(a). The ambient pressure shall be detrac-
ted from this 7 bar to give the overpressure. As the ambient temperature in this case is 1 bar

the pressure for consumer two can be written as 7-1 bar(e) = 6 bar(e).

With the recalculations set out above the table for uniform requirement:

Consumer Flow Pressure Dew point
1 225 |/s (FAD) 6 bar(e) +5°C
2 67 I/s (FAD) 6 bar(e) +5°C
3 95 I/s (FAD) 4 bar(e) +5°C




5.3.1 Dimensioning the compressor

The total consumption is the sum of the three consumers 225 + 67 + 95 = 387 1/s. A safety
marginal of approx. 10-20% should be added to this, which gives a dimensioned flow rate of
387 x 1.15 = 4451/ s (with 15% safety marginal).

The maximum required pressure for consumers is 6 bar(e). The dimensioned consumer is the
one, including the pressure drop, that requires the highest pressure.

A reducing valve should be fitted to the consumer with the requirement of 4 bar(e).
Assume at the moment that the pressure drop in the dryer, filter and pipe together does not
exceed 1.5 bar. Therefore a compressor with a maximum working pressure of 7.5 bar(e) is

suitable.

5.3.2 Assumption for the continued calculation

A compressor with the following data is selected:

Maximum pressure = 7.5 bar(e)

State flow at 7 bar(e) =4501/s

Total supplied power at 7 bar(e) = 175 kW
Supplied shaft power at 7 bar(e) = 162 kW

The compressed air temperature out of the compressor = ambient temperature +10°C.

Furthermore, the selected compressor has loading/unloading regulation with a maximum
cycle frequency of 30 seconds. Using loading/unloading regulation the selected compressor

has a pressure that varies between 7.0 and 7.5 bar(e).



5.3.3 Dimensioning of the air receiver volume

Q. = Compressor’s capacity (1/s) =4501/s

P; = Compressor’s intake pressure (bar(a)) = 1 bar(a)

T, = Compressor’s maximum intake temperature (K) =273 + 30 =303 K

fnax = maximum cycle frequency = 1 cycle/30 seconds

(pu - p1) = set pressure difference between loaded and unloaded compressor (bar) = 0.5 bar.
T, = Compressed air temperature out of the selected compressor is 10°C higher that the
ambient temperature which is why the maximum temperature in the air receiver will be (K)
=273 +40=313 K.

Compressor with loading/unloading regulation gives the right formula for the air receiver

volume:

vo_025xQexTo _ 025x450x313 _  oon
fmaxX (p,-p)XT,  1/30x05x303  —

This is the minimum recommended air receiver volume.
The next standard size up is selected.



5.3.4 Dimensioning of the dryer

As the required dew point in this example is +6°C, a refrigerant dryer is the most suitable
choice of dryer. When selecting the size of the refrigerant dryer a number of factors must be
taken into consideration by correcting the refrigerant dryer’s capacity using correction fac-
tors. These correction factors are unique for each refrigerant dryer model. Below the correc-
tion factors applicable for Atlas Copco’s refrigerant dryers are used and are stated on the

Atlas Copco’s data sheet. The four correction factors are:

1. Refrigerant dryer’s intake temperature and pressure dew point.
As the compressed air temperature out of the selected compressor is 10°C higher than
the ambient temperature, the refrigerant dryer’s intake temperature will be maximum
30 + 10 = 40°C. In addition, the desired pressure dew point is +5°C.

The correction factor 0.95 is obtained from Atlas Copco’s data sheet.

2. Working pressure
The actual working pressure in the compressor central is approx. 7 bar, which repre-

sents a correction factor of 1.0.

3.  Ambient temperature

With a maximum ambient temperature of 30°C a correction value of 0.95 is obtained.

Accordingly the refrigerant dryer should be able to handle the compressor’s fully capacity
multiplied by the correction factors above.
450: 0.95x1.0:0.95=4061/s.

5.3.5 Assumptions for the continued calculation

An air cooled refrigerant dryer with the followed data is selected:

Capacity at 7 bar(e) =4501/s
Total power consumption = 5.1 kW
Emitted heat flow to surroundings = 14.1 kW

Pressure drop across the dryer = 0.09 bar



5.3.6 Control calculations

When all the components for the compressor installation have been chosen, it should be
checked that the pressure drop is not too great. This is done by adding together all the pres-

sure drops for the components and pipes.

It may be appropriate to draw a schematic diagram of the compressed air installation as
shown in fig. 5:1.

Consumer 1

Air receiver .
ST Refrigerant
8 oil filter  9TY®r  pust filter Consumer 2

M——ﬁ eﬁ

Y

Consumer 3

=>

The pressure drop for the components is obtained from the component suppliers, while the

pressure drop in the pipe system should not exceed 0.1 bar.

The total pressure drop can now be calculated:

Component Pressure drop (bar)
Qll filter (pressure drop when filter is new) 0.14
Refrigerant dryer 0.09

Dust filter (pressure drop when filter is new) 0.2

Pipe system in compressor central 0.05

Pipe system from compressor central to consumption points 0.1

Total pressure drop: 0.58

The maximum pressure of 7.5 bar(e) and on-load pressure of 7.0 bar(e) for the selected com-
pressor gives a lowest pressure at the consumers of 7.0 - 0.58 = 6.42 bar(e). You should add to
this, the pressure drop increase across the filter that occurs over time. This pressure drop inc-

rease can be obtained from the filter supplier.



5.4 Other dimensioning

5.4.1 Condensation quantity calculation

As an oil lubricated compressor has been chosen, the water condensation separated in the
compressor and refrigerant dryer will contain oil. The oil must be separated before the water
is released into the sewer, which can be done in an oil separator. Information on how much

water is condensed is needed in order to dimension the oil separator.

The total flow of water in the air taken in is obtained from the relation:
f; = relative humidity x the amount of water (g/litre) the air can carry at the maximum
ambient temperature 30°C x air flow = 0.6 x 0.030078 x 445 ~ 8.0 g/s.

The amount of air remaining in the compressed air after drying is subtracted from this quan-
tity (saturated condition at +6°C).

_ 1x0.007246 x 445
8

f, ~04g/s

The total condensation flow from the installation f; then becomes
f-£,=8.0-04=7.6g/s=~274kg/hour

With help of the calculated condensation flow the right oil separator can be chosen.



5.4.2 Ventilation requirement in the compressor room

The principle that the supplied power to the room air shall be removed with the ventilation

air is used to determine the ventilation requirement in the compressor room.

For this calculation the relationship for the power at a specific temperature change for a spe-

cific mass of a specific material is used.
Q=mx Cp X AT

Q = the total heat flow (kW)

m = mass flow (kg/s)

cp = specific heat capacity (kJ/kg, K)
AT = temperature difference (K)

The formula can be written as:

_Q
Cp-AT

where:

AT = the ventilation air’s temperature increase; presuppose that an increase of the air tempe-
rature with 10K can be accepted =>AT =10 K.

¢, = specific heat capacity for the air = 1.006 kJ /kg x K (at 1 bar and 20°C)

Q = the total heat flow (in kW) = (94% of the supplied shaft power to the compressor + the
difference between the supplied total power to the compressor and the supplied shaft
power to the compressor + the stated heat flow from the refrigerant dryer)
=094 x162 + (175 - 162) + 14.1 = 180 kW

which gives the ventilation air

o Q __ 180
cpx AT  1.006 x 10

~179kg/s

which at an air density of 1.2 kg/m?®is equivalent to 17.9/1.2 = 15m*/s.




5.5 (Addition 1) At high altitude

Question: Presuppose the same compressed air requirement as described in the previous
example at height of 2500 metres above sea level with a maximum ambient temperature of

35°C. How large compressor capacity (expressed as free air quantity) is required?

Answer: Air is thinner at altitude, which must be considered when dimensioning the com-
pressed air equipment that has a compressed air requirement specified for a normal state
(e.g. Nm®/min). In those cases that the consumer’s flow is stated in free air quantity (FAD)

no recalculation is necessary.

As consumer 1 in the example above is given in the unit Nm?/ min the requisite flow for this
consumer must be recalculated. The state at which the compressor’s performance is normally
stated is 1 bar and 20°C, which is why the state at 2500 metres above sea level must be recal-

culated into this state.

By using the table the ambient pressure 0.74 bar at 2500 metres above sea level is obtained. If
the flow is recalculated to N1/s (12 Nm?/min = 12000/60 N1/s = 200 N1/s) and is set in the

formula the following is obtained:

_ Qux (273 + Ti) x1.013 _ 200 x (273 + 35) x 1.013

~3091/s (FAD
QFAD 273 x Pi 273 x 0.74 /s (FAD)

The total compressor capacity demanded is then 309 + 67 + 95 =471 1/s (FAD).



5.6 (Addition 2) Intermittent output

Question: Presuppose that in the calculation example above there is an extra requirement
from consumer 1 of a further 200 1/s for 40 seconds on the hour. It is accepted during this
phase that the pressure in the system drops to 5.5 bar(e). How large should the receiver

volume be to meet this extra requirement?

Answer: It is possible, during a short period, to take out more compressed air than what the
compressor can manage by storing the compressed air in an air receiver. However, this

requires that the compressor has a specific over capacity. The following relation applies for

this:
Vo Qxt

Pl - Pz
where

Q = air flow during the emptying phase =2001/s
t = length of the emptying phase = 40 seconds
P, - P, = permitted pressure drop during the emptying phase = normal pressure in the

system - minimum accepted pressure during the emptying phase = 6.46 - 5.5 = 0.96 bar

Inserted in the formula to give the requisite air receiver volume:

Qxt _ 200x40
P, -P, 0.96

V= =83401

In addition, it is required that the compressor has a specific over capacity, so that it can fill
the air receiver after the emptying phase. The selected compressor has an over capacity of 5
1/s = 18000 litres/hour. As the air receiver is emptied once per hour the compressor’s over

capacity is more than sufficient.



5.7 (Addition 3) Water borne energy recovery

5:2
- Expansion vessel, etc.

1
! y 1
1
i oy 1
Compressed air 1
N> I:> Pump
1
P—t >
Compressor me
oil lubricated —D><t—>—
te2=80°C Recovery heat exchanger e
il D>
tp2 tp1 =55°C
mp

Question: A water borne energy recovery circuit is to be built for the compressor in the
example. Presuppose that the water to be heated is in a warm water return (boiler return)
with an ingoing return temperature of 55°C. Calculate the flow required for the energy
recovery circuit and the power that can be recovered. Also calculate the flow and outgoing

temperature for the boiler return.

Answer: Start be drawing the energy recovery circuit and name the different power, flow

and temperatures. Now follow the calculation below.

Qr = power transferred from the compressor to the energy recovery circuit (kW)
Qp = power transferred from the energy recovery circuit to the boiler return (kW)
mg = water flow in the energy recovery circuit (1/s)

mp = water flow in the boiler return (1/s)

tg; = water temperature before the compressor (°C)

tg, = water temperature after the compressor (°C)

tp; = ingoing temperature on the boiler return (°C)

tp, = outgoing temperature on the boiler return (°C)



5.7.1 Assumption

The following assumption has been made:

A suitable water temperature out of the compressor for energy recovery can be obtained
from the compressor supplier and is assumed to be in this example tg,= 80°C.

Assumption for the water circuit through the energy recovery heat exchanger:
tEl = tPl +50C
th = tE2 '5OC

In addition it is assumed that the pipe and heat exchanger have no heat exchange with the

surroundings.

5.7.2 Calculation of the cooling water flow in the energy recovery circuit

szxcprT

AT = temperature increase across the compressor = tg, - tg; = 80°C - 60°C = 20°C

¢, = specific heat capacity for water = 4.18k]J/ kg x K

Q = Qg = the power that can be taken care of = 70% of the supplied shaft power = 0.70 x 162
=132 kW.

This is the power possible to recover for the selected compressor.

m = mass flow in the energy recovery circuit = mg.

The formula can be written as:

B |
B opxAT  4.18x20

=1.35kg/s



5.7.3 Energy balance across the recovery heat exchanger

For the recovery heat exchanger applies:
QE = mE X CP X (tEZ_tEl)
Qp = mp X Cp X (tPZ_tPI)

However, as it has been presupposed that no heat exchange shall take place with the sur-
roundings, the power transferred to the energy recovery circuit from the compressor will be

equal to the power transferred in the recovery heat exchanger, i.e. Qp= Qp =113 kW.

The formula can be written as:

Q
m, = - 13 ~1.351/s
(tP2 - tPl) xc, (75 -55) x 4.18

5.7.4 Compilation of the answer

It can be established from the calculation that the power which can be recovered is 113 kW.
This requires a water flow in the energy recovery circuit of 1.351/s. An appropriate flow for

the boiler return is also 1.351/s with an increase of the boiler temperature by 20°C.



5.8 (Addition 4) Pressure drop in the piping

Question: A 23 metre pipe with an inner diameter of 80 mm shall lead a flow of 140 1/s. The
pipe is routed with 8 elbows that all have a bend diameter equal to the inner diameter. How

great will the pressure drop across the pipe be if the absolute initial pressure is 8 bar(a)?

Answer: First the equivalent pipe length for the 8 elbows must be determined. The equiva-
lent pipe length of 1.3 metres per elbow can be read off from the table 3:36. The total pipe
length is then 8 x 1.3 + 23 = 33.4 meters. The following formula is used to calculate the pres-

sure drop: 185, 1
X
Ap =450 ———
P dxp
Insertion gives: 14018 x 33.4
Ap =450 —————— =0.0054 bar
80°x 8

Accordingly, the total pressure drop across the pipe will be 0.0054 bar
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The Sl-system

Since 1964 Sl has been the Swedish stan-
dard within the area of quantities and
units where fundamental information can
be found in SIS 01 61 18 (General princi-
ples and writing rules) and SIS 01 61 26
(Prefixes for multiple units) and SIS 01 61
32 (Sl-units, derived and additional units).

Units are divided into four different
classes:

Base units
Supplementary units
Derived units
Additional units

If a prefix (micro, milli, kilo, mega, etc.) is
placed before a unit, the formed unit is
then called a multiple unit.

Base units, supplementary units and
derived units are called Sl units and mul-
tiple units formed by Sl units are called
units in SI. Note that additional units and
not units in SI.

Base units are one of the established,
independent units in which all other units
can be expressed.

There are 7 base units in Sl:

for length metre m
for mass kilogram kg
for time second s
for electrical current ampere A
for temperature kelvin K

for luminous intensity candela cd
for the amount of

substance mole mol

Supplementary units are units of a basic
nature, but are not classified as base units
or derived units.

Two supplementary units are included in

Sl:

radian rad
steradian sr

for plane angles
for solid angles

Derived units and formed as a power or
products of powers of one or more base
units and/or supplementary units accord-
ing to physical laws for the relation betwe-
en different units.

15 derived units have been given their own names:

Expressed Expressed in
Quantity Designation Symbol in other base and
Sl units supplementary units

frequency hertz Hz - st
force newton N - m x kgxs?
pressure, mechanical stress pascal Pa N/m? m* x kg x s
energy, work joule J Nxm m? x kg x s?
power watt w JIs m? x kg x s*
electrical quantity, charge coulomb C AXs SXA
electrical voltage volt Vv WI/A m? x kg x s® x A*
capacitance farad F CIV m? x kg* x s* x A?
resistance ohm w VIA m? X kg x s® x A?
conductivity siemens S AV m?x kg* x s® x A?
magnetic flux density tesla T Whb/m? kg x sz x A?
magnet flux weber Wb VXxs m? X kg x s?x A*
inductance henry H Wh/A m? x kg x s2 x A?
luminous flux lumen Im cd x sr cd x sr
light lux Ix Im/m? cd x sr x m?




Additional units. There are a number of
units outside of SlI, which for different rea-
sons cannot be eliminated despite that cor-
responding units in principle can be
expressed in Sl units. A number of these
units have been selected to be used with
the units in SI and are called additional
units.

There are also a further four additional
units primarily for use within astronomy
and physics. All of these additional units
are approved by Comité International des
Poids et Mesures (CIPM) 1969 and are
used together with Sl units.

The following additional units for technical use occur:

Additional unit
Quantity Designation Symbol Remarks
plane angle degree 8 1°= _T rad
180
plane angle minute ' r= _Y
60
. S
plane angle second 1 -
60
volume litre | 11=1dm?
time minute min 1 min = 60 sec
time hour h 1 h =60 min = 3.600 sec
time day d 1d=24h
mass tonne (metric) t 1t=1.000 kg
pressure bar bar 1 bar = 10° Pa = 10° N/m?




Multiple units. A multiple unit is formed Fourteen such prefixes are stated in inter-

by an Sl unit or an additional unit by the national recommendations (standards) as
unit being preceded by a prefix that invol- set out in the table below.
ves the multiplication by the power of ten.
Prefix
Power Designation Symbol Example
10% tera T 1 terajoule 17J
10° giga G 1 gigawatt 1GW
10¢ mega M 1 megavolt 1MV
10° kilo k 1 kilometre 1km
10? hectoh h 1 hectogram 1 hg
10t deca da 1 decalumen 1 dalm
10+ deci d 1 decimetre 1dm
102 centi c 1 centimetre lcm
10°® milli m 1 milligram 1 mg
10°° micro uw 1 micrometre 1 um
10°° nano n 1 nanohenry 1nH
10 pico p 1 picofarad 1 pF
10 femto f 1 femtometre 1fm
10 atto a 1 attosecond las
Pressure
Pa=N/m? bar kp/cm? Torr m vp mm vp
1 10° 1.02 x 10° 7.5x10° 1.02 x 10 0.102
10° 1 1.02 750 10.2 1.02 x 10*
9.81 x10* 0.981 1 735 10 10¢
133,3 1.33x 10 1.36 x 10°® 1 1.36 x 10 13,6
9.81 x 10° 9.81 x 1072 0.1 73.5 1 10°
9.81 9.81 x 10 10 7.35x 102 107 1
Energy
J kJ kWh kpm kcal
1 10 2.78 x 1077 0.102 2.39x 10"
1000 1 2.78 x10™* 102 0.239
3.6 x 10° 3.6 x 10° 1 3.67 x 10° 860
9.81 9.81x 107 2.72x10° 1 2.39x10°
4.19 x 10° 4.19 1.16 x 10°® 427 1
Power
w kpm/s kcall/s kcal/h hk
1 0.102 0.239 x 10°® 0.860 1.36 x 10
9.81 1 2.34x 10 8.43 1.33x 107
4.19 x 10° 427 1 3.6 x10° 5.69
1.163 0.119 0.278 x 10 1 1.58 x 10°®
735 75 0.176 632 1




6.2

Drawing symbols

{3
{0}
T
154
KO
=~
i
K2
)
&,
0

Air filter

Silencer

Diffusor

Compensator

Damper valve

Screw compressor

Non-return valve

Stop valve

Safety valve

Manual valve

Pressure closing valve

Pressure opening valve

Oil separator

Ejector

Water cooled cooler

Water separator

Condensation receiver

Direction of flow

Air cooled cooler

Fan

Expansion vessel

;1 I
g_ | Minimum pressure valve
|

Thermostat valve

1
| Thermostat valve
|
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Fluid filter

Fluid pump

QOil tank with

manual drainage

Restrictor

Bypass

Pressure
regulator

Oil stop valve

Air
Qil
Water

Drainage

Ventilation
ducting

Mechanical
connection

Signal air

Electrical signal

Border line

Electrical energy

(DO Oy =

Electric motor

Electrical
distribution box

Motor coupling

Blind flange

Sensor for pressure,
temperature, etc.

Sensor for pressure,
temperature, etc.

Sensor for pressure,
temperature, etc.



6.3

Diagrams
and tables

Material J/kg x K
air (atmospheric pressure) 1004
aluminium 920
copper 390
oil 1670-2 140
steel 460
water 4185
zinc 385
Heat capacity for some materials.
v
0.6

0.5

0.4 //é

)

//

K=
1.667
0.3 1.4
1.3
0.2 1.2
1.135
0.1
0

0 02 04 06 0810

pressure relation p /p,

Flow coefficients as a function of the
pressure relation for different k-values.

Some physical constants for dry air at sea
level (=15°C and 1013 bar).
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Water content in air at different relative vapour pressures (¢).
The maximum water content is doubled with each temperature rise of 11 K.
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]
/A o K=1.25
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pressure relation p, /p1

The diagram show the temperature relationship T,/T; for different
gases with different x-values during isentropic compression.



t Ps pw t Ps pw Gas Volume % Weight %
°c | mbar | g/m® || °c | mbar | o/m®
nitrogen 78.084 75.520
N
-40 | 0.128 | 0.119|| 5| 872 | 6.80 2
-38 | 0.161 | 0.146 6 9.35 7.26 oxygen 20.947 6 23.142
-36 | 0.200 | 0.183|| 7 | 1001 | 7.75 2
-34 | 0249 | 0.225(| 8| 1072 | 8.27
32| 0.308 | 0.277|| 9| 11.47 | s8.82 S el Uity
-30 | 0.380 | 0.339|| 10 | 1227 | 9.40 carbon 0.0314 0.047 7
29 | 0.421 | 0.374 || 11 | 13.12 | 10.01 dioxide
28 | 0.467 | 0.413 || 12 | 14.02 | 10.66 co,
27 | 0517 | 0.455 || 13 | 14.97 | 11.35
26 | 0.572 | 0.502|| 14 | 15.98 | 12.07 neon 0.001818 | 0.001267
25 | 0.632 | 0.552 || 15 | 17.04 | 12.63 helium 0.000524 | 0.000 072 4
24 | 0.689 | 0.608 || 16 | 18.17 | 13.63 He
23 | 0.771 | 0.668 || 17 | 19.37 | 14.48
22 | 0.850 | 0.734 || 18 | 20.63 | 15.37 :‘{VP‘°“ L URRE S LR
21 | 0.937 | 0.805(| 19 | 21.96 | 16.31 g
xenon 0.000 008 7 | 0.000 039
20 | 1.03 | 0.884 (| 20 | 23.37 | 17.30 Xe
-19 | 1.14 | 0.968 || 21 | 24.86 | 18.34
18| 1.25 | 1.06 || 22 | 26.43 | 19.43 hydrogen | 0.000 05 0.000 003
17 | 1.37 | 1.16 || 23 | 28.09 | 20.58 H,
-16 | 1.51 1.27 24 | 29.83 | 21.78 methane 0.000 2 0.000 1
CH,
-15 | 165 | 1.39 || 25 | 31.67 | 23.05
14| 1.81 | 1.52 || 26 | 33.61 | 24.38 nitrous 0.000 05 0.000 08
13| 1.98 | 1.65 || 27 | 35.65 | 25.78 ;’l"ge
12| 217 | 1.80 || 28 | 37.80 | 27.24 2
-11 | 2.38 1.96 29 40.06 | 28.78 ozone summer:
0, 0 to 0.000 007 | 0 to 0.000 01
10| 260 | 2.14 || 30 | 42.43 | 30.38 -
9 | 284 | 233 || 31 | 44.93 | 32.07 UOLE
8 | 310 | 253 || 32 | 4725 | 3383 0 to 0.000 002 | 0 to 0.000 003
7 | 338 | 275 || 33 | 50.31 | 35.68
-6 | 3.69 2.99 34 | 53.20 | 37.61 sulphur | 0to 0.000 1 0 to 0.000 2
dioxide
5 | 402 | 325 || 35| 56.24 | 39.63 SO:
-4 4.37 3.52 36 99.42 | 41.75 nitrogen |0 to 0.000 002 | 0 to 0.000 003
3 | 476 | 3.82 || 37 | 62.76 | 43.96 dioxide
2 | 517 | 414 || 38 | 66.28 | 46.26 NO.
1 | 562 | 448 || 39 | 69.93 | 48.67
ammonia |[Ca0 Ca0
0| 611 | 48 || 40| 73.78 | 51.19 NH,
1| 657 | 519 || 41 | 77.80 | 53.82 i e o
3| 758 | 595 || 43 | 86.42 | 59.41 co
4 | 813 | 6.36 || 44 | 91.03 | 62.39 -~ .
Composition of clean, dry air at sea level.

Saturation pressure (Pg) and density (py,)
for saturated water vapour.

This composition is relatively constant up to
a height of 25 km.



Machine type and size

Air requirement max. I/s

Drilling machines, @ = bit diameter (mm)

Small J < 6.5 6.0
Medium 6.5 <@ =< 10 7.5
Large 10< @ < 16 16.5
Thread cutters 6
Screwdriver, d = screw size

Small d < M6 5.5
Medium M6 < d < M8 7.5
Impact wrench, d = bolt size

Smalld < M10 5.0
Medium M10 <d < M20 7.5
Large d > M20 22.0
Filing machine 7.5
Polishers/Die grinders, e = power (kW)

Small e < 0.5 8.0
Largee> 0.5 16.5
Grinders, e = power (kW)

Small0.4<e<1.0 20.0
Medium 1,0<e <2 40.0
Largee>2 60.0
Chipping hammers

Light 6.0
Heavy 13.5
Air hoists t = lifting tonnage

t< 1 tonne 35
t> 1 tonne 45
Scaler 5.0
Cleaning nozzle 6.0
Nutrunner, d = bolt size

d<M8 9
d>M10 19

Some examples of air consumption for some common power tools and machines based on experience.

These values from the basis for calculating the requisite compressor capacity.
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3

Dew point g/m Dew point g/m Dew point glm3 Dew point g/m

°C °C °C °C

+100 588.208 +58 118.199 +16 13.531 —25 0.55
99 569.071 57 113.130 15 12.739 26 0.51
98 550.375 56 108.200 14 11.987 27 0.46
97 532.125 55 103.453 13 11.276 28 0.41
96 514.401 54 98.883 12 10.600 29 0.37
95 497.209 53 94.483 11 9.961 30 0.33
94 480.394 52 90.247 10 9.356 31 0.301
93 464.119 51 86.173 9 8.784 32 0.271
92 448.308 50 82.257 8 8.243 33 0.244
91 432.885 49 78.491 7 7.732 34 0.220
90 417.935 48 74.871 6 7.246 35 0.198
89 403.380 47 71.395 5 6.790 36 0.178
88 389.225 46 68.056 4 6.359 37 0.160
87 375.471 45 64.848 3 5.953 38 0.144
86 362.124 44 61.772 2 5.570 39 0.130
85 340.186 43 58.820 1 5.209 40 0.117
84 336.660 42 55.989 0 4.868 41 0.104
83 324.469 41 53.274 42 0.093
82 311.616 40 50.672 -1 4.487 43 0.083
81 301.186 39 48.181 2 4.135 44 0.075
80 290.017 38 45.593 3 3.889 45 0.067
79 279.278 37 43.508 4 3.513 46 0.060
78 268.806 36 41.322 5 3.238 47 0.054
77 258.827 35 39.286 6 2.984 48 0.048
76 248.840 34 37.229 7 2.751 49 0.043
75 239.351 33 35.317 8 2.537 50 0.038
74 230.142 32 33.490 9 2.339 51 0.034
73 221.212 31 31.744 10 2.156 52 0.030
72 212.648 30 30.078 11 1.96 53 0.027
71 204.286 29 28.488 12 1.80 54 0.024
70 196.213 28 26.970 13 1.65 55 0.021
69 188.429 27 25.524 14 1.51 56 0.019
68 180.855 26 24.143 15 1.38 57 0.017
67 173.575 25 22.830 16 1.27 58 0.015
66 166.507 24 21.578 17 1.15 59 0.013
65 159.654 23 20.386 18 1.05 60 0.011
64 153.103 22 19.252 19 0.96 65 0.0064
63 146.771 21 18.191 20 0.88 70 0.0033
62 140.659 20 17.148 21 0.80 75 0.0013
61 134.684 19 16.172 22 0.73 80 0.0006
60 129.020 18 15.246 23 0.66 85 0,00025
59 123.495 17 14.367 24 0.60 90 0.0001

The water content in the air at different dew points.



6.4
Compilation

of current
standards and
norms

Here follows a compilation of current
(1997) standards and norms within the
compressed air field. The compilation
refers to Swedish regulations, but in most
cases there are equivalent national regula-
tions in other countries. The listed stan-
dards are all, with some exceptions,
European or international. Pneurop docu-
ments are usually issued with a parallel
CAGI issue for the American market.

It is always important to check with the
issuing body that the latest issue is being
used, unless the requirement/demand
refers to a dated issue.

6.4.1 Safety related regulations
and standards

6.4.1.1 Machine safety

EU directive 89/392/EEG, Machinery direc-
tive. In Sweden this has been made law as AFS
93:10 (modified as AFS 94:48). National
Swedish Board of Occupational Safety and
Health regulations for machinery

EN 1012-1 Compressors and vacuum pumps —
Safety demands — Del 1: Compressors

EN 1012-2 Compressors and vacuum pumps —
Safety demands — Del 2: Vacuum pumps

6.4.1.2 Pressure safety

Directive 87/404/EEG, Simple pressure ves-

sels. In Sweden this has been made law as AFS

93:41 | (modified as AFS 94:53) National
Swedish Board of Occupational Safety and
Health regulations for simple pressure vessels

Directive 76/767/EEG Covers common legisla-
tion for pressure vessels and methods of
inspecting. Directive 97/23/EG for pressure
equipment (applies from 1999-11-29)

AFS 86:9 (modified as AFS 94:39) ) National
Swedish Board of Occupational Safety and
Health regulations for pressure vessels and
other pressure equipment

EN 764 Pressure equipment - Terminology
and symbols - Pressure, temperature.

EN 286-1 Simple unfired pressure vessels
designed to contain air or nitrogen - Part 1:
Design, manufacture and testing

EN 286-2 Simple unfired pressure vessels
designated to contain air or nitrogen - Part 2:
Pressure vessels for air braking and auxiliary
systems for motor vehicles and their trailers

EN 286-3 Simple unfired pressure vessels
designed to contain air or nitrogen - Part 3:
Steel pressure vessels designed for air braking
equipment and auxiliary pneumatic equipment
for railway rolling stock

EN 286-4 Simple unfired pressure vessels
designed to contain air or nitrogen - Part 4:
Aluminum alloy pressure vessels designed for
air braking equipment and auxiliary pneuma-
tic equipment for railway rolling stock

6.4.1.3 Environment

Pneurop PNSBNTCI, Noise test code for com-
pressors. 1ISO 84/536/EC. Sound level demands
for machinery. A special standard for sound
measurements is being drawn up within 1SO.



For the emission of exhaust fumes from com-
bustion engines a decision is expected accord-
ing to "EU stage 1"

6.4.1.4 Electrical safety

ELSAK-FS 1994:9 National Swedish Board of
Electrical Safety’s regulations for electrical
material.

ELSAK-FS 1994:7 National Swedish Board of
Electrical Safety’s regulations for heavy cur-
rent installations (equivalent to IEC 364)

EU directive 89/336/EEG Electromagnetic
compatibility

ELSAK-FS 1995:5 National Swedish Board of
Electrical Safety’s regulations for electromag-
netic compatibility

EN 60204-1 Machinery,
instructions

Electrical safety

EN 60439-1 Low-voltage switchgear and con-
trol gear assemblies

6.4.2 Technical related
standards and norms

6.4.2.1 Standardization

SS 1796 Compressed air
Terminology

technology -
1SO 3857-1 Compressors, pneumatic tools and
machines - Vocabulary - Part 1: General

1SO 3857-2 Compressors, pneumatic tools and
machines - VVocabulary - Part 2: Compressors

1SO 5390 Compressors - Classification

ISO 5941 Compressors, tools and machines
Preferred pressures

6.4.2.2 Specifications

SS-ISO 1217 Compressed air technology -
displacement compressors — delivery tests

ISO 5389 Turbo-compressors - Performance
test code ISO 7183-1 Compressed air dryers -
Part 1: Specifications and testing

ISO 7183-1 Compressed air dryers - Part 2:
Performance ratings

ISO 8010 Compressors for the process industry
- Screw and related types - Specifications and
data sheets for their design and construction

ISO 8011 Compressors for the process industry
- Turbo types - Specifications and data sheets
for their design and construction

ISO 8012 Compressors for the process industry
- Reciprocating types - Specifications and data
sheets for their design and construction

SS-1SO 8573-1 Compressed air for general use
- Part 1: Contaminants and quality classes. For
enforcement of the current national Swedish
regulations there are:

Pressure vessel norms 1987

Piping norms 1978

Air container norms 1991

Issued by the Pressure vessel standardization
EG directive 73/23/EEG Low voltage directive

6.4.2.3 Measurements

ISO 8573-2 Compressed air for general use
Part 2: Test methods for oil aerosol content

(Draft) 1SO 8573-3 Compressed air - Part 3:
Measurement of humidity

(Draft) ISO 8573-4 Compressed air - Part 4:
Measurement of solid particles

151



152

Index

absolute pressure 121
absolute zero 1.2.2
absorption 241
absorption dryers 2414
active power 1.6.4
adsorption 2.4.1
adsorption dryers 24.15
after cooler 2411
air 1.4
air composition 141
air consumption 1.1.2,4.2.3
air intake 354
air receiver 3.6.1.1
air requirement 3.1.1.2
air-borne energy recovery 3.4.3.2
alternating current 1.6.1
apparent power 1.6.4
assembly method 1.6.5.6
atmospheric pressure 121
atomic number 111
axial compressors 223
booster compressors 2.3.2
Boyle’s law 1.3.2
by pass regulation 2522
cables 3.8.6
capacitive measurement system 2552
carbon filter 242,325
Celsius scale 1.2.2
central control 257
centralised installation 3.1.2.2
centrifugal compressors 222
changes in state 134
Charles’ law 1.3.2
circuit-breaker 3.85
clearance volume 153
closed cooling system 3.3.14
comprehensive control system 2.5.6
compressed air central, 3.5.1,35.2,35.3
compressed air distribution 3.6.1
compressed air quality 3.22
compression in several stages 155
compressor calculation 4.3.2
compressor central 312,35
compressor package 351
compressor’s sound level 3.7.2,3.9.10
contactor 3.8.3
continuous capacity regulation 251
control transformer 3.84
convection 133
cooling methods 3.3
cost division 411.1,432
critical flow 1.35

critical pressure ratio 1.35
decentralised installations 3.1.23
decibel 39.1
degree of recovery 342,426
degree of utilisation 3.1.11
delta connection 1.6.5.7
dew point 1.4.2
diaphragm compressors 214
diaphragm filter 3.2.8
dimensioning 31,51
direct start 3.8.3
displacement compressors 152
double acting compressors 152,212
dynamic compressors 221
electrical current 16.1
electrical voltage 1.6.1
electromotive force, emf 1.6.2
electron scale 111
electrons 111
energy recovery 34
equivalent pipe length 3.6.3
exhaust emissions 3.7.2
extra low voltage 1.6.1
filter 242,325
free output air rate 1.2.6
frequency 1.6.1
frequency converter 2543
frequency curves 3.9.7
fuses 3.75
gas constant 132
gases’ general state 132
generators 3.7.3
glycol mixture 3314
gradual start 3.83
heat transfer 133
heat transfer number 133
high pressure compressor 3.6.1.1
high voltage 1.6.1
idling time 2542
impedance 1.6.2
individual gas constant 132
installation’s overall economy 4111
insulation class 1.6.5.3
intake air 354
intake pressure variation 3.1.32
isentropic process 1344
isobaric process 1342
isochoric process 1341



isothermic process 1.34.3
Joule-Thomson effect 137
Kelvin scale 1.2.2
labyrinth seal compressors 212
laminar flow 1.3.6
leakage 3.1.1.3,423
life cycle analysis, LCA 432
life cycle cost, LCC 4.3.2
liquid injected screw compressors 2152
liquid ring compressors 2.19
loading 251
logarithmic mean temperature difference 133
low voltage 1.6.1
main voltage 1.6.3
maintenance costs 427
maintenance planning 4271
MD dryer 24.15
metal resistor 2551
microorganisms 3.24
modulation 2534
moist air 1.4.2
molecular movement 1.1.2
molecules 111
monitoring 255.3,258
multi-stage off-loading 2528
neutrons 111
new investment 4111
normal litre 1.2.6
norms and standards 3.9,6.4
nozzle 135
off loading/loading 251
Ohm’s law 1.6.2
oil filter 3.25
oil free compressors 2.13,2151
oil free screw compressors 2151
oil/water emulsion 3.2.8
open cooling system 3.3.1.2,33.13
operating analysis 3.1.1.3
operating costs 4111-411.2
optimised compressor operations 4111
over compression 24.13
overall cost 4.3.2
overload protection 3.8.6
part flow measurement 3.6.4
particle filter 242

phase compensation 3.8.7

phase displacement

1.6.2

phase voltage 1.6.3
pipe resonance 354
pipes 133
piston compressors 15.1-15.2,21.2
plasma 1.1.2
polytropic process 1345
portable compressors 3.7
portable generators 3.7.3
power 125
prefilter 354
pressure 121
pressure amplifier 2.3.3
pressure band 2542
pressure dew point 241
pressure drop 1.3.6,4.2.2
pressure measurement 1.2.1,255.2
pressure ratio 152
pressure relief 2521,2534
pressure relief with throttled intake 2524
pressure switch 2542
protection classes 1.6.5.4
protons 111
quality class in accordance with ISO 3.2.2
quantity of ventilation air 355
radial compressors 221,222
radiation 111
reactance 1.6.2
reactive power 1.6.4
recovery potential 3.4.2,4.2.6
refrigerant dryer 24.1.2
regulation 251
regulation system 251
resistance 1.6.2
resistance thermometer 2551
resistive measurement system 2552
reverberation 395
Reynolds’ number 136
ring piping 3.6.2
room constant 394
saving possibilities 4.2
screw Compressors 215
scroll compressors 217
separation efficiency 242
sequence control 25.6.1
short circuit induction motor 1.6.5
short-circuit protection 3.85
single acting compressor 152,212
sound absorption 3.9.9
sound dampening 3.9.9
sound measurement 3.9.7
sound powver level 39.1
sound pressure level 3.9.2
speed regulation 2543
star connection 1.6.3
star/delta start 3.8.3

153



start sequence selector

256.1

start/stop regulation 2525
starter 3.8.3,3.85
sterile filters 3.25
stroke volume 153
synchronous speed 1651
temperature 1.2.2
temperature measurement 2551
thermal capacity 1.2.3
thermal conductivity number 133
thermistor 2551
thermodynamics 1.3
three phase mains 1.6.3
throttling 137
throttling the intake 25.2.3,2531
tooth compressor 2.1.6
turbo compressors 221
turbulent flow 1.3.6
vacuum pumps 231
valve off-loading 25238
vane compressors 2.1.8
vane compressors 2.18
vane regulation 253.2,2533
variable discharge port 2527
ventilation fan 355
water content in compressed air 241,322
water cooled compressor 331
water separator 2411
water vapour 322
water-borne energy recovery 3433
work 124
working pressure 3111
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The face of commitment

What sets Atlas Copco apart as a company is our
conviction that we can only excel in what we do if we
provide the best possible know-how and technology to
really help our customers produce, grow and succeed.

There is a unique wayof achieving that - we simply
call it the Atlas Copco way. It builds on interaction, on
long-term relationships and involvement in the customers’
process, needs and objectives. It means having the
flexibility to adapt to the diverse demands of the people
we cater for.

It’s the commitment to our customers’ business that
drives our effort towards increasing their productivity
through better solutions. It starts with fully supporting
existing products and continuously doing things better, but
it goes much further, creating advances in technology
through innovation. Not for the sake of technology, but for
the sake of our customers’ bottom line and peace-of-mind.

That is how Atlas Copco will strive to remain the first
choice, to succeed in attracting new business and to main-
tain our position as the industry leader.

Alitlas Copco

9780 0380-10



