


92
©

 A
tla

s C
op

co
 A

ir
po

w
er

 N
V,

 B
el

gi
um

, 2
01

5

The required pipe lengths for the different parts of 
the network (risers, distribution and service pipes) 
are determined. A scale drawing of the probable 
network plan is a suitable basis for this. The length 
of the pipe is corrected through the addition of 
equivalent pipe lengths for valves, pipe bends, 
unions etc. as illustrated in Figure 3:36. 
As an alternative to the above formula, when cal-
culating the pipe diameter, a nomogram (shown in 
Figure 3:37) can be used to find the most appropri-
ate pipe diameter. The flow rate, pressure, allowed 

pressure drop and the pipe length must be known 
in order to make this calculation. Standard pipe of 
the closest, largest diameter is then selected for the 
installation.
The equivalent pipe lengths for all the parts of the 
installation are calculated using a list of fittings 
and pipe components, as well as the flow resis-
tance expressed in equivalent pipe length. These 
“extra” pipe lengths are added to the initial straight 
pipe length. The network’s selected dimensions are 
then recalculated to ensure that the pressure drop 

3:36

Some fittings and their influence on losses in pipes of various diameters. The losses are recalculated to a corresponding 
equivalent length of the pipe (m).
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will not be too significant. The individual sections 
(service pipe, distribution pipe and risers) should 
be calculated separately for large installations.

3.6.4 Flow measurement
Strategically placed air flowmeters facilitate 
internal debiting and economic allocation of com-
pressed air utilization within the company. Com-
pressed air is a production medium that should be 
a part of the production cost for individual depart-
ments within the company. From this viewpoint, 
all parties concerned could benefit from attempts 
at reducing consumption within the different 

departments.
Flowmeters available on the market today pro-
vide everything from numerical values for man-
ual reading, to measurement data fed directly to a 
computer or debiting module.
These flowmeters are generally mounted close to 
shut-off valves. Ring measurement requires par-
ticular attention, as the meter needs to be able to 
measure both forward and backward flow.

3:37
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3.7 ELECTRICAL  
INSTALLATION

3.7.1 General
To dimension and install a compressor requires 
knowledge of how component parts affect each 
other and which regulations and provisions apply.
The following is an overview of the parameters 
that should be considered to obtain a compres-
sor installation that functions satisfactorily with 
regard to the electrical system.

3.7.2 Motors
For the most part, three-phase squirrel cage induc-
tion motors are used for compressor operations. 
Low voltage motors are generally used up to 450 
– 500 kW, whereas for higher power, high voltage 
motors are the best option.
The motor protection class is regulated by stan-
dards. The dust and water jet-resistant design 
(IP55) is preferred over open motors (IP23), which 
may require regular disassembly and cleaning. 
In other cases, dust deposits in the machine will 
eventually cause overheating, resulting in short-
ened service life. Since the compressor package 
enclosure provides a first line protection from dust 
and water, a protection class below IP55 may also 
be used. 

The motor, usually fan-cooled, is selected to work 
at a maximum ambient temperature of 40˚C and an 
altitude of up to 1000 m. Some manufacturers offer 
standard motors with maximum ambient tempera-
ture capability of 46°C. At higher temperatures or 
higher altitude, the output must be derated. The 
motor is usually flange-mounted and directly con-
nected to the compressor. The speed is adapted to 
the type of compressor, but in practice, only 2-pole 
or 4-pole motors with respective speeds of 3,000 
rpm and 1,500 rpm are used.
	
The rated output of the motor is also determined 
by the compressor, and should be as close to the 
compressor’s requirement as possible.
A motor that is overdimensioned is more expen-
sive, requires an unnecessarily high starting cur-

rent, requires larger fuses, has a low power fac-
tor and provides somewhat inferior efficiency. A 
motor that is too small for the installation in which 
it is used is soon overloaded and is consequently at 
risk for breakdowns.
The starting method should also be included as 
a parameter when selecting a motor. The motor 
is only started with a third of its normal starting 
torque for a star/delta–start. Therefore, a compari-
son of the motor and compressor torque curves may 
be useful to guarantee proper compressor starts. 

3.7.3 Starting methods
The most common starting methods are direct 
start, star/delta–start and soft start. Direct start 
is simple and only requires a contactor and over-
load protection. The disadvantage it presents is its 
the high starting current, which is 6–10 times the 
motor’s rated current, and its high starting torque, 
which may, for example, damage shafts and cou-
plings.
The star/delta–start is used to limit the starting cur-
rent. The starter consists of three contactors, over-
load 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. (For 
further details, see Section 1.6.5.7.)

The star/delta–start reduces the starting current to 
approximately 1/3 as compared to the direct start. 
However, at the same time, the starting torque also 

3:38

Starting current with different starting methods.
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drops to 1/3. The relatively low starting torque 
means that the motor’s load should be low dur-
ing 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 large as with a direct start will be 
generated when switching to the delta connection.
Soft start (or gradual start), which can be an alter-
native start method to the star/delta–start, is a 
starter composed of semiconductors (IGBT-type 
power switches) instead of mechanical contac-
tors. The start is gradual and the starting current 
is limited to approximately three times the rated 
current.
The starters for direct start and star/delta–start are, 
in most cases, integrated in the compressor. For a 
large compressor plant, the units may be placed 
separately in the switchgear, due to space require-
ments, heat development and access for service. 
A starter for soft start is usually positioned sepa-
rately, next to the compressor, due to heat radia-
tion, but may be integrated inside the compressor 
package, provided the cooling system has been 
properly secured. High-voltage powered compres-
sors always have their start equipment in a sepa-
rate electrical cabinet.

3.7.4 Control voltage
No separate control voltage is usually connected 
to the compressor, as most compressors are fitted 
with an integrated control transformer. The trans-
former’s primary end is connected to the compres-
sor’s power supply. This arrangement offers more 
reliable operation. In the event of disturbances in 
the power supply, the compressor will be stopped 
immediately and prevented from restarting.
This function, with one internally-fed control volt-
age, should be used in situations in which the start-
er is located at a distance from the compressor.

3.7.5 Short-circuit protection
Short-circuit protection, which is placed on one 
of the cables’ starting points, can include fuses or 
a circuit breaker. Regardless of the solution you 
select, if it is correctly matched to the system, it 
will provide the proper level of protection.

Both methods present advantages and disadvan-
tages. Fuses are well-known and work better than 

a circuit-breaker for large short-circuit currents, 
but they do not create a fully-isolating break, and 
have long tripping times for small fault currents. A 
circuit-breaker creates a quick and fully-isolating 
break, even for small fault currents, but demands 
more work during the planning stage, as compared 
to fuses. Dimensioning short-circuit protection is 
based on the expected load, but also on the limita-
tions of the starter unit.

For starter short-circuit protection, see the IEC 
(International Electrotechnical Commission) stan-
dard 60947-4-1 Type 1 & Type 2. The selection of 
Type 1 or Type 2 is based on how a short-circuit 
will affect the starter.

Type 1: “… under short circuit conditions, the
 contactor or starter shall cause no danger to per-
sons or installation and may not be suitable for
futher service without repair and replacement
of parts."

Type 2: “… under short circuit conditions, the 
contactor or starter shall cause no danger to 
persons or installation and shall be suitable 
for further use. The risk of light welding of 
the contactors is recognized, in which case 
the manufacturer shall indicate the maintenance
measures …”

3.7.6 Cables
Cables shall, according to the provisions of the 
standard, “be dimensioned so that during nor-
mal operations they do not experience excessive 
temperatures and that they shall not be damaged 
thermally or mechanically by an electric short-
circuit”. The dimensioning and selection of cables 
is based on the load, allowed voltage drop, routing 
method (on a rack, wall etc.) and ambient tempera-
ture. Fuses can be used, for example, to protect the 
cables and can be used for both short-circuit pro-
tection and overload protection. For motor opera-
tions, short-circuit protection is used (e.g. fuses) as 
well as separate overload protection (usually the 
motor protection included in the starter).
Overload protection protects the motor and motor 
cables by tripping and breaking the starter when 
the load current exceeds a preset value. The short-
circuit protection protects the starter, overload 
protection and the cables. Cable dimensioning 
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accounting for load is set out in IEC 60364-5-52.
An additional parameter must be kept in mind 
when dimensioning cables and short-circuit pro-
tection: the “tripping condition”. This condition 
signifies that the installation must be designed so 
that a short-circuit anywhere in the installation 
will result in quick and safe breaking. Whether 
the condition is met is determined by, among other 
things, the short-circuit protection and the cable 
length and cross-section.

3.7.7 Phase compensation
The electric motor does not only consume active 
power, which can be converted into mechanical 
work, but also reactive power, which is needed 
for the motor’s magnetization. The reactive power 
loads the cables and transformer. The relationship 
between the active and reactive power is deter-
mined by the power factor, cos φ. This is usually 
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 
for drawing reactive power from the mains. The 
reason behind phase compensation is that the pow-

er supplier may charge for drawing reactive power 
over a predetermined level, and that heavily loaded 
transformers and cables need to be off-loaded.

3.8 SOUND

3.8.1 General
All machines generate sound and vibration. Sound 
is an energy form that propagates as longitudinal 
waves through the air, which is an elastic medium. 
The sound wave causes small changes in the ambi-
ent air pressure, which can be registered by a pres-
sure sensitive instrument (e.g. a microphone.)
A sound source radiates sound power and this 
results in a sound pressure fluctuation in the air. 
Sound power is the cause of this. Sound pressure 
is the effect. Consider the following analogy: an 
electric heater radiates heat into a room and a tem-
perature change occurs. The temperature change 
in the room is obviously dependent on the room 
itself. But, for the same electrical power input, the 
heater radiates the same power, which is almost 
independent of the environment. The relation-
ship between sound power and sound pressure is 
similar. What we hear is sound pressure, but this 
pressure is caused by the sound power of the sound 
source.
Sound power is expressed in Watts. The sound 
power level is expressed in decibels (dB), i.e. a 
logarithmic scale (dB scale) with respect to a refer-
ence value that is standardized:

   

LW	=	 sound power level (dB)
W	=	 actual sound power (W)
W0	 =	 reference sound power (10–12 W)

3:39

Simplified schematic for electric motor connection to mains power supply.

3:40

Reactive power Qc is supplied to increase the motor 
power factor cos(φ) to 1.
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The sound pressure is expressed in Pa. The sound 
pressure level is equally expressed in decibels (dB), 
i.e. a logarithmic scale (dB scale) with respect to a 
reference value that is standardized:

   

Lp	=	 sound pressure level (dB)
p	 =	 actual sound pressure (Pa)
p0	 =	 reference sound pressure (20 x 10-6 Pa)

The sound pressure that we observe is dependent 
on the distance from the source and on the acous-
tic environment in which the sound wave is propa-
gated. For indoor noise propagation, it therefore 
depends on the size of the room and on the sound 
absorption of the surfaces. Consequently, the noise 
emitted by a machine cannot be fully quantified 
by exclusively measuring sound pressure. Sound 
power is more or less independent of the environ-
ment, whereas sound pressure is not.
Information about the sound pressure level must 
thus always be supplemented with additional infor-
mation: the distance of the measurement position 
from the sound source (e.g. specified according to 
a certain standard) and the Room Constant for the 
room in which the measurement was made. Other-
wise, the room is assumed to be limitless (i.e. an 
open field.) In a limitless room, there are no walls 
to reflect the sound waves, thereby impacting the 
measurement.

3.8.2 Absorption
When sound waves come into contact with a 
surface, a portion of the waves are reflected and 
another portion is absorbed into the surface mate-
rial. The sound pressure at a given moment there-
fore always partly consists of the sound that the 
sound source generates, and partly of the sound 
that is reflected of surrounding surfaces (after one 
or more reflections).
How effectively a surface can absorb sound 
depends on the material of which it is composed. 
This is usually expressed as an absorption factor 
(between 0 and 1, with 0 being completely reflect-
ing and 1 being completely absorbing).

3.8.3 Room Constant
The impact of a room on the propagation of sound 
waves is determined by the Room Constant. A 
Room Constant for a room having several surfac-
es, walls and other inside surfaces can be calculat-
ed by taking into account the sizes and absorption 
characteristics of the various surfaces. The equa-
tion that applies is:

   

   

K	 =	 Room Constant
α	 =	 average absorption factor of the room
A	 =	 total room surface area (m2)
A1, A2 etc. are the individual room surfaces
that have absorption factors α1, α2 etc.

3.8.4 Reverberation
A Room Constant can also be determined using the 
measured reverberation time. The reverberation 
time T is defined as the time it takes for the sound 
pressure to decrease by 60 dB once the sound 
source has been shut off. The average absorption 
factor for the room is then calculated as:

   

V	 =	 volume of the room (m3)
T	 =	 reverberation time (s)

The Room Constant K is then obtained from the 
expression:

   

A	 =	 total room surface area (m2)

Absorption coefficients for different surface mate-
rials are frequency-dependant and are therefore the 
derived reverberation time and the room constant.
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3.8.5 Relationship between sound 
power level and sound pressure 
level
Under some particular conditions, the relationship 
between sound power level and sound pressure 
level can be expressed in a simple manner.
If sound is emitted from a point-like sound source 
inside a room without any reflecting surfaces or 
outdoors where no walls are close to the sound 
source, the sound is distributed equally in all 
directions and the measured sound intensity will 
therefore be the same at any point with the same 
distance from the sound source. Accordingly, the 
intensity is constant at all points on a spherical sur-
face surrounding the sound source.
When the distance to the source is doubled, then 
the spherical surface at that distance will have 
quadrupled. From this, we can infer that the sound 
pressure level falls by 6 dB each time the distance 
to the sound source is doubled. However, this does 
not apply if the room has hard, reflective walls. If 
this is the case, the sound reflected by the walls 
must be taken into account. 

Lp = sound pressure level (dB)
Lw = sound power level (dB)
Q = direction factor
r = distance to the sound source

For Q, the empirical values may be used (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.

Q=2 If the sound source is placed close to
the center of a hard, reflective wall.

Q=4 If the sound source is placed close to
the intersection of two walls.

Q=8 If the sound source is placed close to
a corner (intersection of three walls).

If the sound source is placed in a room where the 
border surfaces do not absorb all the sound, the 
sound pressure level will increase due to the rever-

beration effect. This increase is inversely propor-
tional to the Room Constant:

In the proximity of the power source, the sound 
pressure level drops by 6 dB each time the distance 
is doubled. However, at greater distances from the 
source, the sound pressure level is dominated by 
the reflected sound, and therefore, the decrease is 
minimal with increasing distance.
Machines which transmit sound through their 
bodies or frames do not behave as point sources 
if the listener is at a distance from the centre of 
the machine that is smaller than 2–3 times the 
machine’s greatest dimension.

3.8.6 Sound measurements
The human ear distinguishes sound at different 
frequencies with different perception efficiency. 
Low frequencies or very high frequencies are per-
ceived less intensely than frequencies at around 
1000–2000 Hz. Different standardized filters 
adjust the measured levels at low and high fre-
quencies to emulate the human ear’s ability to hear 
sounds. When measuring occupational and indus-
trial noise, the A-filter is commonly used and the 
sound level is expressed as dB(A).

3:41

Frequency dependency of the different filters used to 
weight sound levels when measuring sound. Most com-
mon is the A-filter.

Frequency (Hz)
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3.8.7 Interaction of several sound 
sources
When more than one sound source emits sound 
toward a common receiver, the sound pressure 
increases. However, because sound levels are 
defined logarithmically, they cannot simply be 
added algebraically. When more than two sound 
sources are active, two are first added together, and 
the next is then added to the sum of the first, and so 
on. For memory, when two sound sources with the 
same levels must be added, the result is an increase 
of 3 dB. The formula for adding two sound levels 
(sound pressure levels as well as sound power lev-
els) is as follows:

A similar formula applies to subtracting sound 
levels.

Background sound is a special case, which requires 
subtraction. Background sound is treated as a sep-
arate sound source and the value is deducted from 
the measured sound level.

3.8.8 Sound reduction
There are five different ways to reduce sound. 
Sound insulation, sound absorption, vibration 
insulation, vibration dampening and dampening 
of the sound source. 
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 bar-
rier and its insulation characteristics. A heavier 
and larger barrier is more effective than a lighter, 
smaller barrier.
Sound absorption involves the sound source being 
surrounded by light, porous absorbents attached 
to a barrier. Thicker absorbents are more effec-
tive than thinner absorbents and typical minimum 

3:42

3:43

The nomogram defines how many dB shall be added to 
the highest sound level when adding two sound levels.

The nomogram defines how many dB shall be deducted 
from the total sound level at different background sound 
levels in order to estimate the net sound level.
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densities are approx. 30 kg/m3 for open-cell poly-
urethane foam and approx. 150 kg/m3 for mineral 
wool. 
Vibration insulation is used to prevent the transfer 
of vibrations from one part of a structure to anoth-
er. A common problem is the transfer of vibra-
tions from a built-in machine to the surrounding 
sound insulation barrier or down to the floor. Steel 
springs, air springs, cork, plastic, and rubber are 
examples of materials used for vibration insula-
tion. The choice of materials and their dimension-
ing is determined by the frequency of the vibration 
and by the demands of stability for the machine 
setup.
Vibration dampening involves a structure being fit-
ted with an external dampening surface composed 
of elastic material with a high hysteresis. When the 
dampening surface applied is sufficiently thick, 
the barrier wall will effectively be prevented from 
vibrating and, consequently, from emitting sound. 
Dampening of a sound source will often influence 
its operational behavior. It may give limited results, 
yet provide a viable solution in terms of cost. 

3.8.9 Noise within compressor 
installations
Compressor noise level is measured in a standard-
ized fashion on a machine (in an acoustic free 
field e.g. outdoors, without walls or by means of 
a sound intensity scanning technique). When the 
compressor is installed in a room, the noise level 
is influenced by the properties of the room. The 
size of the room, the materials used for the walls 
and ceiling, and the presence of other equipment 
(and its potential noise levels) in the room all have 
significant impacts.
Furthermore, the positioning of the compressor in 
the room also affects the noise level due to the set-
up and connection of pipes and other components. 
Sound radiating from compressed air pipes is fre-
quently more problematic than the noise produced 
by the compressor itself and its power source. This 
can be due to vibration transferred mechanically 
to the pipes, often in combination with vibration 
transferred through the compressed air. It is there-
fore important to fit vibration insulators and even 
enclose sections of the pipe system using a combi-
nation of sound-absorbing material covered with a 
sealed insulation barrier.
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4.1 COST

4.1.1 Compressed air production cost

4.1.1.1 General
Electrical energy is the most prevalent energy 
source for industrial compressed air production. In 
many compressed air installations there are often 
significant and unutilized energy-saving possibili-
ties including energy recovery, pressure reduction, 
leakage reduction and optimization of operations 
through correct choice of a control and regulation 
system as well as the choice of compressor size.

When planning a new investment, it is best to look 
as far into the future as possible and attempt to 
assess the impacts of new situations and demands 
that might affect the compressed air installation. 
Typical examples include environmental demands, 
energy-saving demands, increased quality require-
ments from production and future production 
expansion investments.
Optimized compressor operations are becoming 
more important, especially for larger, compressed 
air-dependent industries. Production will change 
over time in a developing industry and, conse-
quently, so will compressor operation conditions. 
It is therefore important that the compressed air 
supply be based both on current requirements as 

well as on development plans for the future. Expe-
rience shows that an extensive and unbiased anal-
ysis of the operating situation will almost always 
result in improved overall economy.

Energy costs are clearly the dominating factor for 
the installation’s overall cost. It is therefore impor-
tant to focus on finding solutions that comply with 
demands for performance and quality as well as 
the demand for efficient energy utilization. The 
added cost associated with acquiring compres-
sors and other equipment that complies with both 
of these demands will be perceived over time as a 
good investment.
As energy consumption often represents approx. 
80% of the overall cost, care should be taken in 
selecting the regulation system. The significant 
difference in the available regulation systems 
exceeds the significant differences in types of 
compressor. An ideal situation is when compressor 
full capacity is precisely matched to the applica-
tion’s air consumption. This frequently occurs in 
process applications. Most types of compressors 
are supplied with their own on-board control and 
regulation system, but the addition of equipment 
for shared control with other compressors in the 
installation can further improve operating econo-
my.
Speed regulation has proven to be a popular regu-
lation method because of its substantial energy-
saving potential. Think carefully and allow your 
application requirements to govern your selection 
of regulation equipment in order to obtain good 
results.
	
If only a small amount of compressed air is required 
during the night and weekends, it may be profit-
able to install a small compressor adapted to this 
off-peak requirement. If, for some reason, a par-
ticular application needs a different working pres-
sure, this requirement should be analyzed to find 
out whether all compressed air production should 
be centralized in a compressor central plant, or 
whether the network should be split up according 
to the different pressure levels. Sectioning of the 
compressed air network can also be considered to 
shut down certain sections during the night and on 
the weekends, in order to reduce air consumption 
or to allocate costs internally based on air flow 
measurements.

4:1

When analyzing the cost contributors to the production 
of compressed air one will find a breakdown similar to 
the one in the diagram. However, the relative weight of 
the different types of costs may change with the number 
of operating hours/year, with the auxiliary equipment 
included in the calculation, with the type of machine and 
the selected cooling system, etc.



103
©

 A
tlas C

opco A
irpow

er N
V, B

elgium
, 2015

4.1.1.2 Cost allocation
Investment costs are a fixed cost that include the 
purchase price, building infrastructure costs, 
installation and insurance. 
The share of the investment cost as a part of the 
overall cost is determined partly by the selection 
of the compressed air quality level and partly by 
the depreciation period and the applicable interest 
rate.
The share of energy costs is determined by annual 
operating time, the degree of load/unload utiliza-
tion and the unit energy cost.
Additional investments, for example, equipment 
for energy recovery, offer a direct payoff in the 
form of reduced operating and maintenance costs.

For comparisons between different investment 
alternatives, the use of comparable values is  
particularly important. Therefore, the values 
must be stated in accordance with internationally  
recognized standards and regulations, for example, 
as per ISO 1217 Ed.4 -2009.

4.2.2 Working pressure
The working pressure directly affects the power 
requirement. Higher pressure signifies higher 
energy consumption: on average 8% more power 
for 1 bar higher pressure. Increasing the working 
pressure to compensate for a pressure drop always 
results in impaired operating economy.
Despite this adverse economic effect, increasing 
compressor pressure is a commonly-used method 
for overcoming pressure drops caused by an under-
dimensioned pipe system or clogged filters. In an 
installation fitted with several filters, especially 
if they have been operational for a long period of 
time without being replaced, the pressure drop can 
be significantly higher and therefore very costly if 
unattended for long periods of time.
In many installations, it is not possible to imple-

4:2

4:3

This chart illustrates how costs may be divided between 
3 compressors and their auxiliary equipment. The large 
differences may be due to how the machines are valued, 
to the individual capital value of the equipment, to the 
selected level of safety that can affect the maintenance 
costs, etc.

A simple but useful model that can be used to give a true 
picture of a compressor’s electrical energy requirement.

€

4.2 OPPORTUNITIES FOR 
SAVING

4.2.1 Power requirement
When making calculations, it is important to apply 
the overall power requirement concept. All energy 
consumers that belong to a compressor installation 
should be accounted for: for example, inlet filters, 
fans and pumps, dryers and separators.
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ment large pressure reductions, but the use of mod-
ern regulation equipment allows the pressure to be 
realistically lowered by 0.5 bar. This represents a 
power savings of a few percent. This may seem to 
be insignificant, but considering that the total effi-
ciency of the installation is increased by an equiva-
lent degree, the value of this pressure reduction in 
terms of actual savings is more readily obvious.

4.2.3 Air consumption
By analyzing routines and the use of compressed 
air, solutions to provide a more balanced load on 

the compressed air system can be found. The need 
for increased air flow production can thereby be 
avoided to reduce operating costs.
Unprofitable consumption, which usually is a 
consequence of leakage, worn equipment, pro-
cesses that have not been properly configured or 
the incorrect use of compressed air, is best recti-
fied by increasing general awareness. Dividing the 
compressed air system into sections that can be 
separated using shut-off valves can serve to reduce 
consumption during the night and over weekends. 
In most installations, there is some degree of leak-

4:4

4:5

Excess power requirement as a result of over-pressurizing to compensate for pressure drops. For a 300 l/s compressor, 
raising the working pressure by 1 bar means 6 kW higher power consumption. At 4000 operating hours/year this repre-
sents 24,000 kWh/year or € 2,400/year.

The pressure drop across different components in the network affects the requisite working pressure.
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age, which represents a pure loss and must there-
fore be minimized. Frequently leakage can amount 
to 10-15% of the produced compressed air flow. 
Leakage is also proportional to the working pres-
sure, which is why one method of reducing leakage 
is to repair leaking equipment, and thereby lower-
ing the working pressure, for example, at night.
Lowering the pressure by only 0.3 bar reduces 
leakage by 4%. If the leakage in an installation of 
100 m3/min is 12% and the pressure is reduced by 
0.3 bar, this represents a saving of approx. 3 kW.

4.2.4 Regulation method
Using a modern master control system, the com-
pressor central plant can be run optimally for dif-
ferent operating situations while enhancing safety 
and availability. 
Selecting the right regulation method encourages 
energy savings through lower system pressure and 
a better degree of utilization, which is optimized 
for each machine in the installation. At the same 
time availability increases, thereby reducing the 
risk of unplanned downtime. Also, central control 
allows programming for automatic pressure reduc-
tion in the entire system during operation at night 
and on weekends.

4:6

4:7

The diagram shows how air consumption can be varying during a week and 24 hours per day. Consumption is low during 
the night shift, is high during the day shift, and drops during breaks, but is constant during the weekends (leakage?).

The table illustrates the relation between leakage and 
power consumption for some small leakage holes at a 
system pressure of 7 bar(e).
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As compressed air consumption is seldom con-
stant, the compressor installation should have a 
flexible design, using a combination of compres-
sors with different capacities and speed-controlled 
motors. Compressors may run with speed-control 
and screw compressors are particularly suited for 
this, as their flow rate and their power consump-
tion are virtually proportional to their speed.

4.2.5 Air quality
High quality compressed air reduces the need for 
maintenance, increases operating reliability of 
the pneumatic system, control system and instru-
mentation while limiting wear of the air-powered 
machines.
If the compressed air system is conceived for dry, 
oil-free compressed air from the start, the instal-

4:8

4:9

Cost comparison of different drying methods.

Oil-free compressors give constant compressed air quality at a fixed energy cost.
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lation will be less expensive and simpler, as the 
pipe system does not need to be fitted with a water 
separator. When the air is dry, it is not necessary 
to discharge air into the atmosphere to remove 
condensation. Condensation drainage on the pipe 
system is also not required, which means lower 
costs for installation and maintenance. The most 
economic solution can be obtained by installing 
a central compressed air dryer. Decentralizing 
air treatment modules with several smaller units 
placed in the system is more expensive and makes 
the system harder to maintain.

Experience has shown that the reduced installation 
and maintenance costs for a system with dry com-
pressed air will cover the investment cost of the 
drying equipment. Profitability is very high, even 
when drying equipment must be added to existing 
installations.
Oil-free compressors do not require an oil separa-
tor or cleaning equipment for condensation. Filters 
are not needed either and the cost for filter replace-
ment is therefore eliminated. Consequently, there 
is no need to compensate for the pressure drop in 
the filter and the compressor’s working pressure 
can be lowered. This contributes to improving the 
installation’s economy even further.

4.2.6 Energy recovery
When using electricity, gas or oil for any form of 
heating within the production facilities or in the 
process, the possibility of fully or partly replac-
ing this energy with recovered waste energy from 
the compressor installation should be investigated. 
The decisive factors are the energy cost in €/
kWh, the degree of utilization and the amount of 
additional investment necessary. A well-planned 
investment in waste energy recovery often gives a 
payback 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 determines the 
possible application areas and, therefore, its value.
The highest degree of efficiency is generally 
obtained from water-cooled installations, when the 
compressor installation’s hot cooling water outlet 
can be connected directly to a continuous heating 
demand, for example the existing heating boiler’s 
return circuit. Recovered waste energy can then be 
effectively utilized year round. Different compres-
sor designs give different prerequisites. In some 
situations requiring a large and peaking heat flow, 
long heat transport distances to the point of utiliza-
tion, or a requirement that varies during the year, 
it may be interesting to look at the possibilities of 
selling the recovered energy in the form of heat or 
cooling or electricity, etc.

4:10

At the same time as the compressor produces compressed air, it also converts the supplied energy into heat, which is 
transferred to the coolant, air or water. Only a small part is contained in the compressed air and is emitted as heat radia-
tion from the machine and piping.
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4.2.7 Maintenance
As with all equipment, a compressor installation 
requires some form of maintenance. However, 
maintenance costs are low in relation to other 
costs and can be reduced further through careful 
planning measures. The choice of the maintenance 
level is determined by the required reliability and 
performance of the compressed air installation.
Maintenance makes up the smallest part of the 
installation’s total cost of ownership. It depends on 
how the installation has been planned in general 
and the particular choice of compressor and aux-
iliary equipment.
Costs can be reduced by combining condition mon-
itoring with other functions when using equipment 
for fully automatic operations, and monitoring of 
the compressor central plant. The total budget for 
maintenance is affected by:

-	 Type of compressors
-	 Auxiliary equipment
	 (dryers, filters, control and regulation 
	 equipment)
-	 Operating cycle load/unload
-	 Installation conditions
-	 Media quality
-	 Maintenance planning
-	 Choice of safety level
-	 Energy recovery/cooling system
-	 Degree of utilization

The annual maintenance cost is usually between 
5–10% of the machine’s investment value.

4.2.7.1 Maintenance planning
Well-planned compressor maintenance allows 
costs to be anticipated and the service life of the 
machine and auxiliary equipment to be extended 
as a result. Costs for repairing small faults is also 
decreased and downtime is shortened. 
By utilizing advanced electronics to a greater 
degree, machines are equipped with instruments 
for diagnostic examination. This means that 
component parts can be utilized optimally and 
replacement takes place only when truly needed. 
The need for reconditioning components can be 
discovered at an early stage before damage is sig-
nificant, thereby avoiding subsequent damage and 
unnecessary downtime.
By utilizing the compressor supplier’s after- 
market services, its staff and original spare parts, 
the machine can be expected to maintain a high 
technical operational standard, while offering the 
possibility of introducing modifications based on 
recent experiences during the machine’s service 
life. The assessment of the maintenance require-
ment is made by specially-trained technicians, 
who also conduct training for in-house first-line 
maintenance staff. In-house skilled staff should 
preferable be used to perform daily inspections, as 
local ears and eyes can hear and see things that 
remote monitoring equipment cannot.

4:11

The highest possible degree of utilization reduces the cost of service and maintenance, expressed in €/operating hour. It 
is realistic to plan for 100% utilization and at least 98% availability.
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4.2.7.2 Auxiliary equipment
It is easy to expand an installation by adding 
numerous pieces of auxiliary equipment, for 
example, to increase the air quality or to moni-
tor the system. However, even auxiliary equip-
ment needs service and incurs maintenance costs 
(e.g. filter replacement, drying agent replacement, 
adaptation to other equipment and staff training.)
In addition, secondary maintenance costs exist, for 
example, for the distribution network and produc-
tion machines, which are affected by the quality of 
the compressed air, and include deposit costs for 
oil and filter cartridges. All of these costs must be 
evaluated in the cost of ownership calculation that 
forms the basis for any new compressor invest-
ment.

4.3 LIFE CYCLE COST

4.3.1 General
A common way to describe and analyze the invest-
ment in a product, a material or a particular ser-
vice in a systematic, yet simplified fashion, is by 
using a life cycle cost (LCC) analysis. This analy-
sis examines all of the stages in the life cycle of 
the operating product or the service. This includes 
everything from the selection of raw material to 
final waste removal/recycling.
The analysis is often used as a comparison tool 
between different investment options, for example, 

4:12
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for products or systems with an equivalent func-
tion. The LCC result is often used to provide guid-
ance in issues concerning specific processes or 
specific product design elements. LCC analyses 
can also be used by companies in communication 
with subcontractors, with customers or with the 
authorities to describe their system characteristics.

The results from an LCC analysis can serve as a 
basis for making decisions that will minimize a 
product or a service’s operational impact on the 
environment. However, LCC analysis does not 
offer answers to all possible questions, which is 
why other aspects such as quality and available 
technology must be examined to provide relevant 
background material.

4.3.2 LCC calculation
LCC calculations are used more and more as a tool 
to evaluate various investment options. Included 
in the LCC calculation are combined costs due to 
the product operating over a specific period, which 
include the capital expenditure, the operating cost 
and the maintenance service cost.
The LCC calculation is often implemented based 
on a planned installation or a working installa-
tion. This serves as the basis for defining require-
ments for a new installation. It should, however, be 
pointed out that an LCC calculation is often only a 
qualified estimate of future costs and is somewhat 
limited due to it being based on current knowl-
edge of the condition of equipment condition and 
impacted by future evolutions in energy prices.
Nor does this calculation account for any “soft” 
values that can be just as important, such as pro-
duction safety and its subsequent costs.

4:13

Compressed air cost contributors without energy recovery.
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Making an LCC calculation requires knowledge 
and preferably experience with other compressed 
air installations. Ideally, it should be made jointly 
by the purchaser and the salesman. Critical issues 
include how different investment options affect 
factors like production quality, production safety, 
subsequent investment requirements, produc-
tion machine and the distribution network main-
tenance, environmental impact, the quality of 
the final product, and risks for downtime and for 
rejections. An expression that must not be forgot-
ten in this context is LCP, Life Cycle Profit. This 
represents the earnings that can be gained through 
energy recovery and reduced rejections, to name 
but a few possibilities.
When assessing service and maintenance costs, 
the equipment’s expected condition at the end 
of the calculation period must also be taken into 
account (i.e. whether it should be seen as fully 
used or be restored to its original condition).
Furthermore, the calculation model must be 
adapted to the type of compressor involved. The 

4:14

Compressed air cost contributors with energy recovery.

example in chapter 5 can serve as a model for the 
economic assessment of a compressor installation, 
with or without energy recovery.



©
 A

tla
s C

op
co

 A
ir

po
w

er
 N

V,
 B

el
gi

um
, 2

01
5



©
 A

tlas C
opco A

irpow
er N

V, B
elgium

, 2015

5CALCULATION EXAMPLE 
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5.1 EXAMPLE OF DIMENSIONING COMPRESSED AIR  
INSTALLATIONS

The following paragraphs contain calculations for dimensioning a typical compressed air installation. Their 
purpose is to show how some of the formulas and reference data from previous chapters are used. The 
example is based on a given compressed air requirement and the resulting dimensioned data are based on 
components that have been selected for this particular compressed air installation. 
Following the paragraph dealing with a typical case are a few additional paragraphs that illustrate how spe-
cial cases can be handled: high altitude, intermittent output, energy recovery and calculating pressure drop 
in the piping.

5.2 INPUT DATA

The quantitative compressed air requirements and the local ambient conditions must be established before 
starting any dimensioning. In addition to this quantitative requirement, a qualitative selection involving 
whether the compressor should be oil-lubricated or oil-free and whether the equipment should be water-
cooled or air-cooled must be made.

5.2.1 Compressed Air Requirement
Assume that the installation contains three compressed air consumers with the following data:

Consumer Air Flow Pressure Dew Point

1 12 Nm3/min	 6 bar(e) +6°C

2 67 l/s (FAD) 7 bar(a) +6°C

3 95 l/s (FAD) 4 bar(e) +6°C

			 
5.2.2 Ambient conditions for dimensioning
Normal ambient temperature: 20°C
Maximum ambient temperature: 30°C
Ambient pressure: 1 bar(a)
Humidity: 60%

5.2.3 Additional specifications
Air-cooled equipment only.
Compressed air quality from oil-lubricated compressors.
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5.3 COMPONENT SELECTION

Recalculate all input data from the requirement table in 5.2.1, to ensure that it is normalized with regard to 
measurement units before dimensioning the different components.

Flow conversion: 
In general, the unit l/s is used to define compressor capacity, which is why consumer 1, given in Nm3/min, 
must be recalculated in l/s.

12 Nm3/min = 12 x 1000/60 = 200 Nl/s.
Inserting the current input data in the formula gives:

    

qFAD =	Free Air Delivery (l/s)
qN  =	Normal volume rate of flow (Nl/s)
TFAD = maximum inlet temperature (30°C)
TN = Normal reference temperature (0°C)
pFAD = standard inlet pressure (1.00 bar(a))
pN = Normal reference pressure (1.013 bar(a))

	
Pressure conversion: 
The unit generally used to define pressure for compressed air components is effective pressure (also called 
gauge pressure), stated in bar(e).

Consumer 2 is stated in absolute pressure, 7 bar(a). The ambient pressure is subtracted from 7 bar to yield the 
effective pressure. As the ambient pressure in this case is 1 bar(a) the pressure for consumer 2 can be written 
as (7-1) bar(e) = 6 bar(e).

With the above recalculations, the table with uniform requirement data becomes:

Consumer Air Flow Pressure Dew Point

1 225 l/s (FAD)	 6 bar(e) +5°C

2 67 l/s (FAD) 6 bar(e) +5°C

3 95 l/s (FAD) 4 bar(e) +5°C

5.3.1 Dimensioning the compressor
The total air consumption is the sum of the three consumers 225 + 67 + 95 = 387 l/s. Taking into account pos-
sible changes in the planned air consumption data, and later incremental expansion of compressed air needs, 
a safety margin of approx. 10-20% should be added. This gives a dimensioned flow rate of 387 x 1.15 ≈ 450 
l/s (including the 15% safety margin).
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The maximum required pressure for all consumers is 6 bar(e). A reducing valve should be fitted to the con-
sumer number 3 with the requirement of 4 bar(e). 
Assuming that the combined pressure drop in the dryer, filter and piping does not exceed 1.5 bar, a compres-
sor with a maximum working pressure capability of no less than 6 + 1.5 = 7.5 bar(e) is suitable for this case.

5.3.2 Final compressor selection
A compressor with the following specifications is selected:

Oil-injected screw compressor type
Maximum compressor outlet pressure = 7.5 bar(e)
FAD at 7 bar(e) = 450 l/s
 
This requirement is met by a compressor with installed motor shaft power = 162 kW.
The compressed air temperature out of the compressor aftercooler = 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 fluctuation between 
7.0 and 7.5 bar(e).

5.3.3 Dimensioning the air receiver volume
qC = compressor capacity = 450 l/s
p1 = compressor inlet pressure = 1 bar(a)
T1 = maximum inlet temperature = 30°C = 273 + 30 = 303 K
fmax = maximum cycle frequency = 1 cycle/30 seconds
(pU - pL) = pressure difference between Loaded and Unloaded compressor = 0.5 bar
T0 = compressed air temperature out of the selected compressor is 10°C higher than the ambient
temperature; therefore the maximum temperature in the air receiver will be = 273 + 40 = 313 K

Compressor with loading/unloading regulation gives the following formula for the air receiver volume:

    

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

5.3.4 Dimensioning the dryer
The required dew point in this example is +5°C, therefore a refrigerant dryer is the most suitable choice of 
dryer. When selecting the dryer size a number of factors must be taken into consideration and the refrigerant 
dryer capacity should be corrected using appropriate correction factors. These correction factors are unique 
to each refrigerant dryer model. In the case below, the correction factors applicable for Atlas Copco refriger-
ant dryers are used, and they are stated on the Atlas Copco product data sheet. The correction factors are:

1.	Refrigerant dryer inlet temperature and pressure dew point.
	 Because the compressed air temperature out of the compressor is 10°C higher than the ambient tempera-

ture, the refrigerant dryer inlet temperature will be maximum 30 + 10 = 40°C. In addition, the desired 
pressure dew point is +5°C.

	 The appropriate correction factor 0.95 is obtained from the Atlas Copco data sheet.
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2.	Working pressure
The actual working pressure is approx. 7 bar, which represents a correction factor of 1.0.

3.	Ambient temperature
	 For a maximum ambient temperature of 30°C a correction value of 0.95 is obtained.
	 Consequently, the refrigerant dryer should be able to handle the compressor’s full capacity multiplied by 

the correction factors above.
	 450 x 0.95 x 1.0 x 0.95 = 406 l/s.

5.3.5 Summary for continued calculation
An air-cooled refrigerant dryer with the followed data is selected:
Capacity at 7 bar(e) = 450 l/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 Checking calculations
When all components for the compressor installation have been selected, it must be ensured that the total 
pressure drop is not too great. This is done by adding up all of the pressure drops for the components and 
pipes. It may be appropriate to draw a schematic diagram of the compressed air installation as shown in 
Figure 5:1.

5:1

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)

Oil filter (pressure drop when filter is new) 0.08

Refrigerant dryer 0.09

Dust filter (pressure drop when filter is new) 0.08

Pipe system in compressor central plant 0.05

Pipes from compressor central plant to consumption points 0.1

Total pressure drop: 0.4
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The maximum unloaded pressure of 7.5 bar(e) and load pressure of 7.0 bar(e) for the selected compressor 
gives a lowest pressure at the consumers of 7.0 - 0.4 = 6.6 bar(e). Add to this the additional pressure drop 
increase across the filter that occurs over time. This pressure drop increase is unique for each filter type and 
can be obtained from the Atlas Copco product data sheet.

5.4 ADDITIONAL DIMENSIONING WORK

5.4.1 Condensation quantity calculation
Because an oil-lubricated compressor has been chosen, the water condensation separated in the compressor 
and refrigerant dryer will contain small amounts of oil. The oil must be separated before the water is released 
into the sewer, which can be done using oil separator. Information on how much water is condensed is needed 
in order to properly dimension the oil separator.

The total amount of water in the air flow taken in by the compressor is obtained from the relation:
f1 = relative humidity x the amount of water (g/liter) that the air can carry at the maximum ambient tempera-
ture 30°C x air flow. 

    

f2 = amount of air remaining in the compressed air after drying (saturated condition at +6°C).

   

f2 =
1x0.007246x445

8
0.4g /s 

				     
The total condensation flow from the installation f3 then becomes:

f3 = f1 - f2 = 8.0 - 0.4 = 7.6 g/s ≈ 27.4 kg/hour

This figure assumes continuous load for one hour.
With the help of the calculated condensation flow, the right oil separator can now be chosen.
 
5.4.2 Ventilation requirement in the compressor room
The principle that the heat released into the room air will be removed with the ventilation air is used to deter-
mine the ventilation requirement in the compressor room.
For this calculation the following relationship is used:

P	 =	 m x cP x ∆T
P	 =	 the total heat flow (kW)
m	 =	 mass flow (kg/s)
cp	 =	 specific heat (J/kg x K)
∆T	=	 temperature difference (K)
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The formula for the ventilation mass flow can be written as:

	
  

			    

where:

∆T	=	 the maximum allowed ventilation air temperature increase (say, 10 K)
cp	 =	 1.006 kJ/kg x K (at 1 bar and 20°C)
P	 =	 (roughly 94% of the supplied shaft power to the compressor + the difference between the
		  supplied total power to the compressor package and the supplied shaft power to the compressor 
		  + the stated heat flow from the refrigerant dryer) = (0.94 x 162) + (175 - 162) + 14.1 ≈ 180 kW

Thus the ventilation air mass flow is:

  

 
At an air density of 1.2 kg/m3 this mass flow represents 17.9/1.2 ≈ 15m3/s.

5.5 SPECIAL CASE: HIGH ALTITUDE

Question: 
Imagine that the same compressed air requirement as described in the previous example is specified, but at an 
altitude of 2,500 meters above sea level and with a maximum ambient temperature of 35°C. What compressor 
capacity (expressed as free air delivery) is required in this case?

Answer: Air becomes thinner at higher altitudes. This is a fact that must be taken into consideration when 
dimensioning compressed air equipment to fulfill a compressed air requirement specified for Normal condi-
tions, in Nm3/min. For cases in which the consumer flow requirement is stated in free air delivery (FAD), no 
recalculation is necessary.

As consumer 1 in the example above is specified in Nm3/min at 1.013 bar(a) and 0°C, the requisite FAD flow 
for this consumer must be recalculated for the condition 35°C at 2,500 m altitude. Using a look-up table, the 
ambient pressure at 2,500 meters above sea level is 0.74 bar. The flow for consumer 1, recalculated to Nl/s (12 
Nm3/min = 200 Nl/s), is then entered in the formula below:

 
   

The total compressed air capacity demanded is then 309 + 67 + 95 = 471 l/s (FAD).
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5.6 SPECIAL CASE: INTERMITTENT OUTPUT

Question: 
Imagine that in this sample calculation, there is an extra requirement from consumer 1 of a further 200 l/s for 
40 seconds of every hour. During this intermittent phase, the pressure in the system is allowed to drop to 5.5 
bar(e). How large should the volume of the receiver be to meet this extra requirement?

Answer: During a short period, more compressed air can be delivered than what the compressors jointly 
can manage by using the stored compressed air in an air receiver. However, in order to fill this air receiver 
between the intermittent periods in which extra air is needed, the compressor must feature a specific over-
capacity. The following relation applies:

 
 

  

q	 =	 air flow during the emptying phase = 200 l/s
t	 =	 length of the emptying phase = 40 seconds
p1 - p2	 	 = 	 permitted pressure drop during the emptying phase  = normal system pressure - minimum 
				   accepted pressure at emptying phase = 6.42 - 5.5 = 0.92 bar

Inserted in the above formula for the required air receiver volume:

 

In addition, the compressor must have a specific over-capacity, so that it can fill the air receiver after the emp-
tying phase. If the selected compressor has an over-capacity of 5 l/s = 18,000 liters/hour, the above calculated 
receiver volume would be filled within half an hour. As the air receiver will be emptied only once every hour, 
this compressor over-capacity is sufficient. 
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5.7 SPECIAL CASE: WATERBORNE ENERGY RECOVERY

5:1

Question: 
How do we build a waterborne energy recovery circuit for the compressor in the example? 
The application water to be heated is a warm water return line (boiler return) with a return temperature of 
55°C. Calculate the flow required for the energy recovery circuit and the power that can be recovered by the 
application. Also calculate the flow and outgoing temperature for the boiler return.

Answer: Start by drawing the energy recovery circuit and name the different powers, flows and temperatures. 
Now perform the calculation below.

PE = power transferred from the compressor to the energy recovery circuit (kW)
PA = power transferred from the energy recovery circuit to the application (kW)
mE = water flow in the energy recovery circuit (l/s)
mA = water flow in the boiler return (l/s)
tE1 = water temperature before the compressor (°C)
tE2 = water temperature after the compressor (°C)
tA1 = ingoing temperature on the boiler return (°C)
tA2 = outgoing temperature on the boiler return (°C)

5.7.1 Assumption
The following assumptions have been made:
The water temperature out of the compressor that is suitable for energy recovery can be obtained from the 
compressor supplier. It is assumed to be tE2= 80°C.
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Assumption for the water circuit through the energy recovery heat exchanger:

tE1 = tA1 + 5°C = 55°C +5°C = 60°C
tA2 = tE2 - 5°C = 80°C – 5°C = 75°C

In addition, it is assumed that the pipe system and heat exchanger have no heat exchange with the surround-
ings.

5.7.2 Calculation of the water flow in the energy recovery circuit
P	 =	 m x cp x ∆T

∆T	=	 temperature increase across the compressor = tE2 - tE1 = 80°C - 60°C = 20°C
cp	 =	 specific heat capacity for water = 4.185 kJ/kg x K
m	 =	 mass flow in the energy recovery circuit = mE
P	 =	 70% of the supplied shaft power = PE = 0.70 x 162 = 113 kW

This is the maximum possible power to recover from the selected compressor. The formula can be written as: 

  

5.7.3 Energy balance across the recovery heat exchanger
For the recovery heat exchanger the following applies:

PE = mE x cp x (tE2-tE1)
PA = mA x cp x (tA2-tA1)

However, as it has been presumed that no heat exchange takes place with the surroundings, the power trans-
ferred to the energy recovery circuit from the compressor will be equal to the power transferred in the recov-
ery heat exchanger, i.e. PA = PE = 113 kW.

The formula can be written as:

   

5.7.4 Summary
The calculation illustrates that the power which can be recovered is 113 kW. This requires a water flow in the 
energy recovery circuit of 1.35 l/s. An appropriate flow for the boiler return is also 1.35 l/s with an increase 
of the boiler feed temperature by 20°C.
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5.8 SPECIAL CASE: PRESSURE DROP IN THE PIPING

Question:
A 23-meter pipe with an inner diameter of 80 mm shall lead a compressed air flow of qC = 140 l/s. The pipe is 
routed with 8 elbows that all have a bending radius equal to that of the pipe inner diameter. What will be the 
pressure drop across the pipe be if the initial pressure is 8 bar (a)?

Answer: First, determine the equivalent pipe length for the 8 elbows. The equivalent pipe length of 1.3 meter 
per elbow can be determined from Figure 3:36. The total pipe length is thus 8 x 1.3 + 23 = 33.4 meters. The 
following formula is used to calculate the pressure drop:

 
   

Accordingly, the total pressure drop across the pipe will be 0.0054 bar, which is very low.
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6.1 THE SI SYSTEM

Any physical quantity is the product of a numeri-
cal value and a unit. Since 1964, the International 
System of Units (SI system) has gradually been 
adopted worldwide, with the exception of Libe-
ria, Myanmar and the United States. Basic infor-
mation can be found in standard ISO 31, which is 
under revision and will be superseded by ISO/IEC 
80000: Quantities and Units. 
Units are divided into four different classes:

Base units
Supplementary units
Derived units
Additional units

Base units, supplementary units and derived units 
are called SI units. The additional units are not 
SI units, although they are accepted for use with 

SI units. Base units are any of the established, 
independent units in which all other units can be 
expressed.
There are 7 base units in the SI system:

Length 			  meter	 m
Mass	kilogram		  kg
Time					   second	 s
Electrical current	 ampere	 A
Temperature		  kelvin	 K
Luminous intensity 	 candela	 cd
Amount of substance 	 mole	 mol

Derived units are formed as a power or product of 
powers of one or more base units and/or supple-
mentary units according to the physical laws for 
the relationship between these different units.	

Additional units:
A limited number of units outside the SI system 
cannot be eliminated for different reasons, and 
continue to be used along with the SI as additional 
units.

The 15 most important derived units below have been given generic names:

Quantity Unit Symbol Expressed in 
other SI units

frequency hertz Hz s-1

force newton N kg x m x s-2

pressure / mechanical stress pascal Pa N / m²
energy / work joule J N x m
power watt W J / s
electric quantity / charge coulomb C A x s
electric voltage volt V W / A
capacitance farad F C / V
resistance ohm Ω V / A
conductivity siemens S A / V
magnetic flux weber Wb V x s
magnetic flux density tesla T Wb / m²
inductance henry H Wb / A
luminous flux lumen lm Cd x sr
light lux lx Lm / m²
angle radian rad m / m
solid angle steradian sr m² / m²
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The following are common additional units for 
technical use:

Quantity Unit Symbol Remark

volume liter l 1 l = 1 dm³
time minute min 1 min = 60 s
time hour h 1 h = 60 min
mass metric ton t 1 t = 1.000 kg
pressure bar bar 1 bar = 105 Pa
plane angle degree .° 1° = π/180 rad
plane angle minute .’ 1’ = 1°/60

plane angle second .” 1” = 1’/60

Prefixes may be added to a unit to produce a mul-
tiple of the original unit. All of these multiples are 
integer powers of ten, for example:
-	 kilo-denotes a multiple of thousand (10³)
-	 milli-denotes a multiple of one thousandth (10-3) 

Fourteen such prefixes are listed in international 
recommendations (standards) as set out in the table 
below.

Power Prefix
Designation

Prefix
Symbol Example Symbol

1012 tera T 1 terajoule 1 TJ
109 giga G 1 gigahertz 1 GHz
106 mega M 1 megawatt 1 MW
103 kilo k 1 kilometer 1 km
102 hecto h 1 hectoliter 1 hl
101 deca da 1 decalumen 1 dalm
10–1 deci d 1 decibel 1 dB
10–2 centi c 1 centimeter 1 cm
10–3 milli m 1 milligram 1 mg
10–6 micro µ 1 micrometer 1 µm
10–9 nano N 1 nanohenry 1 nH
10–12 pico p 1 picofarad 1 pF
10-15 femto f 1 femtometer 1 fm
10-18 atto a 1 attosecond 1 as

For reference: www.bipm.org/en/si/
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6.2 DRAWING SYMBOLS

Air filter

Silencer

Diffuser

Compensator

Throttle valve

Screw compressor

Non-return valve

Stop valve

Safety valve

Manual valve

Valve closing on failure 
of actuating energy

Valve opening on failure 
of actuating energy

Oil separator

Ejector

Water-cooled cooler

Water separator

Condensation receiver

Direction of flow

Air-cooled cooler

Fan

Expansion vessel

Minimum pressure valve

Thermostat valve
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Thermostat valve

Fluid filter

Fluid pump

Oil tank with manual 
drainage

Restrictor

Bypass

Pressure regulator

Oil stop valve

Air

Oil

Water

Drainage

Ventilation ducting

Mechanical connection

Signal air

Electrical signal

Border line

Electrical energy

Electric motor

Electrical distribution 
box

Motor coupling

Blind flange

Sensor for pressure, 
temperature, etc.

Sensor for pressure, 
temperature, etc.

Sensor for pressure, 
temperature, etc.

M
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6.3 DIAGRAMS AND 
TABLES

 

Specific heat capacity for some materials. 

Flow coefficients as a function of the pressure relation-
ship for different К-values.

Some physical properties of dry air at 15°C and 1,013 
bar. 
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Diagram showing the temperature ratio T2/T1 for different gases having different К-values during isentropic compres-
sion. 

Water content in air at different relative vapor pressures (φ)
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Saturation pressure (pS) and density (ρW) of saturated 
water vapor. 

Composition of clean, dry air at sea level (remains rela-
tively constant up to an altitude of 25 km). 
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Typical air consumption data of some common power tools and machines, based on experience. These values form the 
basis for calculating the requisite compressor capacity. 
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Water content in the air at different dew points.
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6.4 COMPILATION OF 
APPLICABLE STANDARDS 
AND REGULATIONS 

6.4.1 General
In the compressed air sector, as in many other 
industrial sectors, regulations apply. They may 
include requirements that are defined by legisla-
tion as well as optional regulations or recommen-
dations, as for national and international standards. 
Sometimes regulations in standards may become 
binding when they come into force through leg-
islation. If a standard is quoted in a commercial 
agreement it can thereby also be made binding.
Binding regulations can apply, for example, to 
safety for people and property while optional stan-
dards are used to facilitate work with specifica-
tions, selection of quality, performing and report-
ing measurements, manufacturing drawings etc.

6.4.2 Standards
The benefits of international standardization are 
obvious to both manufacturers, intermediate 
parties such as engineering companies and final 
customers. It increases the interchangeability of 
products and systems, and allows performance 
statements to be compared on equal terms. These 
performance statements may include operational, 
environmental and safety aspects.
Standards are referred to frequently by legislators 
as a way of creating uniform market impacts. Stan-
dards may be produced, issued and maintained by 
standardization organizations on national, supra-
national (European) and international levels, but 
equally by specific trade associations focusing on 
specific industrial sectors (the petroleum industry, 
compressed air industry, electronics industry etc).

Standards produced by the International Organi-
zation for Standardization (ISO) may be converted 
into national standards by the ISO member coun-
tries at their discretion. Standards produced by the 
CEN (European Committee for Standardization), 
are developed for use by the 30 national members, 
and conversion into national standard may be 
mandatory in the case of harmonized standards. 

All standards can be acquired through the various 
national standardization organizations.

In the compressed air industry, standards may 
also be produced by trade associations such as 
PNEUROP (European committee of manufactur-
ers of compressed air equipment, vacuum pumps, 
pneumatic tools and allied equipment), or its coun-
terpart CAGI (United States Compressed Air and 
Gas Institute). Examples of such documents are the 
performance measurement standards for compres-
sor capacity, oil content in the compressed air, etc. 
which were issued while awaiting an international 
standard to be developed.

6.4.3 Compilation
A non-exhaustive list of current (2010) standards 
within the compressed air industry follows below. 
The listed references are both European and US. 
Pneurop standard initiatives are usually issued in 
parallel with a CAGI issue for the American mar-
ket.

It is recommended to check with the issuing body 
to ensure that the latest edition is being used, 
unless the particular market requirement/demand 
refers to a dated issue.

6.4.3.1 Machinery safety
EU Machinery directive 2006/42/EC, referring to 
the following standards:

EN 1012-1 Compressors and vacuum pumps – 
Safety requirements

EN ISO 12100-1:2003 AMD 1 2009, Safety of 
Machinery – Basic concepts, General principles 
for design – Part 1: Basic Terminology, Methodol-
ogy 

EN ISO 12100-2:2003 AMD 1 2009, Safety of 
Machinery – Basic concepts, General principles 
for design – Part 2: Technical Principles

6.4.3.2 Pressure equipment safety
EU Directive 87/404/EC, Simple pressure vessels

EU Directive 97/23/EC, Pressure Equipment, 
referring to the following standards:
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EN 764-1 to 7, Pressure equipment 

EN 286-1 to 4, Simple, unfired pressure vessels 
designed to contain air or nitrogen

6.4.3.3 Environment
EU Directive 2000/14/EC, Outdoor Noise Emis-
sion, referring to the following standards:

EN ISO 3744:2009, Determination of sound power 
levels of noise sources using sound pressure – 
Engineering method
 
EN ISO 2151:2004, Noise test code for compres-
sors and vacuum pumps – Engineering method

EU Directive 2004/26/EC, Emission standard for 
non-road engines – Stage III levels implemented 
from 2006 to 2013, Stage IV as from 2014

US Federal Emission standard for non-road 
engines – Tier III levels implemented from 2006 
to 2008, Tier IV levels as from 2008 to 2015

6.4.3.4 Electrical safety
EU Directive 2004/108/EC, Electromagnetic com-
patibility, referring to the following standards:

EN 61000-6-2:2005, Electromagnetic compatibil-
ity (EMC) - PART 6-2: Generic Standards - Immu-
nity for Industrial Environments

EN 61000-6-4:2006, Electromagnetic compatibil-
ity (EMC) - PART 6-4: Generic Standards – Emis-
sion standards for Industrial Environments

EU Directive 2006/95/EC, Low Voltage Equip-
ment, referring to following standards:

EN 60034- Part 1 to 30, Rotating Electrical 
Machines – Rating and Performance

EN 60204-1:2009, Safety of Machinery - Elec-
trical Equipment of Machines – Part 1: General 
Requirements

EN 60439-1:2004, Low-voltage switchgear and 
control gear assemblies – Part 1: Type tested and 
partially type tested assemblies 

6.4.3.5 Medical devices – general
EU Directive 93/42/EC, referring to the following 
standards:

EN ISO 13485:2000, Plastics Piping system – Test 
method for leak-tightness under internal pressure

EN ISO 14971:2007, Medical Devices – Applica-
tion of risk management to Medical Devices

6.4.3.6 Standardization
ISO 3857-1:1977, Compressors, pneumatic tools 
and machines - Vocabulary - Part 1: General

ISO 3857-2:1977, Compressors, pneumatic tools 
and machines - Vocabulary - Part 2: Compressors

ISO 5390:1977, Compressors - Classification

6.4.3.7 Specifications and testing
ISO 1217:2009, Displacement compressors – 
Acceptance tests

ISO 5389:2005, Turbo-compressors - Performance 
test code 

ISO 7183:2007, Compressed air dryers - Specifica-
tions and testing

ISO 12500:2007-Part 1 to 3, Filters for Compressed 
Air – Test Methods

ISO 8573-Part 1 to 9, Compressed Air - Contami-
nants and purity classes – Test Methods
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INDEX

A
absolute pressure  	 1.2.1
absolute zero  	 1.2.2
absorption  	 2.4.1
absorption dryers  	 2.4.1.4
activated carbon  	 3.2.9
active power  	 1.6.4
adsorption  	 2.4.1
adsorption dryers 	 2.4.1.5
after cooler  	 2.4.1.1, 3.2.6
air 	 1.4
air-borne energy recovery 	 3.4.3.2
air composition  	 1.4.1
air consumption 	 1.1.2, 4.2.3
air cooled compressor	 3.3.2
air receiver 	 3.6.1.1
air requirement 	 3.1.1.2
air treatment	 3.2
alternating current 	 1.6.1
apparent power 	 1.6.4
atmospheric pressure 	 1.2.1
atomic number  	 1.1.1
axial compressors  	 2.2.3

B
booster compressors  	 2.3.2
Boyle’s law  	 1.3.2
bypass regulation  	 2.5.2.2
 
C
cables  	 3.7.6
capacitive measurement system  	 2.5.5.2
carbon filter 	 2.4.2, 3.2.5
Celsius scale  	 1.2.2
central control   	 2.5.7
centralized installation  	 3.1.2.2
centrifugal compressors 	 2.2.2
changes in state  	 1.3.4
Charles’ law 	 1.3.2
circuit-breaker	   3.7.5
clearance volume 	 1.5.3
closed cooling system  	 3.3.1.4 
compressed air central  	 3.5.1, 3.5.2, 3.5.3
compressed air distribution  	 3.6.1
compressed air quality  	 3.2.2

compresson in several stages 	 1.5.5
compressor calculation 	 4.3.2
compressor central 	 3.1.2, 3.5
compressor package 	 3.5.1
conductivity  	 1.3.3
contactor  	 3.7.3
continuous capacity regulation 	 2.5.1
control and monitoring	 2.5.4
convection 	 1.3.3
cooling methods 	 1.6.5.5, 3.3
cost allocation 	 4.1.1.1, 4.3.2
critical pressure ratio 	 1.3.5.

D
data monitoring	 2.5.5
decentralized installations  	 3.1.2.3
decibel  	 3.8.1
degree of recovery 	 3.4.2, 4.2.6
delta connection 	 1.6.5.7.
dew point 	 1.4.2
diaphragm compressors 	 2.1.4
diaphragm filter 	 3.2.8
dimensioning 	 3.1.3, 3.1.5.1
direct start 	 3.7.3
displacement compressors 	 1.5.2, 2.1.1
double acting compressors  	 1.5.2, 2.1.2
drawing symbols 	 6.2
drying	 2.4.1
dynamic compressors  	 1.5.4., 2.2.1

E
electric motor	 1.6.5
electrical current  	 1.6.1
electrical voltage  	 1.6.1
electricity	 1.6
electromotive force (emf) 	 1.6.2
electrons  	 1.1.1
energy recovery  	 3.4
equivalent pipe length  	 3.6.3
exhaust emissions  	 2.6.2

F
FAD   	 1.2.6
filter 	 2.4.2, 3.2.5
filter efficiency 	 2.4.2
flow through pipes	 1.3.6
frequency  	 1.6.1
frequency converter  	 2.5.4.3
fuses 	 3.7.5 
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G
gas constant  	 1.3.2
gas laws	 1.3.2
gradual start 	 3.7.3

H
heat exchanger  	 5.7.1, 5.7
heat tranfer  	 1.3.3
high pressure compressor 	 3.6.1.1
high voltage  	 1.6.1

I
idling time  	 2.5.4.2
impedance  	 1.6.2
individual gas constant  	 1.3.2
inlet regulation   	 2.5.3.1
installation’s overall economy  	 4.1.1.1
insulation class  	 1.6.5.3
intake air  	 3.5.4
intake pressure variation  	 3.1.3.2
isentropic process  	 1.3.4.4
ISO 	 6.4
isobaric process  	 1.3.4.2
isochoric process  	 1.3.4.1
isothermal process 	 1.3.4.3

J
Joule-Thomson effect  	 1.3.7

K
Kelvin scale  	 1.2.2

L
laminar flow 	 1.3.6
leakage   	 3.1.1.3, 4.2.3
life cycle cost, LCC 	 4.3
liquid injected screw compressors  	 2.1.5.2
loading  	 2.5.1
logarithmic mean temperature difference 	 1.3.3
low voltage 	 1.6.1

M
main voltage  	 1.6.3
maintenance costs  	 4.2.7
maintenance planning  	 4.2.7.1
MD dryer  	 2.4.1.5
medical air 	 3.2.9
membrane dryers 	 2.4.1.6

metal resistor 	 2.5..1
micro-organisms 	 3.2.4
mobile compressors 	 2.6
modulation 	 2.5.3.4
moist air 	 1.4.2
molecular movement  	 1.1.2
molecules 	 1.1.1
monitoring  	 2.5.5.3, 2.5.8
multi-stage off loading 	 2.5.2.8 

N
neutrons 	 1.1.1
new investment  	 4.1.1.1
noise	 3.8.9
non-sinusoidal waveforms  	 1.6.1
normal litre  	 1.2.6
nozzle  	 1.3.5

O
off loading/loading  	 2.5.1
Ohm’s law  	 1.6.2
oil filter  	 3.2.5
oil-free compressors  	 2.1.3
oil-free screw compressors 	 2.1.5.1
oil temperature control   	 2.6.3
oil/water separation   	 3.2.8
open cooling system  	 3.3.1.2, 3.3.1.3
operating analysis  	 3.1.1.3
operating costs 	 4.1.1.1, 4.1.1.2
optimised compressor operations 	 4.1.1.1
outlet regulation   	 2.5.3.2
over compression  	 2.4.1.3
overall cost  	 4.3.2
overload protection   	 3.7.5 

P
part flow measurement  	 3.6.4
particle filter  	 2.4.2
phase compensation  	 3.7.7
phase displacement  	 1.6.2
phase voltage  	 1.6.3
pipe resonance  	 3.5.4
pipes 	 1.3.3
piston compressors  	 1.5.1, 1.5.2, 2.1.2
plasma  	 1.1.2
polytropic process  	 1.3.4.5
power  	 1.2.5, 1.6.4.
Power Factor  	 1.6.4
prefilter 	 3.5.4
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pressure  	 1.2.1
pressure intensifier  	 2.3.3
pressure band  	 2.5.4.2
pressure dew point  	 2.4.1
pressure drop 	 1.3.6, 4.2.2
pressure measurement 	 1.2.1, 2.5.5.2
pressure ratio  	 1.5.2
pressure relief  	 2.5.2.1, 2.5.3.4
pressure relief with throttled intake  	 2.5.2.4
pressure switch  	 2.5.4.2
protection classes 	 1.6.5.4
protons 	 1.1.1

Q
quality class in accordance with ISO 	 3.2.2
quantity of ventilation air 	 3.5.5

R
radial compressors 	 2.1.1, 2.2.2
radiation 	 1.1.1
reactance 	 1.6.2
reactive power 	 1.6.4
recovery potential 	 3.4.2, 4.2.6
refrigerant dryer 	 2.4.1.2
regulation 	 2.5.1
regulation system  	 2.5.1
remote monitoring	 2.5.8
resistance 	 1.6.2
resistance thermometer 	 2.5.5.1
resistive measurement system 	 2.5.5.2
reverbation 	 3.8.4
Reynolds’ number 	 1.3.6
ring piping 	 3.6.2
room constant 	 3.8.3
roots blowers	 2.1.9

S
saving possibilities  	 4.2
screw compressors 	 2.15
scroll compressors  	 2.1.7
separation efficiency  	 2.4.2
sequence control  	 2.5.6.1
short-circuit protection  	 3.7.5
single acting compressor 	 1.5.2, 2.1.2
SI-system 	  6.1
sound   	 3.8
sound absorption  	 3.8.8
sound dampening  	 3.8.8
sound measurements 	 3.8.6

sound power level 	 3.8.1
sound pressure level 	 3.8.1
speed regulation 	 2.5.2.6, 2.5.4.3
standards 	 6.4
star connection  	 1.6.3, 1.6.5.7
star/delta start 	 3.7.3
start sequence selector  	 2.5.6.1
start/stop regulation 	 2.5.2.5
starter 	 3.7.3, 3.7.5
sterile filters 	  3.2.5
stroke volume 	 1.5.3
suction valve unloading	 2.5.2.8
synchronous speed  	 1.6.5.1

T
tables 	 6.3
temperature 	 1.2.2
temperature measurement 	 2.5.5.1
thermal capacity 	 1.2.3
thermal conductivity number  	 1.3.3
thermistor  	 2.5.5.1
thermodynamics 	 1.3
three phase system 	 1.6.3
throttling 	 1.3.7
throttling the inlet 	 2.5.2.3
tooth compressor 	 2.1.6
torque	 1.6.5.8
turbo compressor 	 2.2.1
turbulent flow 	 1.3.6
twin screw compressors	 2.1.5
types of compressors	 1.5

V
vacuum pomps  	 2.3.1
valve off-loading  	 2.5.2.8
vane compressors  	 2.1.8
vane regulation 	 2.5.3.2, 2.5.3.3
variable discharge port 	 2.5.2.7
ventilation fan 	 3.5.5
volume rate of low	 1.2.6

W
water content in compressed air 	 2.4.1, 3.2.2
water cooled compressor 	 3.3.1
water separator  	 2.4.1.1
water vapor 	 3.2.2 
water-borne energy recovery  	 3.4.3.3
work  	 1.2.4
working pressure 	 3.1.1.1
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