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P N  E U T , A T I C  T E C H N O L O G Y

A fluid power system is one thal transmits and controls energy through the use of pressurized liquid or gas'

In Pneumatics. this media is air. This of course comes from the atmosphere and is reduced in volume by
compression, thus incr€asing its pressure. Compressed air is mainly used to do work by acting on a piston or
vane -- producing some useful motion tor instance.

While many tacets of industry use compressed air, the general field of Industrial Pneumatics is considered
here.

The corect use ol pn€umatic control requires an adeguate knowledge of pneumatic components and their
function lo ensure their integralion into an etficienl working sysiem. lt is always the r€sponsibility of lh€
d€signer to certify safety in all conditions -- including a failed condition. As with any other onergy source,
compressed air can cause harm if not properly applied.

Although electronic control using a programmable sequencer or olher logic controller may be currenlly
specilied it is still necessary lo know the basic function of lhE pneumatic components.

This book deals with the t9chnology of the components in control systems, describing types and design
teatures of air treatmont equipment, actuators and vafues, methods of inlerconneclion and introduces the
basic pneumatic circuits.

WHAT CAN PNEUMATICS  DO?
The applications tor compressed air are limitless, lrom the optician's gentle use of low pressure air to test

fluid pressure in the human eyeball, the multiplicity ol linear and rotary motions on robotic process machines,
I to the high torces required tor pneumatic presses and concrete breaking pneumatic drills.
j' The short list below seNes only to indicate th€ v€rsatility and variety of pneumatic control at work, in a

continuously expanding industry.
. Operation of system valves for air, water or chemicals
. Operation of heavy or hot doors
. Unloading of hopp€rs in building, steel making, mining and chemical industries
. Ramming and tamping in concrete and asphalt laying
. Litting and moving in slab molding machines
. Crop spraying and operation ot other tractor equipment
. Spray painting
. Holding and moving in wood working and fumiture making
. Holding in jigs and fixtures in assembly machinery and machine tools
. Holding tor gluing, heat sEaling or welding plastics
. Holding tor brazing or wolding
. Forming operations of bending, drawing and flattening
. Spot welding machines
. Riveting
. Op€ration of guillotine blades
. Bottling and filling machines
. Wood working machinery drives and teeds
. T€st rigs
. Machine tool, work or tool feeding
. Component and material convevor transfer

INTRODUCTION
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P  E U  A T t c  T E c H t { o L o c Y

. Pn€umalic robots

. Auto gauging

. Air separation and vacuum lifiing ot thin sheots

. Dental drills

. and so much more... new applications ars developed daily

PROPERTIES  OF  COMPRESSED A IR
Some important reasons torthe wide use of compressed ah in industry arai

Avallablllty

Most facto.ies and industrial plants have a compressod air supply in working areas, and portable
compressors can serve mor€ remole situations.

Storag6

It is easily stored in large volumes if required.

Slmpllclty ot Deslgn and Control

Pneumatic components are of simple design and are easily fitted to provide extensive automated
systems with comparatively simple control.

Cholce of Movement

ll offers both linear movement and angular rotation with simple and continuously variabl€ operational
sDeeds.

Economy

Installation is of relatively low cost due to modest component cost. There is also a low maintenance
cosl due to long life without service.

Rellablllty

Pneumalic components havs a long working life resulting in high system reliability.
Reslstance to Envlronment

It is largely unatf€cted in the high temperature, dusty and corrosive atmospheres in which other
systems may fail.

Environmentally Clean
It is clean and with proper exhaust air tr€atTent can be installed to clean room standards.

Satety
It is not a fire hazard in high risk areas, and the system is unattected by ovedoad as ackrators simply
stall or slip. Pneumatic actuators do not produce heat -- oth6r than friction.
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P N E U l , t A T t c  T E c H N o L o c Y

2 THE BASIC PNEUMATIC SYSTEM
Pneumatic cylinders! rotary actuators and air motors provide the force and movemenl of mosl pneumatic

control systems, to hold, move, form, and proc€ss matetial.

To operate and control these acluators, olher pneumatic components are required i.e. air service unils lo
pr€par€ lh€ compressed air and valves to control lhe pressur€, tlow and direction of movement of lhe
actualors.

A basic pneumatic system, shown in tig 2.1, consisls of two main sections:
. The Air Production and Distribulion System
. The Air Consuming System

Fig. 2.1 Th€ Basic Pn€umatic System.

Th€ component parts and their main tunctions are:

HE AIB PRODUCTION AND DISTRIBUTION SYSTEM

O corpr"""o,
Air taken in at atmospheric pressure is compressed and deliv€red at a higher pressure to the
pneumatic system. lt thus transforms mechanical €nergy into pneumatic energy.

Electrlc Motor

Supplies the mechanical power to the comprossor. lt transforms electrical energy into m€chanical
€n€rgy.

@ Pressure Swltch

Controls the electric motor by sensing the pressur€ in the tank. lt is set to a maximum pressure at
which it stops the motor, and a minimum pressure atwhich it restarts it.

@ check valve
Lets the compressed air from th€ compressor into th6 tank and prevents it leaking back when the
compressor is stopped.
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Stor€s the compr€ss€d air. lts size is dofin€d by the capacity of the compressor. The
larger the volume, th€ longer th€ interuals between compr€ssor runs. Most systems
should be designed tor a 50o/o duty cycle, providing at least 2x syslem demand in storage.

@ s"hty v"tr"

@ Retrlgerated Alr Dryer

@ une rlner

@ luto o."tn
Every descending tube should have a drain at its lowest point. The most etlicient method
is an Auto Drain, which prevents water from remaining in the lube should manual draining
be neglected. Directly abov€ the Auto Drain is an expansion chamb6r, allowing lhe air to
cool (through €xpansion) and remove more €ntrained liquid.

@ Prcssure cauge
Indicates the TEnk Pressure.

Being in the main pipe, this filter musl have a minimal pressure drop and the capability of oil mist
r€moval. lt helps to keep the line tree from dust, wat€r, and oil.

THE A IR  CONSUMPTION SYSTEM

@ Auto Drain

Drains all the waler condensing in the tank without supervision.

Blows compressed air otf if th€ pressure in the tank should rise above the allowed pressure.

Cools the compressed air to a tew degrees above freezing point and condenses most of the air
humidity. This avoids having water in the downstrcam system. This device musl be pr€ceded by an
aftercooler (not shown in the simple drawing) and not directly inline with the compressor or it will be
over-tax€d. ldeally, inlet air temperature should be ambient or room temperature.

(D lttt"t*ott
For consumption, air is taken off trom the top of the main pipe to allow occasional cudensate to slay in

th€ main pipe. Wh€n it reach€s a low point a water take-oft from beneath the pipe will llow into an
Automatic Drain and the condensate will be removed. Normally there would be a union in the pipe and a
shut-off valv€ to allow maintenance to the.dorvnstream componanlsr

0 alr Servlce Unlt

Conditions the compressed air to provide clean air at optimum pressure, and occasionally adds
lubricant to €xtend the life of those pneumatic system components that ne€d lubrication.

@ Dlrectlonal valve

Altemately pressurizes and exhausts the cylinder connections to control the direction of movemem.
Shown as an indiMdual device, ther€ may b6 a number of directional valves grouped on a manifold.
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compressed air. This is a must tor understanding what happens in a pneumatic system.

6 Adu"to,
Transforms the potential €nergy of the compressed air into mechanical work. Shown is a linear cylinder,
it can also be a rolary actualor or an air tool etc.

@ Speed Gontrollers

Allow an easy and stepless speed adiustment ot the actuator movement.

We will discuss these componenis in more deiail in sections 4 to 7, after a look at the theory of
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3 COMPRESSED AIR THEORY

JN ITS
The Intemational Syslem of Unils has been in acceptance worldwide since 1960, but the USA, UK, and

Japan still use the lmperial System lo a great extent.
ll is exir€mely importanl that, in this €ver shrinking world, all measurem€nt systems become cleady

underslood. The delinitive study ot pneumatics on an inlernational scale requires familiarity and competence
with either set of units; therefore this document will employ both English and Sl units.

Quantity Symbol SI Unlt Ngme Remarks
1 .  B A s I c  U N I T s :

Mass
kngth
Time
Temperature, absolute
TemDeraturc (Celsius)

m

T
L E

kg
m
5

K'c

kilogram
meter
second
Kelvin
Degree Celsius

0"C = 273.16 K

2, CoMPoSED UNrrs:
Radius
Angle
Area, Section
Volume
Speed (velocity)
Angular Speed
Acc€leration
Inertia
Force
Weight

Impulse

Work
Potential energy
Kinetic energy
Torque
Power

a,F,1-6,e.p
A,S
v
v
a)

J
F
G

w
E , W
E , W
M
P

Ns

J
J
t '
J
w

m
I

m2
mt

m s''
s '

m s-2
m2 kg

N

N

meter
Radian (n/m)
square meter
cubic meter
meter per second
radians per second
nreter per sec. per sec.
kilogram per square mtr
Newton
Earth acceleration

Newton Second

Joule = Newton meter
Joule
Joule
Joule
Watt

= kg ' rn's'2
9.80665 m's-2

= kg . m2's-2

0.5-m-i

= J's-l
3. RELATTD To CoMPnDSSED ArR

Pressurc
Standard volume

Volume flow
Energy, Work
Power

p
vn

o
E , W

P

tn-n s'
N'm
w

Pa
In3n

Pascal
Standad Cubic Meter

Std. cubic meters / s€c
Joule
Watt

=N m' '
a t0 =0 'Candp
=760 nm Hg

Pa.m3 = N.m
p ' O = N ' m . s - r = W

Table 3.1 Sl Units used in oneumatics
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To nam€ units by powers of l€n, smaller and larger than the above basic units, a number o( prctixes have
b€€n agreed upon and are listed below.

Powet Preflx Svmbol Pourer Preflx Svmbol
10-1 deci d
1O-2 centi c

iO-3 milli m

10-6 micro ],

101 Deka da

fi2 Heclo h

103 Kilo k

tO6 Mega M
Table 3.2 Prefixes tor powers of ten

This l€ads us to a kPa (kilo-pascal or 1/100 b ol a BAR) and an MPa (1,OOO,OO0 pascals or 10 BAF).
Practice with these prefixes and pay attention to what th€ symbol represents in terms of powers of ten. Pay
special attention to the difterence between M and m,

Converting lrom on€ standad of units to another is well docum€nted. Converting is easiest wh6n dealing
with an answer --- 6.9. when dea,ing with a mathematical formula, use one standard only (tor all terms) and
then convert the answer, Be aware that formulae may change when expressed in difierent units or standards.

The tables following show a comparison between the Metric Sl units and the lmperial units.

Magnitude Metric Unit (m) Enelish (e) Facaor m +e Fsctor e +m
Mass kg

s
pound
ounce

2,?05
0.o3s27

0.4535
?,8.3527

L:ngth m
m

mm

foot
yard
inch

3.281
l.094

0.03937

0.3048
0.914
25.4

TemDeraturc l.8oC+32 ('F-32)/1.8
Area. Section n'

cm2
sq. ft.

so.inch
10.76
0.155

0.0929
6.45t6

Volume n'
m'

dm3

cu. yard
cu. inch
cu. fl-

1.308
0.06102
0.03531

0.76/.5
16.388
2832

Volume Flow n'/min
dm3Jmin ffmin)

scfm
scfm

35.31
0.0353r

0.02832
28.32

Force N oound force (lbf,) 0.2u8 4.448/.
Pressure bar lbf./sq.inch (psi) 14.5 0.06895

Table 3.3a Conversion of Units
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llrlric lo Englilh
(Mulridy - By-To obrain -)

lorNr
N.n 0.73?5
kg.m 1ag

Engli$ to fil.lrlc
(itulriply - By-To Obtain -)

Lqrgnl
Fn 0.0391
hln 0.0394
cm 0,3937
m 32E,|0

L.n!tl
mls 2.51
in 25.,4
in 2.!A
Ir 0.046

Aru
in 645.16
id 6.,1516
tf 0.0929

Volum0
inr t6387
in' 16.387
lf 0.0283
It3 26.329
gal(U,S.) 3.785

W!lehl
ot 28,3i8
b 0.4536

Forca
bt 453.6
bt 0,4536
bl ia.4lEa

Toqoc
n.  b  r .659
It. lb 0.13811

En.tty
ft .h t .366
fi . lb 1.356
kwr 3,6

Prrt|0fa
mm(H,O) 0,00142 Pll
mn(Hg) 0.0197 Psl
bn 0.0t97 Pri
kPs 0,145 Prt
bar la.5o Pg
kg/cm? la.4a Pii
aln '|4,7 psi

mNs
in
in
n

I t .  b
l i .  h

pm
mm
cm

N . m
kg' m

kg/cm,
xgl',rr,
kPa
bar
kgy'cm'l

N . m
J
MJ

Arr
md 0.616 h'
crrf 0,1550 h'
mt 10.765 ir

Volumr
mmt
cm'(cc)

L
L

W.ighr
g O.005il oz
k9 2.2046 b

Fo.c.
gl 2.iDs r 'loi lbf
kgf 2.2016 lbf
N 0.2248 lbl

Ke!
Fm = micron (miclongb4
mm - millitnoto,
am r conlimeter

mils-0,001 ilch
h -hch
n - foot
cr - culic cgntmater
L = titsr
gal (U.S,). U.S. gallon
9 r gram
kg - kilogl8m
oz. ouhoo
h -pdd

tn Praatur!
in{Hp) 2.s357 r 10'
h(HS) 0.0s5t8

mrf psi 6 897
qe psi 0.06697
l|t, psi 0.07G1

6.10 x 105 inr
0.0610 in' Enrgy
35.320 ff N.m 0.7375
0.0353 lf J 0.7375
o.fi12 gal (U.s.) MJ 0.n7E

f i . l b  -
l l . lb
rwh

l l . lUg
np

mm3
cm! (cc)
mt

L

Pouar
w 0.7375
kw l.3al

T!npar.hr!
'F-(1.8r"C)+32

Flo{ r.b
Numint0.035.SCFli

gf= gram - forcr
kgl-tilogratn.brcs

lbfepound-krcr
N.m-nanlon-Ddtr
k9.m.l i log.t | t | .m.br
l t . lb. loqt.pound
mm (HrO) . rnllorb( *abr
collmn

h (Hp) . inche! rabr coltm
nm (Hg) - nilllnote. mcrcuy
colurm

in (Hg). ind|ge tne|trty
colu|m

pri I pounds p€| squars hdl
kPa. klopasc€ls
atn . qtrnospher.3
J - iruL
MJ . firegajoulo
W-wa[  -
lW. kibwn
t!'\lh . bloratt-hour
hp. horsaporver
€ ' dogff8 C€|rtglade
'F - d.gr€e Fahmh.il
! - lgcon(b
Nunin - Nofiul lit l! F9r
ninub

Powra
f.br's t.356 W
hp 0.7157 kW

Tlmparaluat
qC - 5A"F'32)

Flov..b
SCFM x 2E.57- Nltnin

SCFi = Sd. cllitic feet per
rnirute

B.aic FgnnlLr
Orda ciEumle.anoa. |!O - 2fi
Ord. a'r8. d.
Fotce=Prg9qjr€xAfea
C.ylir{t€r Volurre (md eide) -
(pislon araa . t9d cross-r€c1ion
a|oa) r d()Ie

Cflinder Volume (head end) -
tigton a.ga x *.!ko

Tor$re - h.co t p€rp€odd/hr
dlr.r€c ftgrn $haft

k9

sl
kE
N

Table 3.3b Conversion of Units
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P R E S S U  R E

ll should b€ noted that the Sl unit of pressure is th€ pascal (Pa)
I Pa = I N/m2 (Newton per square merer)

This unil is extremely small and so, to avoid huge numbers in practice, an agreement has been made to
use lhe bar as a unit ot 100,000 Pa.

100,000 Pa = 100 kPa = 1 lxr
It corresponds with sutticient accuracy for practical purposes with the old metric unit kgf/cm". More precise

equivalents are I STD atm =14.696 psi =1.01925 bar =i.03329 kgrt/cm'?.
ln English units pressure is expressed in psl (almost nev€r retened lo as p.s.i. as one would expect), or

pounds p€r square lnch, also relating a torce to an area.

Physlca

500 kPa

iloteorology Pneumatlca

200 kPa
Atmospheric

Pressu16

100 kPa
Standard

14.696 psi Vacuum
Flg. 3.4 the various systems of prcssure indication

A pressure in the context of pneumatics is assumed as bver-pressure i.e. above atmospheric pressure
'and is commonly referred to as gaugo (also geg€) pressure (GA or pslg).

A pre*sure can also be expr€ssed as absolut€ pressure (ABS or psla) i.e, a pre*sure relative to a tull
vacuum. In vacuum technology a pressure below atmosph€ric i.e. under prcssu]a is us€d.

The various ways of indicating pressure ar€ illustrated in fig 3,4, using a standard atmosph€ric pressure of
1013 m/bar as a reterence. Note that this is not 1 bar, although for normal pneumatic calculations the
dilference can be ignored.

i p
t
4 5 r
I:
!
i r n ,

I
I
l ' '  I

1 050 mbar
30 in Hg
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Fnopennes oF GAsEs
t S o T H E R M I C  C H A N G E  ( B O Y L E ' S  L A W )

"...with constant temperature, the pressure of a given mass of gas is inversely proportional to its voltlme",
or: P' Y= constant

p 1 x V l  = =  p 3 x V 3
Fig. 3.5 illustration of Boyle's Law

lf volume V. = 1 m3at a standard absolute pressure ot 101325 Pa is compressed at constanl temperature
to a volume V = 0.5 m" then:

= P",V" P"=#
to1325m.i.n3

p , . v . ,

i .e.  p"= u
Note the difference between r€ducing a volume ot atmospheric air to halt, 1:2.026 and the pressure ratio at

a gauge pressure of 1 bar (2 sps), 1 :1.987! But this is theory; - no adiustment is made tor practice when w€
simply use gauge pressur€ in bar +11

lf volume V, = 1 ff at a standard absolute pressure of 14.7 psi. is compressed at constant temp€rature lo a
volume V, = 0.5 ft" then:

o1.lA
P,.V,  =  P" 'V"  P"=- t

. LA7pd(L fr
i.e. p, = - = 29.4 Psla

202650 Pa
o3n3

The ratio V1^r'2 is the "Compression Ratio" cr

with a gauge pressure of 4 bar, { = aill=l3 = a.gs'  \2 1013

The table below shows the pressure ratio for pressures from 1 to
10 barabs.

p 1 2 3 4 5 6 7 8 1 0
cr 0.987 1 .987 2.974 3.961 4.918 5.935 6.922 7.908 8.895 9.882

v = 1 i  p = 1

p 2 x V 2
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Calculaling the compression ratio in lmp€rial or English units is done in the same way, p, converted to
absolule pressure (add 14.7 psi) divided by 14.7 psi (one atmosphere).

On lh€ olher hand it would be wrong to use Boyle's Law in pneumatics. In the case of tools as well as
cylinders the change is never lsothermic but always Adiabatic change. (See funher below and pg. 58 - 61

I S O B A R I C  C H A N G E

Charles Law

'...at constant prossure, a giv€n mass ol gas increases in volume

Celsius rise in temperature -- --l- 191 gysrv op rise in temoerature.
459f,

Law ot Gay Luaaac

and w=+

of its volume lor every degreebv#

Exampfe 1:  W = 100 m3, I1 =9.9,  72=2O.C,W=?
We have to use the absolute temperatures in K, thus

1 0 0  v 2  1 n n . ? q ?
;;;= :;;, W= '-::::: - = 107.326 m'
z t r  . t J  2 7 3

Exampfe 2: !4 = 100 ff, f 1 = 40"F, T2 = AO"F, VZ = ?
We have to use th€ absolute tomp€ratures in H (Rankine), thus

1oo - v2 vz= 19!Ij!2Z=1ssrt"
4997 539? 4997

I S O C H O F I C  C H A N G E
'at constant volume, the pressure is proportional to the temperatur€"
('lsochoric" comes trom th€ Greek words ropo Osad "chora'), for

space, field etc. , and roo- , "iso' = equal)

Y/7= constant, so

P1.P2so TT:T,Z ano

v1 T1
w = E

T2
P = n T 1

i

Where f is the absolute temp€rature in K (Kelvin) or R (Rankine).

The previous relationships are combin€d to provide the general gas equation:
p't v1 pzw

P(pslq) 1 0 20 30 40 50 60 70 80 90 100
cf 1.68 2.36 3.04 3.72 4.4 5.08 5.76 6.44 7.12 7.80

_>-T

->T
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\ This law providss one of the main th€ofetical basis tor calculalion to design or sel€ct pneumatic equipment
twhen temperature changes have to be considered.

A D T A B A T T C  ( I S E N T R O P l C )  C H A N G E

The previous Laws assume a slow change, so only the two considered
magniludes are changing. h praciice, for example -- when air flows into a
cylinder, this is nol the case and 'adiabatic chang€' occurs. Then Boyle's
Law ' p.Vis constant " changes to p. lA= constant.

It would take too much time to go into gr€ater d€tail, the diagram
illustrates the ditference clearly enough: w€ see that there is a loss of
volume when pressure builds up quickly. We will meet this law again when
discussing the air consumption of cylinders.

S T A N D A R D  V O L U M E

Due to these mutual r€lationships between volume, pressure and temperature, it is necessary to reter all
daia on air volume to a standardized volume, the standard cubic meter (m"r), Delined as the air quantity of
1.293 kg mass al a temperature of ooC and an absolute pressure ol 760 mm Hg (101325 Pa) -- or the
standard cubic foot (scf) which is on€ cubic foot of air at sea l€vel (absolute pressure of 14.7 psi) having a
temperature of 680F and a relative humidity of 360/o.

F L O W

The basic unit for volume tlow "O' is the Normal Cubic Meter per second (m"%). In pneumatic practice
volum€s are expressed in terms of lit€rs per minute (l / min) or normal cubic decimeters per minute (dm?min).

l The usual non-metric unit tor volume tlow is the "standard cubic foot p6r minute", (sclm).
)
Bernoul l l 's  Equat lon

Bernoulli states:
'lf a liquid of specific aravity flows horizontalty through a tub€ with varying diameters, the total energy at

point 1 and 2 is the same'

or, pt + |  p. v ' t2 = Fe+ L
2 P ' v 2 z

The relationship between pressure, the velocity
ol the air, and the density ot the air (p) applies to
gases if the flow speed does not €xc€ed 3a)0 m/s
approx. (1083 tusec). Velocity (tysec) can be
calculated:

v= 0.054Q /D'? (O is cfm, D is i.d. in inches)

Applications of this equation are the venturi tube
and tlow compensalion in pressure regulators.

--> v1 -----+
Flg. 3.6 illustralion of Bemoulli's Law

A I R  H U M I D I T Y

Atmospheric air always contains a percentage of water vapor. The amount of moisture present will depend
on the atmospheric humidity and temp€rature.

When atmospheric air cools it will reach a certain point at which it is saturaled with moisture, this is known
\as the dew polnt. lf the air cools further it can no longer reiain all lhe moisture and th€ su|plus is expelled as
Tminiature droplets to torm a condensate.
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The actualquantity ol water lhat can be r€tained depends entirely on temperalufe; 1mt of compr€ss€d air
is only capable of holding the same quantity of water vapor as 1m3 of almospheric air.

The table below shows the number of grams of water per cubic meter (and cubic teet) tor a wide
lemperalure range trom -40'C to +40"C and from --40 0F to 200 oF. The bold line refers to atmospheric air with
fhe volume at the lemperature in question. The thin line gives the amount of water pet Standard Cubic .
dimension. All air consumption is normally expr€ssed in standard volume; this makes calculation unnecessary.

For the lemperature range of pneumalic applications the table below gives th€ exact values. The upp€r halt
refers to temperatures above lr€ezing, the lower to below freezing. The upper rows show the content of a
slandard cubic meter, the lower ones the volume at th€ given temperature.

Temperature oC 0 5 l0 l5 20 25 30 35 40
g/m'n *(Standard) 4.98 6.99 9.86 t3.76 18.99 25.94 35.12 47.19 OJ.UJ

3
g/m (Atrnospheric) 4.98 6.E6 9.5 t 13.04 17.69 23.76 3t.64 41.83 54.11
Temperrture oC 0 -5 -10 -t5 -20 -25 -30 -35 40
g/m'n (Standard) 4.98 3.36 2.28 1.52 1.00 0.u 0.4 0.25 0.15

g/m (Atmospheric) 4.98 l .6 l 1.08 0.7 0.45 o.29 0.18

Temperstur€ oF 32 40 60 60 100 120 140 160 lm
giftr *(Srandard) .137 .188 .4 .78 1.48 2.65 4.53 7 .44 I  l . 8 l
gifC (Ahospheric) . 1 8 5 - 3  t J .71 t .z9 2.2? 3.67 5.82 8.94
Temp€rature "F 32 30 20 l0 0 -10 -20 -30 40
s/fC (Shndard) .t37 I t A .083 .053 .033 .020 .ot2 .007 .004
g/ft' (Atmospheric) .r37 .177 .085 .056 .036 .023 .014 .009 .005

Tabla 3.7 Water Saturation of Air (Dew Point)

The term g/tf standard r€fers to a volume at gzoF. At BooF it.s volume is extended to l+ 
(80-32) 

or l.i tf
459?

Consequently to have one standard cubic loot at 80oF, 1.1 tf of atmospheric air at 800F are required with all its
water content; so that makes 1.1 x 0.71 = 78 grams ol water.

Relative humtdlty

With the exception of extreme weather conditions, such as a sudden temperature drop, atrnospheric air is
never saturated. The ratio of the actual water contenl and that of the dew point is called relative humidity, and
is indicated as a percentage.

Relatlve humldlty (r.h.) = 1ovh

Erample 1: Temperature 25oG, r.h. 65"/0. How much water is crntained in 1 m3?

Dew point2soo = 24glm".0.65= 15.6 g/mt

When air is compressed, its capacity for holding moisture in vapor form is only that of its reduced
volume. Hence, unless the temperature rises substantially, water will condense out.

Erample 2: 1o m3 ol almospheric air at 15oc and 65yo r.h. is compresssd to 6 bar gauge pressure. The
temperature is allowed to rise to 25oC. How much water will condense out?

From Table 3.7: At 1soo, 10 m3 of air can hold a maximum of 13.04g/m..10m" = 130.4 g

actual water content
saturatlon qu.ntlty (dew point)
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At 650/o r.h. the air will conlain 130.4 g '0.65 = 84.9 g {a)

The reduced volume ol compressed air at 6 bar pressur€ can be calculated:

pl'v1 = pzvz = 
p; 

v1 = v2 = +H# '10 m3 = 1.44 mc

From Table 3.7 1.44m3of air at 25oC can hold a maximum of 23'76 g '1 '44 = 34.2 g (b)

Condensation equals the total amount of water in the air (a) minus the volume that ihe compressed air
can absorb (b), hEnce 84.9 - U.2 = 50'6 I of water will condense oul'

This condensate musl be r€moved before the compressed air is distributed, to avoid harmful etfecte in lhe
line and the pneumatic components.

Example 3: Temperalure 800F, r.h.65%. How much water is conlained in I ff?

Dew point 80"F = 0.71 g/ ff. 0.65 - o.ao g/ff

Observe that the metric chart dimenslons would exhlbll ldentical relationships when converted to
lmperial unlts.

g HzO/m 3

500

' t5

t 0

5

0.1
€0

Flg. 3.8 Dew points for temp€ratures from -€0 to aboul +80"C
Th€ bold curve shows lhe saturation points ot a cubic meter at the related temperature, the thin curve at

standard volume.
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P R E S S U R E  A N D  F L O W

The most important relatlonshlp tor pnGumatics is that b€twe€n pressur€ and flow.
THEY ARE NOTTHE SAME. DO NOT THINK THEY ARE INTERCHANGEABLE TEFMS.., e.g. a 'Iow

conlrol is nol a regulalor (repeat as r€quirod until retained), lt is the relationshio between tlow and pressure
that we will now consider.

ll there is no tlow, the pressure in an entire system is the same at every point, but when there is flow from
one Point to another, th€ pressure in the latter will always be low€r that at the first. This difference is call€d
pressure drop. ll dspends on three values:

. initial pressure

. volume of f low

. llow resistance of the connection

The flow resistance for air has no unit; in electricity its equivalent is Ohm (Q). In pneumatics, th6 opposile
of resislance is used, the equivalenl flow section (S, kv or C" factor) -- a conductance value. The equivalent
tlow section S is expressed in mm' and represents the area of an oritice in a thin plate (diaphragm) which
crsates the same relationship b6tw6en pressures and flow as th6 €lement detined by it. Valves have
complicated oritic€ shapes, therefore lhe flow rate through lhe device is measured first, and then the device
may be assigned the corresponding equivalent flow section. An easy approximation would be that:

C, ol 1= 18Smm', e.g. equivalent orifice of 18 mm' equals the flow of aC, i.
This relationship is by dotinition the same as in electricity, where fuoltage drop equals current times

resistance". This can be transformed for pneumatics to "pressure drop equals flow divided by Flow Section",
only, while the electric units are dkectly proportional, lhe relationship lor air is very complex and never simply
proportional. In electricity, a cun€nt ot 1 A (one Ampere) creates, over a rosistor of I Ohm, a voltage drop of 1
Volt. Regardless if this drop is trom 100 to 99 or from 4 to 3 volts, the pressure drop over the same obiect and
with the same standard volume flow varies with the initial pressure and also with the temperature. Reason: the
compressibility of the air.

For defining one ot the four interrelated data, mentioned previously, from the oth6r thra6, we require a
diagram.

(jn (s..4 r/ ,nin) _ O (dmgn/min)

Flg, 3.9 Diagram showing th€ relationship betw€€n pressure and flow for an oritice with an equival€nt Flow
Section of 1 mm"

1 0

Sonic Flow
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The triangle in the lower right corner marks the rang€ of "sonic flow speed". When the airrlow reaches a
speed close to lhe spe€d of sound' flow can no longer increase -- what€ver the ditference of pressure
between input and output might be. As you can s€e, all the curves drop vertically inside this triangle. This
means that the flow no longer depends on the pressure drop, but only on the input pressure.

lJse of the diagram:

The pressure scale at the lett side indicates both input and output pressure. At the first vertical line on the
lett, which represents a zgro flow, input and outpul pressures are the same. The various curves, lor inpul
pressures lrom 1 to 10 bar, indicate how the outpul pressure decreases with increasing flow'

Example 1:lnput pressure 6 bar, pressure drop 1 bar = output pressure 5 bar. We follow the curve "6'to the
point where it cuts the horizontal line marked '$. From there we go vertically down to the Flow scale
(dotted line) and tind about 55 ymin. The 9.44 l/min written below that line is the exact value, calculated
with the formula further below. These input and output pressures define the so-call6d 'Standard Volume
Flow On", a figure tound in valve catalogues for a quick comparison ot the flow capacity ot valves.

The Volume Flow of 9.44 l/min applies to an element (Valve, fining, tub€ etc.) with an equivalent orifice "S"
of 1 mm'. lf an €lement has for example an "S' ot 4,5 mm', the flow would be 4.5 times higher, in this case 4.5
. 54.44 limin = 245 Umln

Example 2: Given an element wilh an 'S'ol 12 mm", a working pressure of 7 bar and an air consumption ot
600 ymin. What output pressure will result?

A flow of 600 l/min through an "y ot 12 mm" corresponds with a llow of ff = 50 l/min through an
€quivalent section of 1 mm'?. We need this conversion for the use of the diagram of lig. 3.9. We now
follow the curve starting ai 7 bar until it intersects with th6 vertical line tor 50 l/min. A horizontal line
towards the Dressure scale indicates about 6.3 bar.

Formu tae:

When it is required to have a mor€ exact value than that which can be estimated from the diagram, the flow
can be calculated with one of the two following formulae.

A glance at the diagram of fig. 3.9 makes it clear, that there must be ditfer€nt lormulae lor the sonic flow
range and the "subsonic" flow condition. The transient from subsonic to sonic flow is reached, wh€n the
pressurc ratio of the absolute input and outsut pressures is l€ss or equal to 1.896:

Sonic tlow: pl + 1,013 <1.896 . (pA +1.013)
Subsonlc flow: pl + 1.013 > 1.896 . (pa +1.013)

The Volume flow Olor subsonic flow eouals:

Q = x2.2 .5.{(pa + 1.013) ' (pl -pa) (vmin)
and for sonic flow:

O= 11,1 .S.(p1 + 1.013) (Umin)

' Sound is, after all, vibrating air molerules. Thus the "speed of sound" (sonic condition, Mach #) is the t€rminal velocity
I for air movemenl For comprcssed air to !!99 therc must be a prcssure drop -- and maximum flow occurs at a certain %
pressure drop. Therc can be a greater pressure drop (up to 100%) but maximum flow (for whatev€r size orifice) occurs at
46% of pr
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whers S in mm'and p in bar; 22.a is a constant with the €ouarion ffi , which is liters per 60 seconds and per
torce (delined by the ruling pressure).
Note that a pneumalic systsm can nev6r operat€ satislactorily under sonic flow conditions, as a supply
pressure of, for example, 6 bar would give us less than 2.7 bar for work.

Erample 3:W€ catculate th€ flow, assumed in example 2, with an input pressure of 7 bar, a total equival€nt
flow section of 12 mm2 for valvs and tubes and the calculated working pressure ot 6.3 bar:

Q = 22.2 . 't2 . !7.313'0.7 = 602.74 Umln.
This shows that the accuracy of the diagram is sufficient for practical pneumatic us€.

tn Imperlal unlts

The formula for subsonic flow: e = 224€lc."

Downstream prasauro (wrtical [nes) in psig

Flg. 3.10 Air tlow curves for a deMce having a C, of 1 .0 (deriv€d from the above two tormulae)

Flow at a certain pressure drop can be deriv€d from Fig. 3.10.

Select lh€ pl (upstream pressur€) lrom the diagonal line and tollow straight across to the vertical axis -- this
is the maximum flow at that pressure. Now sel€ct a pressure drop trom €ither the bottom numbers
(downstr€am pressure) or from the numbers on th€ outer arc of the gfaph (Ap in psi). Next, lollovv the curve ol
the selec{ed pl until it intersects your p2 or Ap s€lection and then follow straight across from that point to the
vertical axis to find tlow in sctm.

P

ro!

n
=

r 9
.|l

t,.

=
at)

e
'

And lor sonic florir: Q=0.486 C, (p2+14.7)
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The results are linear, €.g. il the device in application has a C, ot 2.0 multiply your result lrom tig' 3' 10 by 2, C,
of 0.5 multiply by one half, etc.

Observ€ that critical llow occurs at a cgrlain pressure drop - to discover this for yourself find 100 psig on the
diagonal critical flow line. Drop straight down to the p2 horizontal axis and note that p2 is approximately 46
psia. This confirms that a pressure drop ot (approximatelyl 46% produces maximum flow. There can be a
greater drop in pressure but tlow wlll not Increase.

Obsorve that use of Fig. 3.10 requites a known pressure drop. In real world applications (with so many
variables) this knowledge is difficult to come by, so lhe cautious individual will rely on a safe estimate of what a
desir€d pressure drop ;ught to be. Predicting a system's actual pressur€ drop is very difficult. The NFPA
(National Fluid Power Association, a U.S. standards group) recommends a maximum pressure drop of 15%.

Example 1:How many sctm will flow through a valve with a C, of 1 .0 given a supply pressure ot 80 psig and a
20 psi pressure drop?

From the chart Fig. 3.10 find 80 psig on the criticalflow line. Next, lind 60 psig (80 psig minus a 20 psi
pre*sure drop) on the horizontral axis at the bottom. Moving vertically from the 60 psig tind the
intersection of the 80 psig curve (from the critical llow line) and move straight across to the vertical axis
where the answer ot approximately 38 scfm will be tound,

Example 2: A flow of 40 sctm is required for an application and supply is 60 psig. What size C" must all
comDonents exceed?

From the chart Fig. 3.10 find lh€ scfm ot a C" ot l.0. It the application flows to atmosphere (e.9. a
"blow-off) the criticalflow sc{m will be used; if the application involvos other devices (e.9, cylinders or
actuators) use the rule of thumb 157o pressure drop. Observe that at 60 psig supply a q of 1.0 orifice
will flow approximately 36 scfm. With a 15"/. pressure drop (p2 is 51 psig) the llow is approximately 24
sctm -- and thus a C" of more lhan 1.66 will provide 40 scfm (1.66 x 24 = 40).

For more information on C" please reter to pages 84 and tollowing dealing wilh sizing of components and
sy$ems.
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COMPRESSORS
A compr€ssor conv€rts the mechanical engrgy of an eleclric or combustion motor inlo the pot€nlial energy

of comoressed air.

Air compressors lall into two main categories: Reciprocating and Rotary.

The principal types ot compressors within these cat€gories are shown in fig 4.1.

R E C I P R O C A T I N G  C O M P R E S S O R S

SIngle stage Plston Compressor

r Air tak€n in at atmospheric pressure is
t compressed to the required pressure in a single

stroke.

Downward mov€ment of th€ piston increases
volume to create a lower oressure than that of
the atmosphere, causing air to ent6r the cylinder
through the inlet valve.

At the end of the stroke, the piston moves
upwards, th€ inlet valve closes as the alr is
compressed, forcing the oullet valve to open
discharging air into a r6c6iv6r tank.

This type ot compr€ssor is gen€rally us€d in
systems requiring air in the 3-7 bar rang€.

Flg. 4.2 Single Stage Piston Compressor

Two stage Platon Compressor

In a single-stage compressor, when air is compressed above 6 bar, the excessive heat created greatly
reduces th€ efficiency. Because of this, piston compressors used in industrial compressed air syslems are
usually two stages,

Air taken in at atmospheric pressure is compressed in two stages to the final pressure.
\
)

Displacement Compressors

Fig. 4.1 The Main Compressor'types used for Pneumalic Systems
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It the final pressur€
is 7 bar, the first stage
normally compresses
the air to approximately
3 bar, after which it is
cooled, ll is then fed
inlo the second slage
cylinder which com-
Dresses it to 7 bar.

The compressed air
ent€rs lhe second
stag€ cylinder at a
9reatly reduc€d tem-
peratur€ after passing
through lhe int6r-
cooler, thus improving
etficiency compared to
that ot a single stage
unit. The final delivery
temperature may be in
th€ region of 120"C.

Dlaphngm compressor

Diaphragm compressors provide compressed
air in the 3-5 bar range totally tree of oil and are
therefore widely us€d by tood, pharmaceutical
and similar industries.

The diaphragm provides a change in chamber
volume. This allows air intake in the down stroke
and compression in the up stroke.

Smaller types, with a fractional HP electric
motor and small reseryoir make possible portable
compressoci, ideal lor spray painting,

P N E U  A T I c  T E c H  o L o G Y

Flg. 4,3 Two Stage Piston Compressor

Output

Flg. 4.4 Diaphragm Compr€ssor

+
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I
Rotaty st ld lng vane comPressor

This has an eccentrically mounted
rotor having a series of vanes sliding
in radial slols.

As the rolor rotales, cenldtugal
,orce holds the vanes in contacl with
the stator wall and the space between
th6 adiacent blades decreases trom
air inlet to outlet, so compressing the
air.

Lubrication and sealing is
achieved by inlecting oil into th€ air
stream near the inlet. The oil also acts
as a coolant to limit the delivery
tempe€ture.

9crew compressor

Two meshing helical rotors rotate in opposite
directions. The free space between them
decr€ases axially in volume and this
compresses the air trapped betweon the rotors

1 (fig a.6.).
a' Oil flooding provides lubrication and sealing

between lhe two rotating screws. Oil separators
remov€ this oil from the outlet air.

Continuous high flow rates in €xcess of 400
m"/min are obtainable trom lhes€ machines at
pressures up to l0 bar.

More so than the Vane Compressor, this type
of compressor offers a continuous pulse-free
delivery.

The most common industrial type of air
compressor is still the reciprocaling machine,
although screw and vane typ€s ar€ tinding
increasing favor.

C O M P R E S S O R  R A T I N G

P N E U M A T I C  T E C H N O L O G Y

Fig. 4.5 Van€ Compressor

Flg 4.6 Scr6w Comprossor Principle

(

Drive

(

A compressor capacity or output is stated as Standard Volums Flow, given in m3yy's or /min, dm13/s or
litors /min. Th€ capacity may also b€ described as displaced volume, or 'Theoretical lntake Volume", a
theor€tical tigure. For a piston compressor it is based on:

Q (Umin) = (piston area in dm') x (stroke length in dm) x (# ot tirst stage cylinders) x (rpm)

O (cfm) = ((piston area in in'?) x (stroke length in inches) x (# ol lirsi stage cylinders) x (rpm)) / 1728

I In the case of a two-stage compressor, only the first siage cylinder should be considered.
J

The effective delivery is always less due to volumetric and thermal losses.
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The volume loss is inevitable, as it is not possibl€ to discharge all of lhe compressed air trom the cylinder
at the end ot lhe compression stroke, there is some space lett, the secalled "dead volume".

Thermal loss occurs due to the lact that during compression the air assumes a very high temperature;
therelore its volume is increased and decreases when cooling down to ambient temperature (see Charles Law
in section 3).

Volumetrlc Et clency

.. tree air deliveredI ne ratlo: -Eii;;;ft;- expressed as a p€rcentage is known as lhe volumelric etficiency, and will vary
with lhe size, type and make ot machine, number of stages and ths tinal pressure. The volumetric efficiency
ot a two-siage compressor is less lhan that of a single stag6 typ€ as both th€ first and second stage cylindeis
havg d€ad volum€s.

Thermal and Overall Etficlency

Beside the losses described above, there are also thermal efiects, which lower the €tticiencv ot the air
compr6ssion. These losses reduce the overall etficiency further depending on th€ compression ralio and load.
A compressor working at almost tull capacity accumulatgs great heat and ioses efficiency. In a two srage
compressor, the compression ratio per stage is less and th€ air, partly compressed in a first stage cylinder, is
cooled in an inter-cool€r before compression to tinal pi€ssure in a second stage cylinder.
Example: lf the atmospheric air, taken in by a firsl stage cylinder, is compressed to a third of its volume, the

absolule pressur€ al its outlet is 3 bar. The heat, developed by this relatively low compression, is
correspondingly low. The compressed air is then led to a second stage cylinder, through the inter-
cooler, and then again reduced to a third of its volume. The linal pressure is then 9 bai abs.

The heat dev€loped by compressing the same air volume in a single stage directty trom atmospheric
pressure lo 9 bar.!., would be much higher and the ov€rall efficiency severely reduced.

The diagram in fig. 4.7
compares the typical overall
efficiencies of singls and two
stage compr€ssors with
various tinal pr€ssures.

For low final pressures, a
single stage compressor is
better, as its pure volum€tric
efticiency is higher. With
increasing final pressure
however, thermal losses
become more and more
important and two stag€ types,
having a higher thermal

Flg. 4,7 Overall efficiency Diagram

etf icienry, becom€ preterable.

The specltic energy con3umptlon is a measure of.the overall eflicienry and can be us€d to €stimate the
genorating cost of compressed air. As an average figure, it can be assumed that one kW of olectrical energy is
needed for the production of 120-150 ymin (= 0.12...0.15 mgn / min / kW), tor a working pressure of Z bar or 1
HP ot electrical energy is needed to produce 4-5 cfm at a working pressure of 100 psi.

Exact figures have to be established according to the type and size of compressor.

I
I

Totall
Etlicienw 

I
I

901"
8O7o
70%
6o%

Final Pressure
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MPRESSOR ACCESSORIES

R E C E I V E R
An air r€@iver is a pressure vessel ot welded ste€l plate conslruction, inslalled horizontally or vertically

direc y downstream lrom the aftercooler to receiv€ ihe compressod air, thereby damping the initial pulsations
in lhe air llow.

Its main ,unctions at€ io store sutticient air to meet temporary heavy demands in excess of compressor
capacity, and minimize fr6quent 'loading' and 'unloading' ot lhe compressor, but il also provides additional
cooling to precipitate oil and moisture cirded ov€r from the aftercooler, before the air is distributed further' To
this end it is an advantage to place the air receiver in a cool location.

The vessel should be fitted with a safeg valve, pressur€ gauge, drain, and inspection covers for checking
or cleaning inside.

Slzlng a tecelver

Air receivers are sized according to the compressor output, size of th€ syslem and wh€lher the demand is
r€latively constanl or variabl€.

Electrically driven compressors in industrial plants, supplying a network, are normally swilched on and otf
b€tween a minimum and a maximum pressuro. This aontrol is called "automatic". This needs a certain
minimum receiver volume to avoid over frequent switching.

Mobile compressors with a combustion €ngine arc not stopped when a maximum pressure is reach€d, bul
the suction valves are lifted so that lhe air can freely flow in and out of the cylinder withoul being compressed.
The pressure difference belween compressing and running idle is quite small. ln this case only a small

I receiver is needed.
J' 

For induslrial plants, the rul€ of thumb for the size of the reservoir is:

Air recelver capaclty > compr€ssor output of compressed air pcl minute, (Not Free Alr)

Some would suggest a factor of x1.5 when sizing a receiver tor a large system, and as much as x3 for small
comoressors.

Examplet compressor delivery 600 cfm (free air) and an output pressure of 100 psi, What size rec€iver is
r€quired?

v= l  t  P " -
p1 + 147

Where V = capacity of r€ceiver

Q = compressor outpul (clm)

Pa = atmosph€ric plsssurc

P1 = compressor outsul pressure

V = (600'14.7y(10O+14.7) =77lf as a minimum number, a prudent suggestion might begin with 120 ft".

I N L E T  F I L T E R

A typical city atmosphore can contain 40 million solid particl€s, i.e. dust, dirt, pollen, etc. per m". ll this air
wero compressed to 7 bar, lhe concentration would be 320 million partsy'ms or 7.8 million parts/ff, An
important condition tor th6 roliability and durability ol a compressor is that it must be provided with a suitable

. and efficient filter to prevent excessive wear of cylinders, piston rings, €tc. which is caused mainly by the
I abrasive eftect of thes€ impurities.
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The lilter must not b€ too tine as the compressor etticiency decreases due to high resistance to airflow,. and
so v€ry small particles (2-5 y) cannot be removed.

The air intake should b€ sited so that, as lar as possible, clean dry air is drawn in, with intake piping ol
sufticionlly large diameter to avoid excessive pressure drops. When a silencer is used, it may be arranggd to
include the ah filter, which will be located upstr€am ot the silencer position, so that it is subject€d to minimum
pulsalion etf€cts.

AIR  DEHYDRATION

A F T E R C O O L E R S

Atter final compression, the air will b6 hot and whgn cooling, will deposit water in considerable quantities in the
airlin€ system, which should be avoidBd. The most eftective way to remove the maior part of this condensate
is to subiecl the air to aftercooling, immediately after compression.
Aflercoolers are heat exchangers, being either air-cooled or water cool€d units.

Alr  cooled

Consisting of a nest of tubes
through which the compressed air
flows and over which a lorced dratt
of cold air is passed by means ol a
fan assembly. A typical example is
shown in fig.4.8.

The outl€t temperature of the
cooled compressed air should be
approximately 15"C (60 oF) above
the ambient cooling air
temperature.

Water cooled

Essentially, a st€el shell housing tubes with water circulating on on€ side and air on the other, usually
arranged so that the llow is in opposite directions through the cooler. The is shown in fig. 4.9

Air Input Air Outsut

Cooling Water OUT
Fig. 4.9 Principle ol a Water Cooled Aftercooler

A water-cooled aftercooler should €nsure that the air discharged would be approximately 1ooo (50 oF)
above the temperature of the cooling water.

An automatic drain attached to or integral with the aftercooler removes the accumulated @ndensation.

Flg. 4.8 Principle of an Air Cooled Attercooler
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Attercoolers should be equipped with a satety valve, pressure gauge, and it is recommended that
themometers or sensors to monitor air and water lemp€ratur€s are included.
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A I R  D R Y E R S

Aftercoolers cool the air to within 10-1soc of the cooling medium. The conlrol and operating elements ot
th€ pneumatic system will normally be al ambient temperature (approx. 20cC). This may suggest lhat no
lurther condensate will be precipilated, and that the remaining moisture passes out with the exhaust air
released to almosphere. However, the tomperature of the air leaving the aftercooler may be higher than the
sunounding lemperalure through which the pipeline passes, for example during nighttime. This situation cools
the compressed air turther, thus condensing more of the vapor into water.

The measure employed in lhe drying ot air is lowering the d6w point, which is the temperature at which the
air is fully salurat€d with moisture (i.e.100% humidity). The lower the dew point, the less moisture remains in
the comoressed air.

There are three main types of air dryers available, which operate on an absorption, adsorplion, or
ref rig€ration process.

Absorpt lon (del lquescent)  Drylng

The compressed air is forced through a
drying agent such as dehydrated chalk or
magnesium chloride which remains in solid
form, lithium chloride or calcium chloride which
reacts with the moisture to form a solution
which is drained from the bottom of the vessel.

The drying agenl must b€ replenished at
regular intervals as the dew point increases as
a function of consumption of the salt during
operation, but a pressure dew point of soc at 7
bar is possible (40 oF at 100 psi).

The main advantages of this method are
that it is of low initial and operating cost, but
the inlet t€mperature must not exceed 3OoC,
th€ chemicals involved are highly corrosive
necossitaiing carelully monitored filtefing to
ensure that a fine conosive mist is not canied
ov€r to the pneumatic system.

Flg. 4.10 Principle of the Absorption Air Dryer
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through it. Adsorption is a
physical process of a liquid
adhering to lhe surtace ol
certain materials (a sponge
absorbs, retaining moisture
intErnally -- adsorb is a
surface etfect). When the
drying agent becomes
saturated it is regenerated by
drying, heating, or, by a flow
of previously dried ah as in fig.
4 . 1 1 .

Wet comoressed air is
supplied through a directional
control valve and passes
through desiccant column 1.
The dried air flows lo the
outlet port,

P N E U $ A T I C  T E C  H N O L O G Y

ldsorptlon (deslccant) Drylng

A chemical such as silica
gel or aclivaled alumina in
granular form is contain€d in a
vertical chamber to physically
adsorb moisture trom the
compressed air passing

Column 1 Column 2

Output Dry Air

Exhaust
Input Wet Air
Fig, 4.11 Principle of the Adsorption Air Dryer

Between 10-20% of the dry

air passes through orifice 02 and column 2 in reverse direction to re-adsorb moisture trom the desiccant to r€-
generate it,

The dry air enters the saturated chamber and expands (dropping the temperature furth€r, making the dry
air €ffectively even more dry to facililate the regenerating process), The regenerating airllow goes then to
exhaust. Th€ directional control valve is switched periodically by a timer or a sensor to altemately allow the
supply air to one column and regsn€rating the other, to provide continuous dry air.

Extrem€ly low dew points are possible with this method, for example - 40oC (which is, oddly enough, -40
"F).

A color indicator may be incorporated in the desiccant to monitor the degree of saturation. Micro liltering is
essentlal on the dryer outlei to prevent carry over of adsorbent mist. Initial and operating costs are
comparatively high, but maintenance costs t6nd to be low.

DO NOT COPY WTTHOUT WRITTEN PERMISSION - 2 7  -



Humid high temperature
air is Dre-cooled in the tirsl
heat exchanger O by
translerring part ol its heat to
the cooled oulpul air.

It is then cooled by the
retrigerator principle of heat
€xtraction as a result ol
evaporating Freon gas in th6
refrigerator circuit, in heat
exchanger @. At this time,
moisture and oil mists
condense and are
automatically drained.

The cold dry air retum
pipe passes lhrough air heat
exchanger @ and gains heat
trom the incoming high
temperaturG air. This
pr6v6nts dew forming on the
discharge outlet, increases
volume and lowers relative
humidity.

P  E U m A T t c  T E c H N o L o c Y

nel gerant drylng

This is a mechanical unit incorporating a retrigeration circuit and two h€at exchangers.

O Heat Exchanger
input air / outpul air

@ Heat Exchanger
input air / treon

@ Freon cooler

@ Ventilator (tor 3)

@ Freon

@ Thermostatic

@ Airfilter

@ Auto Drain
.i> Heat

Flg. 4.12 Principle of the Refrigerated Air Dryer

An output temperature ol 2oC is possible by modem methods, although an output air temperature of SoC is
sufficient tor most common applications of compressed air. lnlet temperaturos may be up to 60oC but it is more
economical lo pre cool to run at lower inlet temperatur€s.

As a general rule, the cost of drying compressed air may be 10.20% of the cost of compressing air.
The cost of not drying compressed air is seen in increased maintenance of all pneumatic components us€d

in lhe system, plus lhe associated increased dowhtime, far exceeding the costs of adding a drying system.

Dry Air OUT Hot Air lN
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lV la in l ine f  i l ter

A large capacity filter should be installed after
the air receiver lo remove contamination, oil
vapors from the compressor, and wat€r lrom the
air. Proper selection must be sized according to
the system flow. ln som€ cases there are lwo
main line fillers (one in reserve sorying as
backup during the filter element change -- which
should be a r€gularly scheduled mainlenance
item).

This filter must have a minimum pressure
drop and the capability to remove oil vapor lrom
the compressor in order to avoid emulsitication
with condensation (seen as a white, milky liquid)
in the line.

It has no deflector, which requires a certain
minimum pressur€ drop to tunction properly as
the 'Standard Filtei' discussed later in the
section on Air Treatment. A built-in or an
attached aulo drain will ensure a regular
discharge of accumulated waler.

Filler Cartridge

Bowl

G lass

Drain Valve

Fi9.4.13 Typical Line Filter

The lilter is generally a quick-change cartridge type.

Note that the proper system position for this device is after the drying system, not iust atter the compressor.

[ I R  D I S T R I B U T I O N

The air main is a permanently installed distribution systsm carrying the air to the various consumors.
Typically installed at the ceiling lev6l (where th6 temperatures can be al th€ir highest levels - which fosters
entrained moisture), the air main can be a tremendous source of contamination in the installation process and
during normal use.

During the installation process cars must be taken to reduce the metal filings, pipe dope, and other foreign
materials thal will be general€d from assembly. The large siz€ of most air mains makes contamination seem
acceptable ( a question of relalivity at this point), yet when the contaminalion is seen relative to the extremely
small tol€rances in mod6m automation components (valves, actuators, gripp€rs.....) the eflect can be
disastrous.

It the air main comes in contact with outside air temperatures (connecting two buildings, p€rhaps being
routed underground, etc,) it will serve as a moisture producer.

As many mains are iron pipe, rust is the eventual by-product. Careful €xamination should be made when
reusing older pipes to create a new airline. ll the opportunity presents itself and a new airline is to be cr6ated,
consider the piping configuration as well.

There are two main layout conligurations: DEAD END LINE and RING MAIN. After examining 4.14 and
4.15 it should become apparent that the Ring main configuration would be prelerred for better supply flow. The
additional cost is a one-time concem (lor the additional pip€) but lhe advantages can be enjoyed everyday ot
operation.
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Flg. 4.14 Typical Dead End Line Mains
To assist drainage, the pipework should have a slope of about 1 in 100 in the direction of flow and it should

be adequately drained. At suitable int€rvals th€ main can b€ brought back to its original height by using two
long sweep right angle b6nds and arranging a drain leg at the low point.

R I N G  M A I N

P  E u  A t r c  T E c H N o L o c y
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Flg. 4.15 Typical Ring Main
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In a ring main svstem main air can be f€d trom two sides to a point ol high consumption. Thas wlll reduce
I pressur" diop. However this drives condensate in any direction and sutftcient water take-otf points with Auto

Drains should be provided. lsolating valves can be inslalled to divide the air main into sections. This limils the
ar€a that will be shul down during periods of mainlenance or repaar.

S E C O N D A R Y  L I N  E S

Unless an efficient aftercooler and air dryer are installed, the compressed air distribution pipework acts as
a cooling surface and wat€r and oil will accumulate throughout its length.

Branch lines are taken otf the top of the main lo prevent water in the main pipe lrom running into lhem,
instead of into drainage tubes which are taken trom the bottom of the main pipe at each low poinl of it. These
should be trequently drained or litted with an automalic drain.

Fig 4.15 Take-ofis tor air (a) and Water (b)

Auto drains are mor6 €xpensive to inslall initially, but this is otfset by the man-hours saved in the operalion
of the manual type. With manual draining neglect leads to compound problems due to contamination of the

the tub€ guides the float, and is
inlernally connected to atmo-
sphere via the lilter, a relief valve,
hole in the spring loaded piston
and along the stem of the manual
operator.

The condensate accumulates
at the bottom of the housing and
when il rises high enough to lift
the float from its seal. the
pr€ssure in the housing is
transmitted to the piston which
moves to the righl to open the
drain valve seat and expel the
water. The floal then lowers lo

Pressure
Relief Valve

Manual
Operation

Fig. 4.17 Float Type Auto Drain

shut otf the air supply to the piston.

The relief valve limits the pressure behind the pislon when the float shuts the nozzle. This pre-set value
ensures a consislent piston re-setting tim6 as the captured air bleeds otf through a tunctional leak in th€ reliet
valve.

The Water remains The Water runs into lhe
Auto Drain
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Fig 4.18 shows an electrically driven type, which periodically purges the condensate by a rotating cam
wheel tripping a lever-operated poppet valve.

It otfers the advan-
lag6s ot being able to
work in any orientalion
and is highly resistant
to vibration, so lending
ilselt to use in mobile
compressors, and bus
or lruck pneumatic
systems.

Fig. 4,18 Motorized Auto Drain

S I Z I N G  C O M P R E S S E D  A I R  M A I N S
The cost of air mains represents a high proportion of the initial cost of a compressed air installation. A

reduction in pipe diameter, although lowering the investment cost, will increase the air pressure drop in the
system, potentially the op€rating costs will rise and will exceed the additional cost of th€ larger diameter
piping.

Also, as labor charges constitute a large part of the overall cost, and, as this cost varies very little between
pipe sizes, the cost of installing say a 25 mm Dia bore pipe is similar to that ol a 50 mm Dia pipe. But the flow
capacity of the 50mm Dia pipe will be tour times that ot 25 mm pipe. This additional volume may equal two or
thre€ (or more) receiver tank volumes, reducing compressor duty cycles.

In a closed loop ring main system, the supply for any particular take-otf point is fed by two pipe paths.
When determining pipe size, this dual feed should be ignored, assuming that at any time air will be supplied
through one pipe only.

The size of the air main and branches is determined by th€ limitation of th€ air velocily, normally
recommended at 6 m/s, while sub-circuits at a pressure of around 6 bar and a few mete6 in length may work
at velocili€s up to 20mls. The pressure drop from the compressor to the end of the branch pipe should not
exceed 0.3 bar. The nomogram (fig a.l9) allows us to determine th€ required pipe diameter.

Bends and valves cause additional flow resistance, which can be expressed as additional (equivalent) pipe
lengths in computing the overall pressure drop. Table 4.20 Oives th€ equiva6nt lengths forthe various fittings
commonly used.

Example (a) To det€tmine the size ot pip6 that will pass 16800 Umin ol free air with a maximum pressure drop
of not more than 0.3 bar in 125 m ot pipe. The 2 stage compressor switches on at 8 bar and stops at 10
bar; the av€rage is 9 bar.

3o kPa pressure drop in 125 m of pipe is equivalent to ffi =o.24 kpa I m.

Refening to Nomogram 4.19: Draw a line from 9 bar on the pressure line through 0.24 kPa / m on the
pressure drop line to cul lhe referenc€ line at X.

Join X to 0.28 m3n /s and draw a line to intecect the pipe size lines at approximat€ly 61 mm.

Pipe with a minimum bore of 61 mm can b€ used. a 65 mm nominal bore pipe (see Table 4.21) has a
bore ol 68 mm and would satisfy the requirements with some margin.

Example (b) lf th€ 125 m l€ngth of pipe in (a) above has a number of littings in the line, e.g., two elbows, two
90" bends, six standard tees and two gate valves, will a larger siz€ pipe be necessary to limit the
pressure drop to 30 kPa?
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In Table 4.20, column "65 mm Dia', we find the lollowing equivalent pipe length:

two elbows: 2. 1.4 m

two 90o bends: 2'0.8 m

six standard lees: 6 . 0.7 m

two gate valves: 2 . 0.5 m

Total

-  2 . 8 m

= 1 .6  m

=  4 . 2 m

= 1 .0  m

9.6 m

The twelve fittings have a flow resistance equalto approximately 10 m additional pipe length-

The "E rective Length" ot the pipe is thus 125 + 9.6 -135 m

and the allowed 4p I r, *#P = 022 kPa / mr 3 5  m

Relerring again to nomogram in fig 4.19: The pipe size line will now cut at almosl the same dia; a
nominal bore pipe ot 65 mm, with an actual inner diameter ot 68 mm will be satistactory.

Note:

Th6 possibility of future air demands should be taien into account when determining the size of mains for a
new installation.
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"p
kPa /m

= bar /100 m
Pipe Length

J

2
1.5

2.O
1 .75
1 . 5

1

0.5
o.4
0.3

6

7
..-8

1 .0
0.9
0.8
o.7
0.6
0.5

0.4

6 t

, ,  o .1 .

1.5".

.25!

40

35

9:
0.05
0.04
0.03

o.025
0.02

0.015

0.01

1 0
1 1
'12

o.3
0.25

o::.

0 .15

Flg. 4.19 Nomogram for Sizing the Mains Pipe Diameter
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Mater lels for Ptplng

Standard Gas Pipe (SGP)

The air main is usually a steel or malleable iron pipe. This is oblainable in black or galvanized lorm, which
is less liable to corrode. This type of piping can be screwed to accept the rang€ of proprietary malleable
fittings. For over 80 mm Dia, welded flanges are oflen more economical to install ralher than cut threads into
large pipes. The specifications ol the Carbon St6el Standard Gas Pipe (SGP) are:

Nominal Width Outside Dia.
mm

Thicknesc
mm

Mass
ks/mB

6 l/8 10.5 2.0 0.4t9
8 v4 13.8 0.652
l0 3/8 I  t . J 0.851
l 5 tn 21.7 2.8 1.310
20 3t4 27.2 2.8 1.680
25 34.O 3.2 2.430
3? I v 4 3.5 3.380
40 I ltz 48.6 3.5 3.890
50 2 60.3 3.65 5.100
65 2 | n 76.1 3.65 6.510
75 3 88.9 4.05 8.470
100 114.3 45 12.100

Tab le  4 .21  P ipe  S ize  Spec i t i ca t i on

Stainless steel  pipes

Th€se are primarily used when very large diameters in long straight main lines are required.

Copper Tube

Where corrosion, heat resislance and high rigidity ar€ required, coppertubing up to a nominal diameter of
40 mm can be used, but will be relatively costly ovet 28 mm. Dia. Compression fittings used with annealed
quality tubing provide easy working tor installation.

Type of Flttlng Nominal plpe 6lze (m!n)
t 5 20 25 30 40 50 65 80 100 125

Elbow 0.3 0.4 0.5 0.7 0.8 l . l 1 . 4 1 . 8 2.4 3.2
90' Bend (lono) 0 .1 0.2 0.3 0.4 0.5 0.6 0.8 0.9 1 .2 1.5

90' Elbow 1 .0 1.2 1 . 6 1 .8 ?.2 2.6 3.0 5.4 7 .1
180' Bend 0.5 0.6 0.8 l . l t.2 t . 1 2.0 4 . 1

Globe Valve 0.8 l . l 2.0 2.4 3.4 4.0 5.2 9.4
Gate Valve 0 .1 0 . 1 0.2 0.3 0.3 0.4 0.5 0.6 0.9 t .z

Standard Tee 0.1 o.2 0.2 0.4 0.4 0.5 0 ; l 0.9 t.2 t . 5
Side Tee 0.5 0.7 0.9 1 . 4 1 , 6 2.1 2.7 4 . 1 6.4

Table 4,20 Equivalent Pipe Lengths tor lhe main fittings
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fable 4.22 Rubber hose Specitication. Ctorh-wrapp€d hose
*Rubber hose is mainly recommended for tools and olher applications where the tub€ is exposed to

m€chanical wear.

Plastic tubing

Commonly used for the interconnection of pneumatic components. Within ils working temperature
limitations it has obvious advantages tor installation, allowing €asy cutting to length, and rapid connection by
either compression or quick-fit finings.

. lf greater tl€xibility for tighter bends or constanl movement is required, a softer grade nylon or polyurethane
is available, but it has lower maximum safe working pressures, Be aware that its o.D., nofits intemal
dimension, calls out tubing. A %" tube has a typical l.D. of only 0.12S".

P N E U M A T t c  T E c H N o L o c Y

Flubber Tube ("Air Hose")
Rubber hose or reintotced plastic is most suitable tor air actuaied hand lools as it otters tlexibility tor

treedom of movement tor the operalor. The dimensions of pneumatic Rubber Hose are:

Nominal Width,
inches

Outside Dia.
Mm

lnside Dia.
mm

Inner Sectional Area
mm2

v8 9.2 3.2 8.04
v4 10.3 6.3 31.2
3/8 t8.5 9.5 70.9
tn 2t.7 t2.7 r27
5/8 74.t0 t5.9 t99
3t4 29.0 19.0 284
I 35.4 a < A 507

1 u 4 45.8 31 .8 794
I ltz 52.1 38.1 I 1 4 0
1 3t4 60.5 44.5 1560

2 66.8 50.8 2030
2 l t 4 * 8 1 .  l 57 .r 25ffi
2 v2* 90.5 63.5 3170
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Fltt lngs ln Systems
In systems, pneumatic componenls are connected by various methods

The INSERT type provides a reliable
retaining force inside and oulside of the
tub€. The sleeve presses the tube when
screwing in th€ cap nut. The tube (inserl)
entering into the tube reduces its inner
diameter and thus represenls a
considerabl€ extra flow resistance.

Insert sleeves are not reusable.

Fig. 4.23 Example of an lnsert Fitling.

The PUSH - lN connection has a large
retaining force and the use of a special
profile seal ensures positive sealing for
pressure and vacuum. There is no additional
flow restriction, as the connection has the
same inner flow section as the inner
diameter of th€ fitting tube.

Reusable lor hundr€ds of inserlions.

Flg.424 Example of a Push-in Fitting, elbow type

The SELF-SEALING fitting has a built in
mechanism so that air does not exhaust
atter removal of the tube and is also
applicable for copper free applications.

a. lf no tube is push€d in, a check
valve shuts otf the fitting.

b When a tube is inserted, it opens
lhe air flow by pushing th6 chec* valve
from its seat. Flg. 4.25 Example of a Self-Seal Fitting.
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5 AIR TREATMENT
As described previously, all atmospheric air carries both dust and moislure. After compression, moisture

condens€s out in the aftercooler and receiver but there will always bo some that will be caried over.
Moreover tine particles of carbonized oil, pipe scale and other foreign matter, such as worn sealing material,
torm gummy substances. All of this is likely to have injurious effects on pneumatic equipment by increased
seal and component wear, seal expansion, corrosion and sticking valves.

To removB these contaminants, the air should be further cleaned (tiltered) as near as possible to the point
ol use. Air treatment also includes Pressure Begulation and occasionally Lubrication'

F ILTERING

S T A N D A R D  F I L T E R

The standard tilter is a combined water separator and lilter. It the air has not been de-hydraled
beforehand, a considerable quantity of water will be collected and the lilter will hold back solid impurities such
as dust and rust oarticles,

Clean Air
Pilot Valve

Baff le Plate

Quiet Zone

Drain Valve

Bowl Guard

Drain Valve
Symbol Filter/Separator

with Auto Drain

Fig. 5.1 Typical Filter/Water Separator and an Automatic Drain as option

The water separation occurs mainly by a rapid rotation of the air, caused by the detlector at the inlet. The
heavier particles ot did, waler and oil are lhrown outwards to impacl on the wall of the ftlter bowl betore
running down to collect at the bottom. The liquid can then be drained off through a manual drain cock or an
automatic drain. The baffle plate creates a quiet zone beneath th€ swiding air, pr€venting the separated liquid
from being re-entrained into the air stream.

Bowl

-.'i\-.7
Symbol

Filter/Separator
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The filter element removes lhe tiner particles of dust, rust scale and carbonized oil as the air flows through
to the oullel. The standard element will removo all contamination Darticles down to 5 microns in size. Some
eloments can be easily r€moved, cleaned and re-used a number of tim€s betore needing to be r€placed
because of excessive pressure drop.

The bowl is normally made from polycarbonate. For satety a metal bowl guard must protect it. For
chemically hazardous environmenls special bowl materials must be used. Where the bowl is exposed to heat,
sparks elc, a metal bowl should be used.

lf the condensate accumulates at a high rate it is desirable to provide automatic draining.
The right hand side of Fig. 5.1 shows a float type of auto drain unit built-in for standard ,ilter.

Micro Filters or Coalesc€rs

Where contamination
by oil vapor is undesirable,
a micro-tilter is used. Being
a Dure filter it is not
equipped with a detlector
ptate.

The alr tlows from the
inlet to the center of th€
fllter cartridge then out-
wards through the outlet.

Dust is trapped within
the micro filter element, the
oil vapor and water mist is
conv€rted into liquid by a
coalescing action within
the lilter material, torming
drops on the filter cartridge
lo collecl at th€ bottom of
the bowl.

Sub-micro Filtfrs

A sub-micro filter will
remove virtually all oil and
water and also line
Particles down to 0.01 of a
micron, to provide

maximum protection for pn€umatic precision measuring devices, electrostatic spray painting, cleaning and
drying ot electronic assemblies etc -- the principle of operation is the same as a micro lilter, but its fifur
element has additional layers with a higher liltration efficiency.

Filter Selection

The size of air filter lhat is requh€d tor a particular application is dependent on two factorsi
a) The maximum flow of compressed air used by the pneumatic equipment.
b) The maximum acceptable pressure drop for the application.

Manufacturers provide flowpressure diagrams to enable correct sizing to be done.

Filt€ring Tissue
0.3 pm
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, lt should be noted that using a standard filter tor the application might not separate as etficiently because of
I a lower flow velocity.

A!F  OUALITY
: I L T E B I N G  L E V E L S

Fig 5.3 illustrates ditferent levels of purity for various applications.

Air from a compressor passes through an aftercooler with an auto drain to remove condonsate. As the air
cools lurther in the air receiver, an auto drain, installed on the bottom removes more oondensale. Additional
drains may be titted to all low points on the pipeline.

The svslem divides into three main parts:

Branches (1 and 2)
provide air direct lrom the
air receiver. Branches (3 -
6) use air conditioned by a
retrigerated type ot dryer.
Branch 7 incorporates an
additional dryer ot the
adsorption type.

Standard filters in sub
branches I and 2.
equipped with auto drains
remove condensate: sub-
branch 2 being higher
burity because of th€
micro tilter. Sub branches
3 - 5, use refrigerated dry
air. Thus. branch 3
requires no auto drain,
branch 4 needs no pre
lihe ng and branch 5
gives an improved level ot
air purity using a micro
filter and sub micro filter,
the moisture having been
removed by a refrigerated
type of air dry6r.

Flg. 5.3 Schematic Delinition of 7 Degrees of Filtration

Sub branch 6 incorporates an odor r€moval filter. An adsorption type dryer eliminates all risk of
condensation at low lemp€ratures in sub branch 7.

Typical applications are listed in Table 5.4.

Refdgerated
Air Dryer

Compressor

a Micro Filter
b Sub-micro Filter
c Odor Removal Filter
d Adsorbtion Air

3

4

5

6

7
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Table 5.4 Definition and typical applications of the seven qualities of air

Number Removal of: Application Typical Examples
Dust panicles >5F Liquid oil
>99% Sarurated humidity
46%.

Where some solid impurities,
humidity and oil can be
acceDted.

Workshop air for clamping,
blowing, simple pneumatic
drives.

Dust panicles >0.31r Oil misr
>99.9%
Saturated humidity 99%.

Wbere the removal of dust and
oil dominaaes, bui a cenain
amount of condensation can be
risked.

General industrial equipment
pneumatic conirols and drives
Sealless metallic joints, air
tools and air motors.

Humidity to an aunospheric
dew point of -l7'C
Funher as in (l ).

Where the rcmoval of humidily
is imperative but traces of fine
dust and oil are acceDtable.

Similar to (l) but as the air is
dry additionally general spray
Daintins.

Dust panicles >0.3u Oil mist
>99.9% Humidity up to an
atmospheric dew point of
-t7"c.

Where no hurnidity, fine dust
and oil vapor are acceptable.

Process control, measuring
equipment, high quality spray
painting, cooling of foundry
and injection molding dies.

Dust particles >0.01U
Oil mist >99.9999% Humidity
as (4).

Where purc air, practically free
from any impurity is required.

Pneumatic precision measuring
devices, electrostatic spray
painting, cleaning and drying
of electronic assemblies.

as (5) with additional odor
removal.

Where absolutely purc air, as
in (5), but odor free air is
reouircd.

Pharmacy, food industdes for
packaging, air transport and
brewing. Breathine air.

all impurities as in (6) but with
an atmospheric dew point
below -30" C.

Where every risk of
condensation during expansion
and at low temperatures must
be avoided.

Drying electronic componenb
Storage of pharmaceutical s
Marine measuring equipment

Air transport of powder.
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bnessune REGULATToN
Regulation o{ pressure is necessary becausa at pressures above optimum, rapid wear will take place wilh

little or no increase in output. Air pressure that is too low is uneconomical because it results in poor efficiency.

S T A N D A R D  R E G U L A T O R

Pressure regulators have a pislon or
diaphragm to balance lhe output pressure
against an adiustable spring force.

The secondary pressure is set by lhe
adiusling screw loading lhe setting spring to
hold the main valve open, allowing llow from
the primary pressure pl inlel port lo the
secondary pressure pz outlot port. Then the
pressure in the circuil connected to the outlel
rises and acts on the diaphragm, creating a
litting force against the spring load.

When consumption starts, pA will initially
drop and the spring, momentarily stronger
than the lifting lorce {rom p2 on th€
diaphragm, opens the valve.

Adiusting Knob

Adjusling Spindle

Setting Spring

PI

Diaphragm

p2

alve Spring

Fig 5.5. Principle ot the Pressure Regulator

lf the consumption rate drops, p2 will slightly increase, this increases the force on the diaphragm against
the spring force -- diaphragm and valve will then lift unlil lhe spring force is equaled again. The airflow through
the valve will be reduced until it matches th6 consumplion rate and the output pressure is maintained.

lf the consumption rate increases, p2 will slightly decrease. This decreases the force on lhe diaphragm
against the spring torce, diaphragm and valve drop until the spring force is equaled again. This increases lhe
airflow lhrough the valve to match the consumption rate.

Withoul air consumF
tion the valv€ is closed. lf
the secondary pressur€
rises above the set valu€
by virtue ot:

. re-setting the
regulator to a lower outlet
pressure, or

. an eliemal r€verse
thrust from an actualor,

the diaphragm will lift to
open th€ relieving seat so P1
thal excess oressure can
be bled off through the
vent hole in the rigulator a
body.

Believing

Do NOT rely on this
orifice as an exhaust flow

Fig. 5.6 Relieving Function

b

I Path.
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Wilh v€ry high llow rates the valve is wide
open. The spring is ther€tore elongated and lhus
weaker and the equilibrium between p2 on th€
diaphragm area and the spring occurs at a lower
level. This problem can be corr€ct€d by creating a
third chamber with a conneclion lo lhe outout
channel. In this channel the flow velocity is high.
As €xplained in section 3, the static pressure is
then low (Bemoulli). As pO is now at a lower static
pressure, the balance against lhe weakened
spring al high flow rates is compensated.

The etfect can be improved by inserting a tube
in the connection, cut at an angle with the opening
oriented towards the outlet (fig 5.8).

There is still an inconvenience in the regulator
of fig. 5.7: if the inlet pressure pl increases, a
higher lorce is acting on the bottom of the valve,
trying to close it. That means that an increasing
input pressure decreases the output pressur€ and
vice ve6a. A valve having equal surface areas for
both input and output pressure in both directions
can eliminate this. This is realized in the regulator
of fig. 5.8

The most importanl parls ar€:

(O Adiusting spindle

@ Setting Spring

O Relieving Seat

@ Diaphragm

@ Flow Comoensation Chamoer

(D Flow Compensation Connection Tube

O vatve

@ O-Ring lor Pressur€ Compensation

0 Valve Spring

@ O-Ring for Ftow Compensation

Fig. 5.7 Principle of a Flow Compensated
Regulator

Flg. 5.8 Fully compensated Pressure
Regulator

p1
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I L O T  O P E R A T E D  R E G U L A T O R

The pilol operated regulator ofters greater accuracy of pressure regulation across a large tlow rang6'

This accuracy is obtained by replacing the sening spring ot a standard regulator with pilot pressure lrom a
small pilot regufdor sit6d on the unit.

The pilot regulator on top ol the unit supplies or exhausts pilot air only during corrections of the oulput
pressure. This enables the regulator to achieve very high llow rates but ke6ps the setting spring lenglh to a
minimum.

P1

Setting Spring

Pressure Relief
Pilol Diaphragm

Pilot Valve

Diaphragm

Main Valve

Main Valve
Main Secondary
Pressure Reliel

Flg 5.9 Pilot Pressure Regulator
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F I L T E F . R E G  U L A T O R

Air fillering and pressure regulation is combin€d in the
single lilt€r regulator to provide a compact spac€ saving unit.

Charccter lst lcs

A regulator size is selected to give the flow required by the
application with a minimum ol pr€ssure varialion across the
tlow range ot the unit.

Manufacture6 provide graphical inlormation regarding the
tlow characteristics ol their €quipment. Th€ most important is
the Flow / pA diagram. lt shows how pA decreases with
increasing flow. (Fig. 5.11). The curve has three distinct
portions:

1 . the inrush, with a small gap on the valve that does not
yel allow real regulation

2. the regulation range and

3, the saturation range; lhe valve is wide open and further
r€gulation is impossible
p 2 ^

(bar) o

a

(bar)

6 0

Flg.

2000 4000 6000
> O (l/min)

5.1 1 Typical FloWPressure Chancteristics:
a: Regulator, b: Filter

Fig 5.10 Typical Filter Regularor
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S I Z I N G  O F  B E G U L A T O R S  A N D  F I L T E F S
I

FRL elements have to be sized in accordance with the required flow capacity. For Regulalols, lhe average
volume llow should be the one in the middle ot the regulating range (ll in ti9.5.11 a). The size of lhe tilter is
defined by the pressure drop, For a'Standard Filter/Separator " (not a Line Filte0, a minimum pressure drop
of about 0,2 bar is required to €nsure functioning. With maximum flow, AAp (allowable or desirable delta p)
should however b€ kept below 1 bar.

The size is theretore detined by the required flow, not by the connection size of the component. Modular
systems give the capability lo adapt the connection thread to lhe available lube size.

}OMPBESSED A IR  LUBRICAT ION
Lubrication is no longer a necessity for the majority of modern Pneumalic components are available pre-

lubricated for life.

The life and performance of these components are tully up to the requirements of modem high cycling
process machinery.

The advantages ol "non-lube' systems include:-
a) Savings in the cost ol lubrication equipment, lubricating oil and maintaining oil levels.
b) Cleaner more hygienic systems; of particular importance in food and pharmaceutical

induslries.
c) Oil free atmosphere, for a healthier, safer working environmenl.

Certain equipment still r6quires lubrication. To 6nsure they are continually lubricated, a certain quantity of
oil is added to the compressed air by means of a lubricalor.

' R O P O R T I O N A L  L U B R I C A T O R S

ln a (proportional) lubricator a pressure drop botween inlet and outlet, directly proportional to lhe flow rate,
is crealed and litts oil from the bowl into the sight feed dome.

With a tixed size ot restriction, a greatly increased flow rate would create an excessive pressure drop and
produce an air/oil mixture that had too much oil, {looding the pneumatic system.

Conversely a decreased flow rate may nol create sufficient pr€ssure drop resulting in a mi)dure which is too
lean.

To overcome this problem, lubricators must have self-adiusting cross sections lo produce a conitant
mixture.

Air enlering a lubricator (as shown in Fig 5.12) follows two paths: it llows ov€r the damper vane to the
outlet and also enters the lubricator bowl via a check valve,

Wh6n lhere is no flow, the same pressure exists above the surface ot the oil in th€ bowl, in the oil tube and
the sighl teed dome. Consequ€ntly there is no movement of oil.

When air llows through the unit, lhe damper vane r€strictor causes a prgssure drop b€tween the inlet and
outlet. The higher the flow, the greater the pressure drop.

Since the sight leed dome is connected by the capillary hole to the low-pressure zon€ immediately after the
damper vane, the pressure in the dome is lower than that in the bowl.

This pressure ditference forces oil up the tube, through the oil check valve and Jlow regulator into the
dome.

Once in the dome, the oil seeps through the capillary hole inlo the main air stream in the area of the
highest air velocity. The oil is broken up into minuscule particles, atomized and mixed homogeneously with the
air by the turbulence in the vortex created by the damper vane.
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Fletlll Plug

Sight Feed Dome Capillary
Conn€ction

Oil Thronb

Check Valv€

Damoer Vane

Oil Tube

Bowl Guard

Sintered Bronze
Oil Filler

Fig 5.12 Proportional Lubricator
The damper vane is made lrom a flexible material to allow it to bend as flow increases, widening the tlow

path, to proportionally adjust the pressure drop and thus maintain a constant mixture throughout.
The oil throttle allows adjustm€nt of the quantity ot oil tor a given pressure drop. The oil check valve

retains the oil in the upper part ot th€ tube when the air flow t€mporarily stops.
The air check valve allows the unit to be refilled under pressure, while work can normally go on.
The conect oil feed rate depends on operating c-onditions; but a g€neral gude is to allow one or two drops

per cycle of th6 machine.

A pure (no-additives) minoral oil of 32 c€nti-stokes viscosity is recommended (lSO standard VG32). Some
oil companies have a special oil tor compressed air lubrication, with a high capacity to absorb moislure without
loss of lubricating properties.
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I' F .R .L .  UN ITS
Modular tilter, pressure regulator and lubricator

elements can be combined into a service unit by
joining with spacers and clamps. Mounting
brackets and olher accessories can be easily fitted
in more recenl designs.

S l Z E  A N D  I N S T A L L A T I O N

The combinalion unit musl again be sized for
the maximum tlow rate of the system.
Manulaclurers will generally provide this
information.

Most systems require an approved shul-otf or
lock oul valve. ln addition, there are dovices lhat Flg. 5.13 Typical FBL Unit in a modular
allow an Emergency Stop tunction and a slow slart design
option, where air is introduced to lhe syst€m at a
reduced rate.

For conect placement and operalion of these devices consult the manufacturers' instruclions. For
maintenance th€re should be a way to stop air flow atter the F.R.L. unit and belore the unit, isolating the F.R.L.
for repair. In most cases, the Emergency Slop should be downslream o{ the F.R.L, to prevent bacKlowing
(reverse flow) the filter (which could cause element collapse), the regulator (diaphragm could be damaged),
and the lubricator (driving oil mist inside the tilter element).

Lub.lcator
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6 ACTUATORS
The work done by pneumatic actuators can be linear or rotary. Linear movement is obtained by piston

rylinders, reciprocating rotary motion wilh an angle up to 270' by vane or rack and pinion type actuators and
continuous rotation by air motors.

INEAR CYL INDERS
Pneumatic cylinders of varying designs are the most common power components used in pneumatic

automation. There are lwo basic types from which special conslructions are derived:
. Singl€-acting cylinders with one air inl€t to produce a pow€r stroke in one direction
. Double-aciing cylinders wilh two air inlets to produce extending and relracting power strokes

I N G L E  A C T I N G  C Y L I N D E F

A single acting cylinder develops thrust in one direction only. The piston rod is retumed by a fitted spring or
by external force from the load or spring.

It may be a 'push' or 'pull" type (lig 6.1)

Sintered Bronze Filler Stoo Spring

Fig. 6,1 Typical Single Acting Cylinder, Spring Retracted or'Push" type

Single acting cylinders are used lor clamping, marking, eiecting etc. They have a somewhat lower air
consumption compared with the equivalent size ot double acting cylinder. However there is a reduction in
thrust due to the opposing spring force, and so a larger bore may be required. Also accommodating the
spring results in a longer overall length and limited stroke length.

O U B L E  A C T I N G  C Y L I N D E R

With this actuator, thtust is developed in both elitending and retracting directions as air pressure is applied
alternately to opposite sides of a piston. The thrust available on the retracting stroko is reduced due to the
smaller ettective pislon area, but is only a consideration if the cylinder is to 'pull' the same load in both
dir€ctions.

Rod Seal/ Rod

Fig. 6.2 Double Acting Cylinder

ISO Symbol :
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Cyllnder Constructlon

The conslruction ol a double acting cylind€r is shown. The barrel is normally made ot s€amless tube which
may be hard coated and super-finished on ths inner working surfac€ lo minimize wear and friction. The end
caps may be aluminum alloy or malleable iron castings held in place by tie rods, or in the case ot smalle!'
cylinders, fil into the barrel tube by screw lhread or be crimped on. Aluminum, brass, bronze or stainless steel
may be us6d tor the cylinder body for aggressive or unsafe environments.

Front or Rod Cover Seal
Cylinder
Barrel or

Guiding
or Wear

Back or
Head
Cover

Pislon Magnetic
Seal Ring Ring

Tube
Scraper Ring /

Bod-Seal

Rod End

Piston Rod

Cushion Seal Cushion
Barrel

Tie Rod
ISO Symbol Tie Rod Nut

Flg. 6.3 the component parts of a double acting cylinder with air cushioning
Various types of seals ensure that the cylinder is airtight.

Cushlon t  ng

Pneumatic cylinders are capable ot very high sp€ed and considerable shock forc€s can be d€v€lop€d on
the end of the stroke. Smaller cylinders otlen have fixed cushioning, i.€. rubber bufters, to absorb the shock
and prevent internal damage to the cylinder. Oh larger cylinders, the impact etfect can b€ absorb€d by an air
cushion that decelerates the piston over the last portion of the stroke. This cushion traps some of the
exhausting air near the end of the stroke before allowing it to bleed oft more slowly through an adjustable
n€edle valve (fi9.6.4).

Fig. 6.4 Principle of the Air Cushion

Blind
End

t 1
(L
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1 The normal escape of the exhausting airto the outlet port is closed oft as the cushion piston enters the
fcushion seal, so that the air can only escape through me adjuslable restriction Port. The trapped air is
compressed to a relatively high pressure, which brakes the inertia of the piston.

When the pislon reverses, lhe cushion seal acts as a check valve to allow airflow to the piston. lt howover
restricts the air flow and delays the acceleration of the piston. The cushioning stroke should therefore be as
shorl as possible.

To decelerate heavy loads or high piston speeds, an extemal shock absorber is required. It the piston
speed exceeds about 5OO mrn/s an external mechanical stop must b€ provided, which is also the case with
built-in cushioning.

S P E C I A L  C Y L I N O E R  O P T I O N S

,ouble Rod

ISO Symbol

Fig. 6.5 Principle of lhe double rod

A doubl€ rod makes a cylinder stronger against side load, as it has two bearings at the widest distance
possible. This type of cylinder is otten mounted with the rods tixed and the cylinder itself moving to displace a
oart.

ton Botatlng Rod

The piston rod of a standard cylinder rotates slightly as there is no guide to prevont this. Therefore it is not
possible to directly mount a tool, e.g. a cuning blade.

For lhis kind of application, wh€re no
considerable torque is exercis€d on the tool, a
cylindGr with non-rotating rod can be used. The
suppliers specity the maximum allowable torque.
As tig. 6.6 shows, lwo flat plan€s on the rod and
a fitting guide prevent the rotation.

It shows also how a torque creales a high
force on the edges of the rod profile, which will
damage it in the long run.
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Twln Rod

This type o, cylindgr has a high lateral load resistance and high non-rotating accuracy. These compact dual
rod cylinders are of high precision and ideal for pick and place operations. Do not assume that the dual
cylinders €qualthe theoretical force of ong larger cylinder's theoretical force, €,9. two 25 mm. bores in a dual
rod cylinder produce half the torce ol one 50 mm bore cylinder (prove this to yourselt).

Sectlon A-A

Symbol;

Unofficial:

rso:

Fig. 6,7 Twin Rod Cylinder

FIet Cylinder

A cylinder normally has square covers and, generally, a round cylinder. By stretching the piston to a
relatively long rectangular shape with round ends, it achieves the same force as a conventional cylinder. The
advantage, of course, is the saving in space achieved if they are to be stacked togeth€r. Suitable for most non
rotating applications.

rsosymbor,Fll

Flg. 6.8 Principle of a Flat Cylinder

Tandem Cylinder

A tandem cylinder is two double acting cylinders ioined together with a common piston rod to form a single
unit.

ISO Symbol :

Fig. 6.9 Principle of the Tandem Cylinder

By simultaneously pressurizing both cylinder chambers the output force is almost double thal of a standard
cylinder of the same diameter. lt oflers a higher lorce from a given diameter ol cylinder, theretore it can be
used wh€re ingtallation space is restricted.

A 
-'-+i

Sectlon A-A
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Mult l  Posl t lon Cyl lnder

The two end positions ot a standard cylinder provide two fixed positions. lf more than two positions are
requir€d, a combinalion of two double acting cylinders may be usod.

There are hvo principles:
For three positions, the ass€mbly on the lett is required; it enables users to tix the cylinder. lt is very
suilable tor vertical movements, e.g. in handling devices.
The second is to mount two independent cylinders together back to back. This allows four ditferent
positions, but the cylinder cannot be tixed. A combination wilh three cylinders of diflerent stroke length
gives 8 posilions, one with lour 16, but a rather exolic structure is required and the movement, when
cylinders run in opposite directions, is very unstable.

Stroke Lengths Positions
100 200 300
4 4 4

ISO Symbols :

Fig. 6.10 Thiee andfour poiition cylinder
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C Y L T N D E R  M O U N T I N G

To ensure thal cylinders are correclly mounted, manutaclurers ofter a selection ot mountings to meet all
requirements including pivoting movement using swivel type mountings.

Flg. 6.11 The various methods of Cylinder Mounting

Floatlng Joints

To accommodate unavoidable
"misalignment' between the
cylinder rod movement and the
driven obiect, a lloating ioint must
be fitted to the piston rod end.

The investm€nt in thes€
devices will insur€ longer cylinder
life and more reliable operation --
lar exceeding the cost of the
device itselt.

Flg 6.12 "Floating joinf

3(

Bear Cl€vis
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f ,uckl lng Sttength

When an excess lhrust is applied
lo a cylinder the buckling slrenglh
must bo taken into consideralion. This
excess thrust can manifest itself when
lhere is -:

1 -: Compressing Str€ss.

2 -: lf lhe stressed part, i.e. a
cylinder, is long and slender.

The buckling strength depends
greatly upon the mounting method.
There are four main cases:

1. Rigidly fixed on one side and
loose at the opposite end.

2. Pivoting on both ends.

3. Rigidly fixed on one side,
pivoiing on the other.

4. Rigidly tix6d at both ends.

The above-mentioned conditions apply if a cylinder lifts or pushes a load; it is lhen sub.iected lo
compressing stress. lf a certain specified stroke length is exceeded, the cylinder can "br€ak out' sideways and
seize thus rendering the cylinder useless. To avoid unnecessary loss of time and money, check with the

length lable" in the supplier's catalogue. Th€ general rule of thumb is if the stroke of cylinders above
mm bore is three times the diameler or, in the case of smaller cylinders, the stroke is tive times the bore
the cylinder is pushing a load.

YL INDER S IZ ING

Y L I N D E R  F O R C E

heoretlcel Force

Linear cylinders have the following standard diameters as r€commended in ISO:

8, 10, 12, 16,20,25,32,40, 50, 63, 80, 100, 125, 140, 160, 200, 250, 320 mm

The force developed by a cylinder is a function of the piston diameter, the operating air pressure and the
resistance. For the theoretical forc€, the thrust on a stationary pislon, the friction is neglect€d. This,

force, is calculated using the tormulae:

Piston area 1m2) ' air pressure (N/m2), or

Piston area (in2) . air pressure (lbf./in2)
Thus tor a double acting cyllnder:

Extending strcke: FE= + .d- A

Where (D = pislon diameter, p9 = Working (gauge) pressure)

Retracting stroke: Fg = . tB - &l . n where (d= piston rod diamerer)

Fig. 6.13 The four

2 f \

.h,M
' s
'&
M

mounting

Force (N)

Force (lbt.)

t
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lor a single actlng cyllnder:

F E s =  =
4

' d ' p - Fs (Fs = Spring force at the end of stroke)

It may be quicker lo use a diagram such as lhe one in fig. 6.14, showing the theoretical force tor 10,7 and 5
bar , or any similar suppliers information to select a cylinder size.

r ooozj

-;,2.

---,7 I 2
1 - ../

p : (bar) lq 7. 5 . 7 7-, 15{)00-t- - - . -71--Z ---------_

5000
4m0

2500
2000
1500

.z
=:v7- z.

-4i -2
.44 -.4

===-rt=='-t{E
-.2-_L-2. d - - - -- - r - /.zx.

:2.

6 (mm)
Fig.6.14 Theor€tical Force of pneumatic cylinders, trom 2.5 to 30 mm (left and top scales)

and from 32 to 300 mm (right and bottom scales) for 19,.1-a"ng,5 bg!. working pressure
Example: Determine the theoretical size of a cylinder operating at a pressure of 6 bar that would generale a

clamping force of 1600 N.

Assuming an extending stroke:- Fe= G ' p

Transposing: D = = 0.0583 m = 58.3 mm.

A 63 mm. Dia. cylinder would be selected, the larger size providing extra torce to overcome frictional
resisiance.

By using the diagram, we look for 1600 N on the Force Scale at the right side and find 1500 as a dashed line.
We follow it to the left until we reach a poinl between lhe Pressure Lines for 5 and 7 bar and find an
intersection botween 50 and 63 mm Dia. on the Diameter Scale on the bonom. There is no doubt that
the same diameter is correct for 1600N as well as 1500 N,

1 0

z

500
400
300
?50
200
150
r25

100

40
30

m

12.5
1 0

4

ttf

i
4 ' 1 6 0 0  N

r '600000N/m2
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. lequlred Force

The required force depends on lhe mass ol lhe load, the angle of movement or elevation, lhe triction, the
working pressure and the ettective pislon area,

The load consists of the Weight of the mass (Fig. 6.15 a), the Force B represented by the triction lacior
times mass (Fig. 6.15 b) and the requir€d acceleration (Fig. 6.15 c). The re-partition of these lorces dependg
on the angle of the cylinder axis with the horizontal plane (elevation) as shown in tig' 6.15 d.

6.15 The forc€s of the LOAD

A horizontal movement (elevation = 0") has only friction to overcome. Friction is defined by the friction
coetficient U, which varies between about 0.1 to 0.4 for sliding metal parts, and about 0.005 for iron, rolling on
iron (0.001 for balls on the ring in a ball bearing). This coetficient enters the formula as a cosine, which varies
from 1 tor horizontal to 0 for vertical.

The mass repr€sents a load, equal to itrs weight, when th6 movemenl is vertical (90'elevation), The weight
is th€ forc6 creatod by the earth's acceleration on the mass. The earth's acceleration equals, on a lalitude of
450 (Standard lor Europe and N. America), 9.80629 m.s'" or 32.17 ft sec?. With a horizontal movement the
weight is a zero load as it is fully born by the construction. The entire cylinder thrust is then available for

The load of the mass varies therefore with the inclination trom 0 to 1000/". lts value as a factor is
sine of the inclination angle, 0 for horizontal, 1 for verlical:

F = G

l '-;l
+
@ @

Fig
@

component

F= G. (s ina +

F = y . G W6 --tn 2. , v2
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L O A D  R A T I O

This ratio is genera y referred to as "Lo' and equab ## 
. 100%

A cylindor should not have a high€r load ratio than about 85%. It an accurale speed control is requir€d or
load lorces vary widely, 60-700/0 should not be exceeded -- perhaps no more than soyo in vertical
applications.

Table 6.16 giv€s the Load Ratio for cylinders from 25 to 1OO mm dia. and various elevations and two
triction coetficients tor rolling (0.01) and sliding steel parts (0.2).

Table 6.16 Load Ratios for 5 bar working pressure and triction coefticients of 0.01 and 0.2

Cyl.Dia Mass (kg) T 60" 45' 30' e
u

0.01
po.2 p

0.01
It 0.2 p

0.01
p 0.2 tr

0,01
It 0.2

25 100
50
25

12.5 5 1 . 8
(87.2)
.+o.o

(s6.7)
48.3

71 .5 84.9
342.5

50.9
25.4

67 .4
a a 7

4
2.2
'|

80
40
20
1 0

32 180
90
45

22.5 54.9
(s5.6)
47.8 53

78.4
39.2

/oa  l l

46.6
55.8
27.9

73.9
37

4.4
2.2
1 . 1

0.55

ls.s
22
1 1

40 250
125
oc
.tc 54.6 47.6 52.4

72.4
39

(86)
46.3

(ee.2)
51.6
27.4

68.3
36.8

3.9
2
1

0.5

78
39

20.3
10.9

50 400
200
100
50 EA

(87)
43.5

(e6.5)
48.3

71 .3
35.7

84.8
42.4

50.8
25.4

o / . J

J5.O

4

1

79.9
40
20
0

63 650
300
150
75

(e4.4)
47.2

82.3
41 .1

(s1.2)
45.6

67.4
33.7

80.1
40.1

4A
24 31 .8

4.1
1 . 9
0.9
0.5

81 .8
37.8
18.9
9.4

80 1000
500
250
't25

(e7.6)
48.8

85
42.5

(s4.3)
47.1

69.7
34.8

82.8
41 .4

49.6
24.8

65.7
32.8

3.9
2
1

0.5

74.1
ov

19.5
9.8

100 'r600

800
400
200 CU

(87)
43.5

(vo.c,
48.3

71 .4
35.7

84.4
42.2

50.8
25.4

67.3
i tJ .o

4
2
1

0.5

79.9
40
20
1 0
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I A more practical help tor finding the correct cylinder diameter would be to know lhe allowed load under' 
various conditions, Therelore, table 6.17 shows th€ mass ol the total load in kg that results in a Load Ratio ot
85%, lt is based on 5 bar working pr€ssure on the cylind€r and again lhe two friction coefticients 0,01 tor
rolling (l€tt column) and 0.2 for sliding (right column). These values are the maximum mass ol the total load.

CYL. Dia
? 60' 30" e
u : 0.01 0.2 0.01 0.2 0.01 o.z 0.01 n t

25 2t.2 24.5 30 25 42.5 3 t .5 2t23 106
32 39.2 45 40.5 54.8 46.2 77 58.2 3920 196
40 54.5 62.5 56.4 76.3 64.2 107 80.9 5450 272.5
50 85 97.7 88 I  l 9 100.2 t67.3 126.4 8500
63 135 155 t39.8 r89 t59.2 265.5 200.5 13500 675
80 zl7. ' l 250 225.5 305 256.7 428 323.5 21775 1089
100 340.2 390.5 390.8 352 476.2 669.2 505.s 34020 l70 l

Table. 6.17 Mass in kg tor cylinders trom 25 to |00 mm Dia. for a Load Ratto ot 85olo wilh 5 bar
working pressure.

P E E D  C O N T R O L

The speed of a cylinder is delined by the extra force behind the piston, above the torce opposed by the
load. The load ratio should n€var exceed 85o/o approx. The ,ower lhe load ratio the bener the speed control,
especially when the load is subiect to variations. A positive speed control is obtained by throttling the exhaust
ot the cylinder by means of a €peed Conlrollef, which is a combination ol a check valve, to allow free flow
towards the cylinder, and an adjuslable throftle (needle valve). An example ol speed control is shown in the
s€clion on valves in the chapt€r on Auxiliary Valves. To get a conslant speed, the Load Ratio should be
apprcx.75"/".

Forc€ is mass (Wg) times acceleration. The units are for torce: kg . m . s'" and for acceleralion: m . s'. In
English units W = lbs and g = 32.17 tvsec".

Example: Mass of the load 100 kg, working pressure 5 bar, Cylinder Dia 32 mm, horizontal movement with a
friclion coefficient ot 0.2. The theoretical force is 401 .2 N

Table 6.16 shows this case and 90 kg mass a load ratio ol43.9 "/..

Thus for 1oo xg: ns.s.$ = 48.8 oh.

The Force of the load is 48.8 % of 401.92 N = 196 N. With a cylinder etficiency of 95%, 95 - 48.8% =
46.2 o/o of the torce is lett for the acceleration of the load. This is 185,7 N. The acceleration is therefore:
185.7 kg . m . s-2 / 1OO kg = 1.857 m' s-2. Without control, the piston would th€oretically approach 2 m/s
after one second. "Theoretically" means if th€re is no limiiation to the access of compressed air behind
and no back pressure in fronl of lhe piston.

The limitation of the exhaust airflow creates a pn€umatic load, which is defined by the piston speed and th€
volum€ tlow through the restriction of the speed controll€r. Any incr€ase of the piston speed increases th6
opposing toroe. This limits and stabilizes the piston speed. The higher the pneumatic part of the toial load is,
the stronger it can stabilize th€ piston speed.

With a load ratio ol 8570 and a cylinder efficiency of 95%, 10 p€rcent of the torce is stabilizing the
pneumatic load. When the mechanical load shows a variation of * 5olo there is a compensation of halt the
influence. With a load ratio of tor example 50%, these variations will no longer have any visible etfect on the
soeeo.
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Nole that tor a subtle speod control, the flow capacity of the tube has to be much higher than that of the
speed controller setling. With a tube which is too small in diameter the tube lor a great part, limits the flow and
changing the needle position has little efiect.

A I R  F L O W  A N D  C O N S U M P T I O N
There are two kinds of air consumption tor a cylinder or pneumatic system.
The. first is the average consumption per hour, a tigure used to calculate the energy cost as part of the total

cosl price ol a product and to estimate the required capacity of compressor and air main.
The second is lhe peak consumption of a cylinder required to ascertain the conect size of its valve and

connecling tubes, or lor a whole system, to properly size the F.R.L. unit and supply tubes.
The Air Consumption ot a cylinder is defined as:

Piston area ' Stroke length number of single strokes per minute ' absolute pressure in bar,
Explanation; When the piston is against the cylinder cov€r (fig. 6.18 a), the volume is zero. When we pull the

rod out unlil lhe piston is on the opposite end, the cylinder is filled with atmospheric pressure of lOlg25
Pa- (fig. 6.18 b), When the pressure trom the supply enters, the swept volume times the gauge
pressure in bar is added, in addition to lhe atmospheric pressure of 10132S pa.

--+'
l= /.- s -!-E

Fig 6.18 Theoretical Air Consumption ol a cylinder

With that, the theoretical air consumption of a cylinderis fqrthe ext€nding stroke as indicated in fig.
6. lSandlortheretumstrokeAB.s.(p+patm).WithA=D2.n/4wegetforoutstroking

D (m) . D (m) . rd4. (p + 1.013). Stroke (m) . n (strok€s / min) . 103 (l / min), or

-  D(mm).D(mm).nt4.  (p+ 1.013) .  Stroke (mm) .  n (srrokes /  min) .  10€ (t /  min).
(Where p = th6 gsuge pressure and n = the number ol srhglo stokes).
For lhe return stroke, D is replaced by (D-d).

The consumption ot the tubes bet\ een valve and cylinder equals:
Inner Tube Dia. (mm.). Inner Tube Dia. (mm) . Tube L€ngth (mm) . Gauge pressure in Mpa (0.1 bar)

Table 6.19 gives the th€oretical air consumption per 1OO mm stroke, for various cylinder diamete6 and
working pressures:

A-

dfn
K
F-b--'tl

a

Y= D2' !
nres nm2 {

.s.PP' P.19-z
rft Frtn rrnqfte
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Working Pressure in bar
Piston dis. 3 4 5 6

20 0.124 0.155 0 . 1 8 6 0.217 0.248
7< 0.194 0.243 0.291 0.340 0.388
32 0.3r9 0.398 0.477 0.557 0.636
40 0.498 o.622 0.746 0.870 0.993
50 0.777 0.97 t 1 . 1 6 5 r .359 l . t ) J

63 |.235 t.542 r.850 2 .158 2.465
EO t.93 2.487 2.983 3.4't9 3.975
100 3 . I I I 3.886 4.661 5.436 6.2t1

Table 6.19 Theoretical Air Consumption ot double acting cylinders from 20 to 100 mm dia,
in liters per 100 mm stroke

Example 1. Find the energy cost per hour of a double acting cylinder with an 80 mm. dia. and a 400 mm.
stroke with t2 double strokes per minute and a working pressure of 6 bar

In table 6.19 we see that an 80 mm dia. cylinder consumes 3.5 liters (approx.) per 100 mm stroke so:

O /100 mm stroke . 400 mm stroke . number ot strokes per min . forward and retum stroke = 3.5 ' 4
. 24 = 336 Umin.

In the paragraph 'Thermal and Ove rall Etliciency" in section 4, we tind an electrical consumption ot 1
kw tor 0.12 - 0.15 m3/min with a working pressure of 7 bar. To produce 1 mgn / min we require
therefore approximately I Kw of electric power.

We assume a currency in which one kW hr (kilowatl-hour) costs 5 c6nts.

The cost of producing a volume flow of .| r3"hin is then ffififW = 40 cents / hr.

In our example:
0.336 m3ry'min

1mg/min
. 40 cents / hr = 13.4 cents per hour.

The sum of all the cylinders on a machine, calculated lhal vvay, repres€nts the air consumption as energy
cosl,

It should however be noted that,
. the consumption ligur€s in the above table do not include the 'dead volume" at either end ot the

stroke, il any, nor thal for the connecting tubes.
. the transfer of energy is not without losses (see further below).

For sizing the valve ot an individual cylinder we need another figure: the peak tlow. lt d€pends on the
highest cylinder sp€ed. The highest sum of the peak flows ol all simultaneously moving cylinders defines the
tlow on which the FRL unlt has to be sized.

We may no longer negl€ct the thermal losses. In the section on the property of gases we discussed'adiabatid' change, which means that there is no time to exchange any heat. Boyle's Law, ?.y= constanf is
no longer applicable, but changes to, ?.lf = constant". The €xponent K (kappa) for air is 1.4. The table ot the
compression ratio table from page 7 is reproduced below with an additional row for p.t^ = constant and one
with the ratio lsothermic / adiabatic comoression,

Pabs 1 2 4 5 6 tl I 1 0
crisothermic 0.987 1 .987 2.974 3.961 4.948 5.935 6.923 7.908 8.895 9.882
cl adiabatic 0.991 1 .633 2.178 2.673 3.133 3.576 3.983 4.38 4.749 5.136

factor I 1 .216 1.365 '1.482 1 .579 1.66 1 .738 1.80 1.873 1.924
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To compensate ,or the phenomena related to this change, without making things too complicated, the
theoretical volum€ tlow has to be multiplied by a ,actor 1.4, which represents a fair average contirmed in a
high number ot practical tests. This tigure is less than in theory, but the change is generally not 100%
adiabalic.

Table 6.20 shows the ligures of table 6. 19, but with this correclion factor.

Workine Pr€ssure in bsr
Piston dis. 3 4 ! 6 1

20 o.174 o.2t7 0.260 0.304 0.347
25 o.272 0.340 0.408 0.476 0.543
32 0.446 0.557 0.668 0.779 0.890
40 0.697 0.870 !.044 1 . 2 1 8 L391
50 t.088 1.360 1.631 r.903 2.174
63 1.729 2.t59 2.590 3.021 3.45r
EO 2.790 3.482 4.t76 4.870 5.565
100 4.355 5.440 6.525 7.6t1 8.696

Table 6.20 Air Consumption of double acting cylinders in liters per 100
stroke corrected tor loss€s by adiabalic change

Example2: A cylinder of 63 mm dia. and 500 mm slroke works al 6 bar. Which is the real air consumption for
15 cycles per min?

O = 1.4 . (63 mmr2 . nr4. 500 mm . sotrin . ffiff .16-6 6634;1s1 = 453.19s Umin

By using the table, we find 3.021 ymin per 100 mm skoke. This ligure has to be multipli€d by 150, tor 5
times 100 mm stroke and 30 times per minute: 150/min .3.021 liters = 453.15 l/min.
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ACTUATORS

R A C K  A N D  P I N I O N  T Y P E

The output shatt has an integral pinion gear driven by a rack anached to a double piston. Standard angles
of rotation are 90" or '180'.

Rack Pinion

Fig 6.21 Back and Pinion Rotary Actuator

V A N E  T Y P E  B O T A R Y  A C T U A T O R S :

Air oressure acls on a
vane, which is attached to the Elastomer

Damperoutput shaft. A titied rubb€r
, seal or €lastomer coating
seals the vane against
leakage.

A special thr€e
dimensional seal seals the
stopper against the shaft and
the housing. The size of the
stopper delines lhe rotalion
angle of 90, 180 or 270'.

Adjustable stops may be
provided to adjust any angle
ot rolation of the unit.

,rOar*$ 180' 900
Fig 6,22 Vane Type Rotary Actuator

I Z I N G  R O T A R Y  A C T U A T O R S

orque and Inartia

Linear cylinders have a cushion to reduce the impact when lhe piston hits the cover. The capacity of the

f 
cushioning is the kinetic energy it can absorb. This 6n€rgy €quaV! ' vZ.lt is most important when a load is

' propelled with little triction and high speed.

ISO Symbol:
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These dynamics are even more important to understand in the case of a rotary acluator. A tree stop of a
rotating mass without cushioning or overloading risks breaking the pinion or vane, The allowable energy
published by the manutacturer musl be caretully respected.

a J=m.r 6  J = m .  V - c J = m .
r l  2 + 1 2 2

T

ri
J' r 2

4d = m . ,# , * ,a  J = m .

I
v
I

I

+ -
I

!-::-!.
mb= n,

y  r = m " . * * ' o . F

I

a' i lE-
- ' d - -

t r -
a+b

l l
ta2+c2 i

a ' Ti- +l
2 . ^ 2

12 ho'oo#" '
1 J = n

Fig. 6.23 Formulae for the moment ol inertia of various body shapes

To define this energy we need to know the inertia of the rotating mass. Think ol its material being
composed of extremely small parts; the sum of the mass of each individual part, multiplied by the square ot its
distance trom th6 rotation axis gives the tolal inertia.

The basic case is a cylinder, lts inertia €quals its mass times the square of the radius:

J  =  m.  f .  (kg .m2)
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The inertia ot more complicated forms has to be calculated with the help of tormula tor specific shapes' Fig.
6.23 shows the formulae lor a number of basic shapes.

A rotating construction has to be split up into basic elements and the parlial inertia toialed. For example a
chuck on an arm as in fig. 6.23 k is added to the ineriia of the arm by multiplying its mass wilh the square ol
the distance of its center of gravity trom the rotation axis.

Whenever possible, rotating masses have to be stopped against a mechanical stop, pr€ferably a shock
absorber. lt should be placed as far from the axis as possible as in tig. 6.24a. Any closer to the center would
create a reaclion, see fig. 6.24b. lf an €xternal stop on the arm itsell is not possible, it can be done with a
stopper lever on the opposite end of the shaft. This is subiect to high reaction forces and should be done only
with the consenl of the supplier,

Fig. 624 Stopping a rotating arm

The inertia tor rotating obiects is what lhe moving mass is to a linear movement. The energy is dofined by
its speed. For a rotation, the speed is defined by the ?ngular Speed af. lt is expressed in radians per second.
Fig. 6.25 illustrates these expressions.

o-- | rao

1 rad: o= 57.3'

Fig. 6.25 Definitions of angular speed

As for the cushioning capacity tor linear movements, tor the maximum allowed energy to be stopped by a
rotary actuator we have to consider the tinal speed. An acceleration by compressed air, if not limited by a
stabilizing back-pressure, may be considered to be almost constant. The movement starts at zero and
reaches about double the average speed (Stroke per time) at the end of stroke.

c

Stops

o' = 7

Stopper Lever on
souare Shaft End

Shock Absorbers
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For tast pneumatic movemenls, calculations have to be based on twice the average sp€ed as fig. 6.26
Low Speed Hlgh Speed .- Final Speed

- Average Speed

Flg. 6.26 Average and tinal speed

SPECIAL  ACTUATORS

L O C K I N G  C Y L I N D E R

A cylinder can be fitted
with a locking head in place of
the standard end cover.

It will hold the piston rod in
any position. The locking
action is mechanical, so
ensuring the pislon rod is
securely held, even in the
case of pressure breakdown.

R O D L E S S  C Y L I N D E R S

With magnetlc coupllng, ungulded

Magnetic Rings with
opposito polarity

lron Discs Stainl€ssSteel

fig 6.28. Typical Rodless Cylinder with magn€tic coupling between piston and caniage
A conventional cylinder of say 500 mm. stroke may have an overall oulstroked dimension of 11OO mm. A

rodless cylinder of the same stroke can be installed in a much shorter space ot approximately 600 mm. ll has
particular advantages when very long strokes are required.

The magnetic retaining force limits the force available trom a magnetically couplod type of rodless cylinder.
It equals that of a normal rod cylinder, up to 7 bar working pressure, but with dynamic shocks a separation of
the caniage from the pislon is possible. Vertical movements are therefor€ not recommended, unless a saletv
margin specified by the supplier is obseN€d.

Fig. 6.27 Typical Locking Cylinder
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I When the coupling between the carriage and
the load cannot be done in the centerline ol the
cylinder, but at a cerlain distance (X in fig. 6.29),
the allowable torce decreases drastically. The
data, spocified by lhe supplier has to be
respecled to avoid damage to the cylinder. Fig 6.29 Side Load X reduces the allowable

load

Gulded types, wl th magnet lc coupl lng

Depending on the kind of guide used, lhe problem of side load can be solved or made worse. With ball
bearings for the guide, a side load can be considerable and also the slroke length. Precision guides however
have so little tolerance that the slight€st detormation increases triction. Forthese types, the stroke lenglh is a
main tactor for the allowable torce. Suppliers give data tor any possible mounling orientation and side load.

Fig. 6.30 shows a

Fig. 5.30 Rodless cylinder with guides, Shock Absorbers and cylinder switches

It is r€commended that the carriage is decelerated softly with shock absorbers on both ends; in fig. 6.30
they are built in. A rail holds adjustable switches, operated by a magnet buill-in to the carriage.

Guided, with mechanlcal coupllng

Carrier Covering Strip

Cushioning Tube Seal Belt

Piston

Cushioning
Seal

Fig.5.31 Rodless Cylinder with mechanical coupling

For litting or moving heavier loads, a "slotted cylinder" type excludes the risk ot disconnection of the carrier
from the piston under dynamic shocks, but it is not totally leak free unlike the magnetically coupled type.

guid€d rodless cylinder with magnetic coupling behveen piston and carriage'
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S L I D E  U N l T S

The slide unit is a precision linear actuator of compact dimensions, which can be used on robotic
manutacluring and assembly machines.

, f f i " 8
Fig. 6.32 Typical Slide Unit

Precisely machined work mounting surfaces and parallel piston guide rods ensure accurate straight-line
movement when built in as part of the construction of a transter and position machine.

In one position, the body can be tixed and the rods with end bars can move (b). Upside down, the end bars
touch the mounting surface and lhe body can move (c). In both cases, the valve can be connected to the fixed
part, either by the ports A and B, or Al and Bl in fig. 6.32 a.

H O L L O W  R O D  C Y L I N D E R

This actuator is specitically designed for .pick and place. applications.
The hollow rod

provides a direcl con-
nection betw€en a
vacuum source and a
vacuum pad, attached
to the rods working
end. The connecting
tube at the rear of the
cylinder remains static,
while the rod extends
and retracts,

Fig. 6.33 Hollow Rod Gylinder with a non moving vacuum connection

Vacuum
Connection
(stationary)
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| ' r n e  l n  R o r A T r N c  c Y L T N D E R
A so-called rotating cylinder is an assembly ot a linear cylinder with a rotary actuator. A rotating arm can be

attached to the shatt and be equipped with a gripper or vacuum pad to pick up wolk pieces and deposil them
in another location after rotating the arm. This gives a "pick and place" uni or materials handling.

\ I R  C H U C K  ( G R I P P E B )

An actuator designed to
grip components in robotic
type applications.

I The type shown has
two opposing pistons, to
open and clos€ the iaws.

Opened Main Piston

Secondary Piston Speed Control Screw

Fig.6.35 Typical Pneumatic Fulcrum Type Gripper

Fig.6.36 shows three typical applications of the last two elements:

Flg. 6,36 Typical
Applications of the
Rotating Cylinder
and Air Gripper

Fig. 6.34 Typical Rotating Cylinder
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7 DIRECTIONAL CONTROL VALVES

VALVE FUNCTIONS
A directional control valve determines the tlow ot air betwe€n its ports by opening, closing or changing ils

internal connections. The valves are described in terms ot: lhe number of ports, the number of switching
positions, its normal ( not operated ) position and the method ot operation. The first two points are normally
expressed in the t€rms 5/2, 312,2!2 elc. The tirst figure relates lo th€ number ol ports (excluding pilot ports)
and the second to the number ol gosilions.

The main Iunctions and are:
Symbol Principal Construclion Function Application

2y2 oN/oFF
withoul exhaust.

Air motors and
pneumatic tools

3/2 Normally
closed (NC),
pressurizing or
exhausting the
outDut A

Single acting
cylinders (push
type), pneumaric
signals

3/2 Normally
open (NOl
prcssurizing or
exhausting the
outDut A

Single acting
cylinders (pull
type), inverse
pneumatic signals

4/2 Switching
between output
A and B, with
comrnon exhaust

Double acting
cylinders

4 2 5/2: Switching
between output
A and B, with
sePaBte...
exhausts.

Double acting
cylinders

5/3, Open center:
As 5/2 but with
oulputs
exhausted in
mid-oosition

Double acting
cylinders, with the
possibility to de-
pressurize the
cvlinder

5 1 3

5/3 Closed
centen As 512
but with rnid-
position fully
shut off

Double acting
cylinden, with
stopping
possibility

5/3 Pressurized
center:

Special appli-
cations, i.e.
Locking Cylinder

Table 7.1 Valve and mainSymbols, Principles, description applications
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P O R T  l D E N T I F I C A T I O N

The denominations of the various porls are not uniform; there is more tradition than respecled slandard.

Originally, the codes previously used lhe older hydraulic equipment have been adapted. 'P" for the supply
port comes from "pump", lh€ hydraulic source ot fluid €nergy

The outlet of a 2/2 or 3/2 valve has always b€en "A", the s6cond, antivalent output porl "8".
The exhaust has initially been "R" from Return (to the oil tank). The second exhaust port in 5,/2 valves was

th€n named S, or the former "R1" and the latt€r "R2".

The pilol port initiating the power connection to port A has originally been coded "Z (the two elitreme
bners in lhe alphabet belongs together) and the other .y'.

Afler 20 years bargaining aboul pneumatic and hydraulic symbols, one ot the ISO work groups had the
idea lhat porls should have numbers instead of letters, delaying the termination of the standard ISO 1219 by
anolher 6 years. Supply should be "1", the outputs 2'and "4', the pilot port connecting"l" with 2" is then "12"
etc. Table 7.2 shows the tour main sets of port identifications in use. Preterred are now the numbers.

Supply NC output NO output Exhaust of
NC

exhaust of
NO

Pilot tor NC Pilot for NO

P A B R s z Y
P A B R1 R2 z Y
P A B EA EB PA PB
1 2 4 3 5 1 2 1 4

Table 7.2 Typical port identitications

M O N O S T A B L E  A N D  B I S T A B L E

Spring returned valves are monostable. They have a defined prefened position to which they automatically
retum.

A bistable valve has no preferred position and remains in either position until one of its two impulse signals
are operated.

VALVE TYPES
The two principal m€thods of construction.are Poppet and Slidewith either elastic.or metal seals, Fig.7.3

relates to the various combinations.

Directional
Control
Valves

Metal Seal

Flg. 7,3 The various types of valves and sealing methods
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P O P P E T  V A L V E S

Flow through a poppet valve is controlled by a disc or plug litting at right angles to a seat, with an elastic
seal.

Poppet valves can be two or three porl valves,for a lour or five port valve two or more poppel valves have

Fig. 7.4 The main types ot poppets

In a) the inlel pressure tends to lift the seal ott its seat requiring a sutficient force (spring) to keep the valve
closed. In b) the inlet pressuro assists lhe return spring holding the valve closed, but the operating lorce varies
therefore with ditfer€nt pressures. These tactors limit these designs to valves with l/8" ports or smaller.

P F
ISO Svmbol

Fig.7.5.Mechanically operated popp€t valv€

Fig 7.5 a) shows a NC 3/2 poppel valve as shown in fig.7.4 b.

ln its non-operaled position (a),the outlet exhausls through the plunger. When operated (b) the exhaust
porl closes and the airflow's from the supply port P to the outlet A.

Design 7.2 c) is a balanced poppet valve. The inlet pressure acts on equal opposing piston areas.

NC NO

ISO Symbol

Fig 7.6 Balancad 3/2 Poppet Valve

This feature allows valves to be connected up normally closed (NC) or normally open (NO).

Normally open valves can be used to lower or retum single acting cylind€rs and are more commonly used
in satety or sequence circuits.

A

a
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S L I D I N G  V A L V E S

Spool, rotary and plane slide valves use a sliding action to op€n and close ports.

Spool Valves

A cylindrical spool slides longitudinally in the valve body wilh the air tlowing at right angles to the spool
movemenl. Spools have equal sealing areas and are pressure balanced.

Elastomet seal

Common spool and seal anangem€nls are shown in tig. 7.7 and7,8.In fig 7.7 O-rings are titted in grooves
on the spool and move in a metal sleeve. Two of them are crossing output ports, which are lherefore divided in
a great number ol small hol6s in the sleeve.

Flg. 7,7 Spool Valve with O-Rings on the spool, crossing the cylinder ports
The valve in fig. 7.8 has seals fitted in the valve body, which ar6 kept in position by means of sectional

spacers

Flg. 7.8 Spool Valve with seals in the housing
Fig 7.9 sho|s a spool with oval rings. Nong of th6m have to cross a porti but lust to open or close its own

seat. This d€sign provides a leakage free seal with minimum friction and therefore an €xtremely long life.

Flg. 7.9 Valve with oval ring spool
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Itetal Seal

Lapped and matched metal spool and sleev€ valv€s have very low trictional resistance, rapid cycling and
exceptionally long working life. But 6ven with a minimal clearance ol 0.003 mm, a small internal leakage rate
of about one l/min occurs. This has no consequence as long as the cylinder has not to be held in a position by
a 5/3 valve with closed cenler tor some time.

E B P E A  E B P E A
Flg. 7.10 Principle of the sealless Spool and Sleeve Valve

, lane Sl ide Valve

Flow through the ports is controlled by the position of a slide made ol metal, nylon or other plastic. The
slide is moved by an elastomer sealed, air operat€d spool.

Flg. 7.11 5/2 Plane Slide Valve
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notary Valves

A m€lal porled disc is manually rotated to interconnect the ports in the valve body. Pressure imbalance is
employed lo force the disc against its mating surface to minimize leakage. The pressure supply is above the
disc.

tffi
P F

ISO Symbol
A Bt-vt
P E X

ffi
P E X

A B
rT--r]

P E X

A E T

t--l
I T  T I

P E X

Fig 7.12 Section through a Rotary Disc Valveand a disc for a 4/3 tunction with closed center
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I
UALVE OPERAT ION

M E C H A N I C A L  O P E R A T I O N

On an automated machine,
mechanically operaled valves can
detect moving machine parls to
provide signals tor the automatic
conlrol of lhe working cycle.

The main direct mechanical
operators are shown in 1i9.7.13

Fig 7.13 The main M€chanical Operators

Cate when using Rol ler Levers

Special care must be taken when using cams to operate roller lever valves. Fig. 7.14 illustrates this: the
utilized portion of the rollers total travel should not go to the end ot stroke. The slope ot a cam should have an
angle of about 30"; steeper slopes will produce mechanical stresses on the lev€r.

PT: Pre-travel
OT. : Over Travel
TT.:Total
W Foller Stroke to

be utilized

Fig. 7.14 Care with Roller Levers and Cams

Th€ one way roller (or idle r€turn roller) will only operate when the control cam strikes the actuator when
moving in one direction. In the reverse direclion the roller collapses without operating the valve.

A
l:Ez:
Plunger

A
!o l /-e+=r

Straighl Boller

t-ln n
tldt

:E:
Square Roller

e
Roller Lever

U I A N U A L  O P E B A T I O N

Manual operation is generally l-r-\ TfI
obtained by attaching an operator lry E] ,ffi'
head, suitable tor manual control, Flush 

' 
Baised Mushroom

onto a mechanically operated
valve. Flg. 7.15 The main monostable Manual Operators

Manually operated, monostable (spring retumed) valves are generally used tor starting, slopping and
otherwise controlling a pneumatic control unit.

For many applicalions it is Im \ mmore conv€nient if the valve l--r \ \ t-,
marntains fts posi on. Fig.7.t6 E 1+r -1
shows the more imoortanl tvoes 

: :ol bistable manual operators
Rotating Knob Toggle Key

Flg. 7.16 Bistable Manual Operators
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A I R  O P E R A T I O N .

Directional control valves, used as "Power Valves", should be located as close as possible to ils aclualor
and be swiiched by remole control with a pneumatic signal.

A monostsble air operated valve is switched by air pressure acting directly on one side ot the spoolor on
a pislon and returned to ils normal position by spring torce. The spring is normally a mechanical spring, but is
can also be an "air spring" by applying supply pressure to the spool end, opposite to the pilol port, or a
combination of both. In the latter case, the pilot side requir€s a bigger etfective area, which is provided by a
piston.

Air connection for
spnng assistanc€

Piston with twice the ar€a
of th€ spool al sping side

Fig.7.17 A2 Ait operated Valve, with ah assisted spring retum
Air assisted spring retum gives more constant switching characteristics, and higher reliability.

In fig 7.18 an ak spring is provided through an internal passage from the supply port to act on the smaller
diameter pislon. Pressure applied through the pilol port onto the larger diameter piston actuates the valve.

This method of returning lhe spool is often used in miniature valves as it requires very little space
A ISO Symbol

r
I

I
!
I

I
ri
i r  t4

Flg 7.18 Ah operated 3/2 Valve with air spring return
The air-operated valves discussed so far have been single pilot or monostable typ€s, but the more

common air operated valve for cylinder control has a double pilot and is designed to rest in either position
(bisiable).

PA

NFPA labels

EB

Fig. 7.19 Bistable, air operat€d 5,/2 Valve

E A P E B
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In tig, 7.19, a short pressure pulse has last been applied to the pilot port "P8", shifting lhe spool to ihe dghl
I and connecting the supply port "P'lo the cylinder port'8". Port "A' is exhausted through 'EA". The valve will
remain in this operated position until a counter signal is received. This is referred to as a 'memory function''

Bistable valves hold lheir operated positions because ol lriction, but should be installed with the spool
horizontal, especially if the valve is subiected to vibration. In the case ot metal seal construction, the positions
are locked by a delenl.

Pl loted Operat ion.

A direct operation occurs when a force, applied to a push button, roller or plunger, moves the spool or
poppet directly. With indirect, or "piloted" operation, the external operalor acts on a small pilot valve which in
tum switches the main valve pneumalically.

JIS lab€ls:

Fig 7.20 Indirecl Mechanical Operation

Fig. 7.20 a shows a 5/2 Valve wilh indhect or ?iloted" n€chanical operation in its normal position. Th€
magnitied details in b and c show the pilot part in normal (b) and in operated position (c).
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S O L E N O I D  O P E R A T I O N

Electro pneumatically and electronically controlled syslems are discuss€d in a later book in this series and
it is sufficienl at this stage only to consider the electrical operation of directional control valves.

In small size solenoid valves, an iron armalure moves inside an airtight tube. The armature is fined with an
elastomer poppel and is lifted trom a supply seat in the body by the magnetic torce ol the energized coil. Fig
7 .21 a.

P R

ISO Symbol

D t:-_ --=

FlgT,21 a:2J2, b: 3/2 direct solenoid, spring retum, poppet type valve.
A 3/2 valve has also an exhaust seat on top and the armature an elastomer poppet in its top end (Fi9.7.21

b)

Directly operated 5/2 solenoid valves rely on the electromagnetic force of the solenoid to move the spool
(1i97.221. lt can only be a sealless lapped spool and sleeve type without friction.

Flg. ?.22 Direct solenoid operated 512 Valve with spring retum
To limit the size of th6 solenoid, larger and elastomer sealed valves have indirect (piloted) solenoid

oo€ration.

R2

JIS Symbol

5/2 monostable Solenoid Valv€ with elastomer coated spoolFi$.7.23
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, The 5/3 valve has a third (center) position to which it will retum, by means of springs, when bolh solenoids
rare de-energized.(lig 7.241

JIS Symbol
Fig Z.24.Pilot operated 5/3 Solenoid Valve with closed center and spring centering valve mounting

I R E C T  P I P I N G

The most common method of connection to a valve is to screw fittings directly into the threaded ports of a
so-called body ported valve. This method requires one fitting for each cylinder, pilol and supply port and one
silencer tor each exhaust porl, All the valves shown previously are body-ported types, except fig. 7,22' whicn
is sub base mounted,.

A N I F O L D S

Manifolds have common supply and exhaust
channEls ior a given number of body ported
valves. The outputrs are conn€cted separately to
each valve,

Fig. 7.25 shows a manitold with tour valves of
difterenl tunctions: a 5,/3. a bistable and two mono-
stable types of the same series.

A manifold should be ordered lo accommodate
the requirod number of valves, ext€nsion is not
possible, but using a blanking kit can seal spare
positions.

With 5 or more valves it is recommended that
air is supplied and silencers mounted at both ends,

Cylinder Ports
A a n d B

Common
Supply

Common
Exhausts for

A and B Ports
Fig. 7.25 Typical Manifold '
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S U B  B A S E S

Valves with all of their ports on one lace are designed to be gasket mounled on a sub base, to which all lhe
external connections are made. This allows quick removal and replacemenl of a valve wilhout disturbing the
lubing. Generally, a base mounted valve has a slightly better flow capacity than a body-ported valve of the
same type. Fig. 7,22 shows a typical base mounted valve.

M U L T I P L E  S U B  B A S E S

In a similar way to lhe manifold,
multiple sub bases supply and
exhaust a number ol valves through
common channels. Also the cylinder
ports are provided in the sub base.

Multiple sub bases also have to
be ordered lor the reouired number
of valves and are able to be blanked
otf in the same way as manifolds.

Fig. 7.26 shows a manitold with
lour base mount types 3ii2 Solenoid
Valves, The common exhaust ports
are to be equipped wilh Silencers,
prelerably on both ends to avoid
back-pressure. This is not only
recommended tor sound elimination
but also tor dust protection,

G A N G E D  S U B  B A S E S

Ganged Sub Bases are assemblies
ol individual bas€s, which allow any
reasonable number to be assemblsd
into one unit. This system has th€
advantage of allowing extension or
reduction of the unit if the system is
altered, without disturbing the existing
comoonents. There is still the oDtion to
blank otf positions, il required.

Fig. 7.27 shows a typical a$sembly,
equipp€d wilh one monostable and two
bistable solenoid valves and a blanking
plate. The individual sub bases are
hold together with clamps. Other
constructions may also have bolts or tie
rods for the purpose. O Rings, inserted
in grooves around the channels,
provide a leakage tree connection of
supply and exhaust channels from end
to end.

Fig. 7.27 Ganged Sub Base with three valves and one
blanked oosition.

Valve Oulputs
. (A Porrs)

Fig. 7.26 Multiple Sub Base with tour 3/2 Valves
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VALVE S IZ ING
t

I N D I C A T I O N S  F O F  F L O W  C A P A C ] T Y

Port dimensions do not indicate the flow capacity of the valve. The selection ot the valve size will depend
on the required tlow rale and permissible pressure drop across lhe valve'

The manutacturers provide intormation on lhe flow capacity of valves. Flow capacily is usually indicated as
the so called "standard tlow" On in liters of lree air per minute al an inlet pressure ot 6 bar and an outlet
pressure of 5 bar, or with a flow factor, Cv or kv, or wilh thg equivalent Flow Section "S". These factors require
lormulae or diagrams to define the tlow under various pressure conditions.

The Cv faclor of 1 is a llow capacity of one US Gallon ol water per minute, with a pressure drop of 1 psi.

The kv factor of 1 is a llow capacity of one liter ol waler per minute with a pressure drop ol 1 bar.

The equivalent Flow Section "S" of a valve is the flow section in mm2 ol an orilice in a diaphragm,
creating the sam€ relationship b€tween pressure and flow.

All three methods require a formula lo calculate the airtlow under given pressure conditions. They are as
tollows:

C = 4 0 0 ' C v '

Q=21 .94 ' kv

Q = 2 2 . 2 ' s  ' t-=---:-=-;;-- | LtJ
. t (Dz + ruJ.s , |  .  Ap.1 l ; ; - -v s -  ' . '  \ t n ! + e

Where Cv, kv =Coefficients ol flow and S =Equivalent Flow Section in mm2

Q = Flow rate standard liters/min

p2 = Outlet pressure needed lo move load (bar)

Ap or EAp = Permissible pressure drop (bar)

0 = Air temperature in *C

r_.013)

With this, the dimension of 'a" O *

To lind the llow capacily, these formulae are transtormed as follows:
v

C v =
4 0 0 . J F 2 + 1 . 0 1 3 )  . A p

k v =
27.94 .4@2 + l -013)  .  Ap

222. l@2 + r-013) . Ap
S =
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The normal flow On tor other various tlow capacity units is:
1 C v = l  k v = r  s =
981.5 68.85 54.44

The Relationshio between these units is as tollows: 1 14.3 1 8
o.o7 1 1 .26
0.055 o.794 1

Note: The outcome of this calculation gives in fact not the flow capacity of the valve, as we simply stated
above, but tor the assembly of lhe valve and the connecting tubes and tilling. To get as much tlow
capacity, thal of the valve has to be higher. How much higher?

Orl l lces In ser ies connect lon

Before we can determine lhe sizes ot valve and tubing, we have to look at how pressure drops over a
number ot subsequent orifices in series. The formula for the resulting "S" is:

s total = l t 1
s12*s l * " ' sn ,

To avoid unnecessarily dealing with such tormulae we look tor a thumb rule. Fig.7.28.1 and Fig.7.28.2
show the relationship between a number of orifices in.series connoction and the resulting flow.

C"=l C'=l C;l C,=l C;l C;l C"=t

Flg. 7.28.1In Series circuit, all devices having a C" of 1 and the resulting impact on the circuit,s ovsrall C,

\i_
--+

C,-=t

c,=1 .4 C,=1.4 C,=1.73 c"=1 .73 C"=1.73 C"=2 C"=2 C,=2 Q,=2=.x- ><+<_= _><_><_#
- . .> - - - .>

G".v"=1'0 C,*=1.0 C"-=1.0

c,=1 C,=3 c,=4

C*"=0.9g C"*=o.06 C,"r.=0.84 C",l/|=0.89 C*=0.82
Flg. 7.28.2 Orifices in series connection and resulting llow

Retuming to our topic, we can say that it is most obvious to have about th€ same flow capacity for th€
valve and the connecting tube with its fittings. We consider these parts as two equal flow capacities in series
connection and lo have the calculated tlow through both parts, the required section has to b€ multiplied with
1.4 (\E ).

NOTE that even though the C, is larg€r it reduces (when added in series) the system C, -- a chain is only
as strong as its weakest link. The smallest oritice determines the llow for the circuit.

C-"=r
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l l ow  c l p l c r rY  oF  TuBEs
Still unknown is the tlow capacity of tubes and tittings. The formula ,or the equivalent section ot a tube is:

r=
Lrr

S = s . .fr- where c is the tube co€tlicient (s€e below), d the Pipe lD and L th€ tube length in mm.
I L

a = 2.669 ' Q . d0.155 wh€re q is the tube coetlicient in fr

ct is 1.6 tor gas pipe and 2.0 tor Plastic, Rubber and Copper Tubes. The two formulae can be united to

a2.655
S = q , 2.669 .:--lf

v L

This tormula has, however, lhe inconvenience that wilh very short tubes it is no longer valuable. For
example: a tube 8x6 mm with 0.1 m length would have an S ot 65 mmz. This is impossible, as the effective
area of the inner tube diam€t€r is only 28.26 mm2. Therefore the above formula for Stotal has to be applied for
correction.

You can by-pass all these calculalions by reading the equivalent Section of nylon tubes, normally used for
pneumatics, from the diagram 7,29.

'i:

20

1 0

0
0.02 0.05 0.1 0.5o.2 5 1 0

ube Length in m

Fig. 7,29 tho equivalent Flow Section S in mm2 of the cunent tube sizes and length

L

I

I

! \
; \ *
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The Flow Section ol littings has to be specified in the catalogues. The total of a tub€ length with ils two
tittings can be calculated wilh the tormula above. To reduce the need ot its use to exceptions, you can tind the
s€ctions for the most current tube assembli€s in table 7.30.

Tube
Dia,
(mm)

Material Lenqth Fittinss Total
0.5 m tube +
2 stn. fittinss

l m 0.5 m Inserrype One' louch
straisbt elbow sraight elbow

4 x 2 . 5 N,U 1.86 3.87 1 . 6 1 . 6
5.6 4.2

1.48
3. r8

6 x 4 N,U 6 . 1 2 7.78 6 6
l 3 . l t . 4

3.72
5.96

8 x 5 U 10.65 1 3 . 4 1 l l (9.5) l l
l 8 t4.9

6.73
9.23

8 x 6 N t6.& 20.28 l 7 (t2) l 6
26.1 2t.6

10.00
r3.65

l0 x 6.5 U 20.19 24.50 35 (24r 30
29.5 25

r2.70
15.88

l0 x 7.5 N 28.U 33.38 30 (23) 26
41.5 35.2

19.97
22.t7

1 2 x 8 U 33.18 39.16 J) (24) 30
46.1 39.7

20.92
25.05

12x9 N 43.79 5 r.00 45 (27135
58.3 50.2

?9.45
32.06

Table 7.30 Equivalent Flow Section of currenl tube connections
Table 7.30 shows th€ flow capacity ol current tubes and fittings, based on so called "push-in" or'On6

Touch" littings $tg. 4.22), having the same inner diamet€r as the tube. Insert fittings (fig. 4.21) reduce the flow
considerablyr especially in smaller sizes, and should be avoided for pneumatics.

Valves wlth Cylinders

We now retum to the cylinder consumption. This is first of all th€ p6ak flow, depending on speed.

Second we have to define the allowable pressure drop, a maior ligure in calculating the valve size. An
assumption ol aveEge velocity may be made, since maximum tlow is achieved at a pressure drop of
approximately 46010 -- lor our purposes 23"/. is the maximum allowable pressure drop (half of 46%) -- the
NFPA states a 157o maximum pressure drop is d6sir6d.

The actual size ol the valve has to be much higher lhan the theoretical value, to compensate for the
additional pressure drop in the connecting tubes and fittings, as discussed above. But if th€ maximum flow is
determined (limited) by the finings and tubing part of the circuit -- changing the valve for a larger flow
capability will not have an etfect. E.g. il lhe valve has a C" of 2 and th€ tubing and fittings collectively have a
C, of 1 -- the system will not be improved by a valve with a C" 4); noie Fig.7 28.2.

To make things easy, all the calculations mentioned beforc on lhis subject, table 7.31, gives you the
required equivalent section S tor the valv€ and tor the selection ot a suitable tube and fittings assembly lrom
table 7.30. Th6 table is based on a supply pressure 6 bar (approx. 90 psig) and a pressure drop of 1 bar (15
psig) before the cylind€r. lt includes also th6 loss by adiabatic pressure change and th€ temperalure
coetficient for 20'G. Usually this will suffice for most real world applications.
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Average plston speed ln mm/s
150 200 250 300 400
0.15 0.2 0.25 0.3 0.4
0.36 0.46 0.6 0.72 1

dla. mm
8,10
12 ,16

20
25
32
40
50
63
80

100
125
140
160

50 100
0.1 0.1
0.12 0.23
o.2 0.4
0.35 0.67
0 .55  1 . r
0.85 't .7
1.4 2.7
2.'l 4.2
3.4 6.8
5.4 10.8
a.4 16.8
10.6 21. ' l
13.8 27 .6

0.6 0.8 1
I  1 .3

1 .2  1 .6
2 2.7

3.7 4.4
5 6.8

8.1 10.8
12.6 16.8
20.4 27.2

2.6
4

A E

10.2
16.2
za.z

2.2
3.4
5.4
8.4
13.6
21 .6

2.4
4.3
6.8
10.5
1 7
27

500
0.5

3.4
c.c
8.5
13.5
21

750
0.75
1 .8
3
5

8.5
12.8
20.3

1000
1

2.4
4

6.7
1 1
1 7
27

Equlvalent Flow Sectlon in mmZ

Table 7.31 Eguiyalent Section S in mm2 for the valve and the tubing, lor 6 bar working pressure and a
pressure drop ol 1 bar (On Conditions)

Allhough the assumed pressure of 6 bar and a drop of 1 bar are a quite normal case (the Q^ is based on
the same assumption), ther€ might be other pressure conditions. Then the figures from table 7.31 r€quire a
conection. The diagram 7.32 giv€s the percentage ol the tigures in table 7.31 for any practically possible input
pressures and pressure drop.

ct
1 . 8

1 . 6

1 . 4

1 . 2

1

0.8

0.6

0.4
1.25 1 .5

?p in bar

Fig. 7.32 Correction Factor "cf'for the Sections given in Table 7.31, for other pressure conditions

P12
3

7
I
o

'10
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The figures below the bold line are values, which ar6 in g€neral not covered with 5/2 valves. Where these
sizes are not available, two High Flow 3/2 vatves will do the iob.
Example 1

An 80 mm Dia cylinder with a stroke length of 400 mm has an average working pressure ol 6 bar. The
maximum allowable pressure drop is 1 bar. lf a cylinder speed ot 500 mm/sec is required, what is the
minimum Cv of the valve?

We find in Diagram 7.31 an equivalent section of 34 mmz. To obtain the Cv factor we have to divide this
number by 18: 34 /18 = 1,89.

A Tub€ size of 12 x 9 mm. with "One Touch Fittings' is required to get this speed.
Example 2

A 50 mm Dia cylinder has to run with a speed of 400 mm/s, with an available supply pressure ol 7 bar
and an allowable pressure drop of 2.5 bar. That means that the cylinder size is based on an eflective
piston pressure of 4,5 bar.

Table 7.31 gives an S of 10.8 mm2. This figure needs correction for a supply pressure of 7 bar and a ?
ot 2.5 bar. We follow the line ? bar from the right to the l€ft until it interects the vertical line of 2.5 bar p. We
find a "cf of 0.66. The required S ot the valve and the.tube connection is therefore 10.8 . 0.66 = 7.128 mm2.
Select a valve of this size or bigger. A tube of 8x5 or 8x6 mm Dia is suitable.
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I
AUXIL IARY VALVES

N O N . B E T U F N  V A L V E S

A non-return valve allows tree aidlow in one direction and seals il otf in lhe opposite. These valves are
also referred to as check valves. Non-retum valves are incorporaled in speed controllers and self-seal tittings
etc.

ISO Symbol

Flg 7.33 Gheck valve

b p e e o  c o N T R o L L E B s
I

I A "speed controlle/' consists of a check valv€ and a variable throttle in one housing. lt is also correctly
called a Flow Control (based upon its symbol). Many times manufacturers will cali devic€s speed controls
and, in fact, they are really needle valves, veriiy with the symbolto be certain.

Keep in mind that flow controls can only slow down a cylinder; they pose a restricton in bolh directions of
air flow and therelore slow the response of the cylinder on both the extend as well as the retracl stroke. In
most cases flow controls should be used to meter the exhaust flow ot a cylinder. This will provide better
conlrol and a smoother cylinder stroke.

Fig.7.32 shows a typical example with the flow indicated. In a), air flows lreely to the cylinder, in b) it flows
back to the exhaust Dort of lhe valve with a restricted tlow.

ISO Symbol

Fig 7.34 Typical Speed Controller / Flow Control

S H U T T L E  V A L V E

This is a three-ported valve with lwo signal pressure inlets and on€ outlet. The outlet is connected to eith€r
signal input. lf only one inpul is pr€ssurized, the shuttle prevents the signal pressure trom escaping through
the exhausted signal port on lhe opposite side. (Fig 7.35)
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Fig. 7.35 Shunle Valve

ISO Symbol
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U I C K  E X H A U S T  V A L V E S

This component permils a maximum outstroking piston speed by exhausting the cylinder directly at its porl
with a greal llow capacity, instead of through lhe tube and valve.

The rubber disc closes off the exhaust port on the bottom as the supply air tlows to the cylinder. When the
direclional control valve, connecled to the inlet port on top is reversed, the supply tube is exhaust€d and the
disc lifted by the cylinder pressure. lt then closes lhe inlet port and automatically opens the wide exhaust port.

ISO Symbol

Fig 7,36.Quick Exhaust Valve; a: Connection, b: Without pressure or cylinder under pressure,
c: tlow to cylind€r, d: exhausting

With miniature cylinders, it happens quite easily thal the volume of the tube betlveen valve and cylinder is
as big or even bigger lhan that of lhe cylinder. ln thal case, lhe air in the tube is only compressed and
decompressed, but never completely evacuated and moisture can condensate in the tubes and disturb normal
operation. lf a shorter tube is not possible, a quick exhausl valve can be used to solve the problem.

CYL
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I  BASIC CIRCUITS

NTRODUCTION
Basic Circuits are asssmblies ol valves lo pertorm certain tunctions. Th ere are a limit€d number ot

elementary tunclions of which even the most sophisticated circuits are composed.

These lunctions can have the ability to:
. Control a cylinder, or
. Operate another valve

- for remole control from a Panel,
- to change one valve function into another,
- for safety interlocks etc.

The latter type of lunction is also relerred lo as a "logical funclion". There are four basic logical functions:
.tdenttty ("YES")
. Negatlon or Inversion ("NOT')
. AND
. O R

We will not deal with logical methods ot switching here, but we will use the lerms as they clearly describe
functions in a single word.

: LEMENTARY FUNCTIONS

F L O W  A M P L I F I C A T I O N

A large cylinder needs a large Air Flow. One
can avoid having to manually operate a large
valve with sutficient flow capacity by using a
large air operated valve and operating it with a
smaller manually oporated valve. This tunction is
called "Flow Amplification". This is oflen
combined with remote control: the large valve is
closs to the cylinder but the small one can be
built into a panel for easy access.

S l G N A L  I N V E R S I O N

The method as shown in fig. 8.1 cen also be
used to change the function ot a valve from
normally open to normally closed or vic6 versa.

It valve @ in tig. 8.2 is operated, the
pressure on the output of valve @ disappeaF
and reappears when O is released.

Fig. 8.2 Signal lnversion: it valve @ is operated,
the pressure on the output of valve @ disappears

and re-appears when @ is releas€d

Fig, 8.1 Flow amplification or indirect control of
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S E L E C T I O N

Selection is achieved by converting from a 3l2 to a 5/2 function.

The initiating valve O is a small 3/2
manually operatod valve, th€ indir€ctly
op€raled valve @ is a 5/2 valve of a
sufticient tlow capacity lo actuate a doubJe
acting cylinder. Using this lunction Flow
Amplification is also per{ormed.

One position of the toggle switch "lightrs"
lhe green indicator, the othef lights" th€ r€d.

The same function is also used tor
selection between two circuits: one of the
ports ol th€ 5/2 valve supplies for example
an automatic circuit, lhe other, valves for
manual control. This makes sure that no
automatic action can take place during
manual oDeration.

M E M O R Y  F U N C T I O N

A regular type of
lunction reouirement is to
perpetuate a momentary
valve operation by
holding its signal on, until
another momentary signal
switches it permanently
otl.

The red indicator is
"memorizing" that valv€
@ was the last to be
operated and the green
indicator that valve O will
give the signal to change
over.

Flg. 8.3 Selection between two circuits with one
manually operated monostable 312 valve

Flg. 8.4 Switching trom red to green by tripping valve @ and from green
to red with valve @
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A pneumatic delay is based on the time required to change the pressure in a fixed volume, by the airflow
)ugh an orifice, As this is a metering function, subject to changing condilions in supply air, certain

ME FUNCTIONS

P N E U $ A T t c  T E c H t { o L o c Y

inconsist€ncies should be sxpected.

In addilion, do not rely on Time alone tor circuit satety -- e.g. there needs to be some positive indication of
a part being present, a process being completed, anct so on.

lt, with a given volume and
orifice we get the pr€ssure^ime

a in fig. 8.5. Either a
volume or a smal16r orifice

change it to b.

In the case of characteristic a,
time delav to switch a valve with

switching pressure ps will be lt,
b it will be increased lo t2.

In praclice, the pressure ot the
is connected to the pilot

oi a spring retum valve and a
speed controller is used to vary the
orifice, ils built-in check valve

an unrestricted tlow in the Fig. 8.5 The pressure / time relationship of compressed air,
flowing lhrough an orifice into a volumedireclion and therefore a

res€t time.

There are tour ditferent time related
functions:

1 . The delay of switching ON a pressur€
signal

2. The delay of swilching OFF a pr€ssure
signal

3. A puls€ to switch ON a pressure signal

4. A pressure pulse to switch OFF,

ON
Initial Signal oFF .

a) delayed at'ON'

b) d€layed at 'OFF"

c) Pulse at "ON'

d) Pulse at "OFF'

Fig. 8.6 The four time functions
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DELAYED S I 'Y ITCHtNG ON

Fig. 8.7 shows how a pressur€
signal can be delayed. The signal on
the output port (A) of valve @ appears
E variable tim€ atter operation of the
valve @. This is due to the flow
restriction valve and the reservoir
(which may be nothing more than a
large diameter section of tubing).

For a very short delay, the
reservoir can be omitted.

D E L A Y E D  S W I T C H I N G  O F F

The delayed resel of a valve is
achieved in lhe same way as b€tore,
but inslead of limiting the air flow
towards the pilot port ol valve b, its
exhaust is restrictod.

Fig. 8.8 shows a delay in
switching a signal ott. Atter operating
valve (D the indicator immediat€ly
goes on, bul after releasing the
valve, the indicator will slay on for an
adjustable period.

P U L S E  O N  S W I T C H I N G  O N

lf a signal from a valve is passing a
normally open valve, which is operated with
the same signal, there will b€ no pressure at
the output of the latler valve, However if its
operation is delayed, the pressure can pass
until the operalion takes etfect after the delay.
The result is a pressure pulse of adiustable
duration on the output of the normally open
valve.

In fig. 8.9, a pulse appears at the output ot
the normally open vaNe @, when the vatue (D
is switched on.

Fig. 8.9 Pulse on switching on

Flg. 8.7 Delayed switching on

Flg 8.8 Delayed switching off
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P U L S E  O N  F E L E A S I N G  A  V A L V E
,' 

Wh€n the pressure pulse has to
appear atler lhe initial signal has been
switched otf, lhe pressure lo produce
it must com€ from anolher source.
The method is lo simultaneously
operate a normally open 3Y2 Valve @
and pressurize a volume @ with the
initial signal. When valve O is
released, vafue @ switches in its
normal position, connecting the
volume with ils oulput. The pr€ssure
lrom the volume will ebb away after a
short period, adlustable by means of
the soeed controller.

Fig. 8.10 Pulse on a disappearing signal
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CYL INDER CONTFOL

M A N U A L  C O N T R O L

Slngte Acttng Cyl lnder

Ditect  Operat ion and Speed Control
lf a single acting cylinder is connected to a

manually op€rated 312 valve, it will extend when
lhe valve is oDerated and retum uDon release.
This is the so-called 'direct control.' ln the case ot
a large cylinder, tlow amplificalion as shown in fig.
8.1 is applied.

The only way to regulate the outstroking piston
speed of a single acting cylinder is to throttle the
flow into it. The speed ol the return stroke, by
means of the spring, is seldom limited in practice.

Control from two points: On
Function

A cylinder or a valve may
be operated in two ditf€rent
ways, lor example, manually or
via a signal from an automatic
circuit.

lf the outputs oI two 3/2
valves are interconnected with
a Tee, the air coming trom one
ol the valves will escape
through the exhaust of the
olher.

A shuttle valve type
application avoids this
Droblem.

P N E U  A T I c  T E c H I { O L O G V

.Fig.8.11 Direct control ot a single acting cylinder

Shuttle Valve

Flg. 8.12 Operation of a single
acting cylinder trom two points
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tntet lock: AND Funct ion

ln some cases two conditions have to be fulfilled to allow a certain operation. A typical example could be
that a pn€umatic press may onD operate it a satety door is closed and a manual valve is operated. To control
the safety door it trips a mechanically operated 3/2 valve, the inpul ot the manually operated valve is
connected to its output, so there is an open flow path only if both valves are operated'

In case lhe signals from the h/vo valves each have anolher purpose, as illustrated in circuil b by the two
indicators, an air operaled 312 valve can perform the AND Function: One of the signals supplies it, lhe other
operates it.

Fig. 8.13 Satety interlock: AND Function

NOT Functionlnverse Operct ion:
Mechanical locks, stops for

products on a conveyor and
similar situations might require
a cylinder to be energized lor
locking. Unlocking occurs by
operating a valve. For this
typs of application a normally
oD€n valve can be used, lf
however, the same signal for
unlocking must also start any
other device, as symbolized
by the indicator (D in fig. 8.14,
a signal inversion has to be
used, by operating a separate
air operated normally open
valve @, with a normally
closed valve O.

Flg, 8.14 Signal Inversion: the cylinder retracts wh€n valve O is tripped
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Double actlng Cyllnder

Dirccl Conlrol

The only diflerenc€ between the operation of a
double acting and a single acting cylinder is that
a 5,/2 valve has to be used instead of a 3/2. In its
normal position (not opsrated), port "8" is i
connected with the supply port "P". lt has to be i
connected to the rod side of the piston if the i
cylinder is naturally in the negative position. 

I
For independent speed control in both

directions the speed controller is attached to both
connections. Their orientation is opposite to that
of a single acting cylinder as the exhausting air
is throttled. This gives a more positive and
sleadier movement than throttling the air supply.
Inslead of supplying iust enough pow€r to get the
piston moving, an additional load is added with a
back pressure, which increases with increasing .Flg. 8.15
speed, thus compensates variations in the load.

Holding the end positions

In most cases, a cylinder has to maintain
its position, even after lhe operating signal
has disappeared. This requires the
"Memonf function ot fig. 8.4. A bistable
valve will stay in position until switched trom
the opposite end.

In Fig. 8.16, the outgoing stroke ot a
double acting cylinder is initiated with valve
@ and retumed with valve @. Valve @
maintains its position and therefore also that
of the cylinder.

Valve @ will only operate when onry one
of the manually operated valves is
depressed. lf both pilot ports are
pressurized at the same tim€ the spool
maintains its primary position as an equal
prcssur€ on an equal area cannot overrid€
the primary signal.

In circuitry ihis phsnomenon is known as'ov€rlapping commands' and is one of the
maior problems in circuit design.

cylinderDirect control of a double acting

Fig. 8.16 Maintaining the positions ot a double acting
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b e r e c r r N c  C Y L T N D E R  P o s t r r o N s
^u tomet l c  Re tu rn

Valve @ in the circuit of fig. 8.16 can be replaced by a roller lever operated valve, tripped at the positive
end of the cylinder stroke. Th; cylinder then switches valve O back by itselt and thus returns automatically.
This is reterred to as reciprocation of a cylinder.

I
I
I

Valve @
siluated here

Fig. 8.17 Semi Automatic return ot a cylinder

A problem will arisE il valve @ is not released when the cylinder reaches the end ol its stroke, th6 cylinder
does not retum. Valve @ is unable to switch valve @ back as long as the opposing signal lrom valve O
remains. A bistiable valve can only be switched with a pilot pressure when the opposite pilot input has b€en
exhausted.
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ll the cylinder has lo return unconditionally as soon as it reaches the end of stroke, a simple solution would
be lo transform the signal of lhe manually operaled valve into a pulse. This is a combination ot the two
elementary lunctions ot fig. 8.9 and 8.17.

I
I
I

Valve O
situaled h€re

F19.8,18 Automatic retum of a cylinder 6ven with a remaining signal
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\
| }epeattng Slrotes

By sensing both ends of the stroke with roller lever operated valves and using them to switch the main
valve @ bact-and lorth, the cylinder will r€ciprocate. ln order to stop the motion we apply an AND function of
fig. 8.13. With a bistable manually operated valve connected in series wilh the roller-operaled valve the
cylinder will ceas6 to cycle if switch O is tumed otf, but as before it will always return to the negative position

Fig.8.19 Repeating stroke as long as valve @ is operated

SEQUENCE CONTROL

H O W  T O  D E S C R I B E  A  S E O U E N C E

A few rules help us in describing a cycle of movements in an extremely short but precise manner.

Nomenclature

Each actuator assumes a capital lett€r.

Its position ot rest, in which a circuit diagram is drawn, is defined as "Z€ro Position". The opposite end
posilion is the "1" posilion.

Pressur€ signals to switch directional control valves are called "commands" ,to distinguish them from other
signals, e,g. from lever roller valves. A command for moving a cylinder from the "zero" to the "1" position is
calt€d a 'posilive" command; in the case of cylinder ?', ils code is simply'A+". Accordingly, th€ command to
refum cylinder A is ?-".

- As the rest posilion is called 'zero", it is logical to code the valve that senses the rest position of cylinder

J"A" wim 'a6". The opposite position is then called "a1". For clarity, signals ar€ always coded with lower case
- letters. The sensed position is designated by an index.

@v
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In Fig. 8,20 th€se codes ar6 reproduced in a schematic setup for clarity. This setup is called a "Functional
Unif , as it provides everything required to perform a machine tunction and to conlrol it.

Direction

a o G
+

lSignals: as

S E Q U E N C E  O F  T W O  C Y L I N D E R S
With these codes, we can write a sequence of two cylinders lor example with:

A+, B+, A-, B-
The sequence of evenls now becomes patently obvious.
Now comes the queslion of wh6r€ these commands come from. The answer is quite simple: lrom the roller

lever valves that sense the ends of the stroke. They also need a cod€, again quite self-explanatory:
lhe terminalion of a command (A+, B+) will always be signaled by the roller/l€ver valve with the same

letter and an index number: "at", "bt", a Zero Command A- by ao, etc.

With these codes we can write the solution for thg above mentioned sequence as tollows:

A +  - )  a l  . + B + - ) b f - + A - - + i 0 + B - * b O

We also ne€d a manually operated valve tor starting and stopping the sequence, it is placed in the lin6
prior to the first command, A+. Should the sequence need to conlinue then the start valve should be lett open,
but it th€ circuit is switched off in mid-cycle it will continue to operate until all ot the movements in the
sequence have been complet€d and then the cycle will come to rest. This means that the last signal bo has
app€ared but it is unable to pass through the start switch (coded "sf). This is another application ol the
elem€ntary 'AND" function of fig. 8.13. The command A+ needs both signals: bg and"sf. In switching algebra
this is written as a multiplication in normal algebra: "st . b0'.

+

A

Fig. 8.20 Functional Unit with all codes
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This may be referred lo as a "closed loop' circuit. The sequence of signals and commands is lhen as
lollows:

Slgna,s

Commands

The same sequence as in the block diagram above is drawn in Fig 8,21 as a pneumatic circuit with ISO
Symbols. As we have now coded the roller lever valves according lo their position, there is no need to draw
the circuit as a map with the end-of-stroke valves topographically shown near the cylinders, or indicate them
with numbers as in figures 8.18 and 8.19.

The standard is to draw all the cylinders at the top, dhectly beneath them lheir power valves and below
those the valves providing the end of stroke signals. ln more sophisticated circuits there may be some
additional valves in a level between the main and signal valves. This is the case with the start valve 'sf in fig.
8.21.

SIngle Cycle / nepeatlng Cycle

The type of valve used for starting the sequence makes the ditference between the two cycles: if it is a
monostable valv€ and we trip it, one single cycle will be pertormed. In the case of a bistable valve, the cycle
will repeat continuously until we reset it. No matter when we do it, the circuit will always complete the cycle
and then slop.

Fig. 8.21 Circuit lor the sequence A+, B+, A-, B-)
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O P P O S I N G  C O M M A N D S

Ellmlnat lon wlth a Pulse

Clamping: Pressure Control

Shorl slroke singl€ acting cylinders are often used tor clamping. Although th€y can have built in switches
tor electrical control, there is no secudly, ls the parl to be machined sutficiently clamped to withstand the
lorces exeried on it during machining? The only reliable signal is one that indicates sufficient pressure behind
lhe piston. For this a "Sequence Valve" is used. lt allows the operator to adjust the minimum pressure required
lor secure clamping.

The pressure it has to sense is that of the clamping cylinder, so ils pilot input has to be connected with a
Tee to the cylinder port; its output signal will then start the machining operation, (cylinder "8"). The cylinder
has lo relurn immediately aft€r the operation is tinished, i,e. the end of the stroke, valve "b1" will provide this
intormation.

Here we face a problem: B is unable to relurn as long as the clamping cylinder A is pressurized, but also il
musl not relum and un-clamp betore the machining device is back in the rest position. We can again use the
basic circuit of fig 8.9 to solve lhis problem by transforming the remaining signal from lhe sequence valve into
a pulse' The cycle is started manually but in practice,lhe operator will insert a component for machining and
th€n keep the button depressed until the work is completed. See lig 8.22 for clarification.

Flg. 8,22 Circuit for clamping and machining, single rycle
There is however an imperfection: if the operator rel€ases th€ button after the machining has started, the

clamp will open. We have to prevent that. The solution is to "memorize" the manual starting signal with th€
circuit of fig. 8.16. For the tunction ol valve 1 in that circuit we used a valve tor sensing the r€st position of
cylinder B, a valve "bo'. But that valve is operated in the rest position, when clamping has been done and B
has to outstroke.
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t This means there is another opposing command, which we have to get rid of -- by making a pulse of ilr
t That results in the circuit of fig. 8.23:

A B

T - -
I

Fig. 8.23 Clamping and machining with addilional locking

Cascade System

You must admit that the way in which opposing commands have been €liminated in the previous example
cannot be lhe best one. There must be a more straighttoMard and reliable solution.

The tru€ solution is to switch overlapping signals ofi, nol by timing tricks, but by switching a selector valve
as in the circuit Fig, 8.3, The problem is to know wher6 such a valve has to be put in and how it is to b6
switched and connected.

There is a simple procedure tor drawing s€quential circuits, called 'The Cascade System ". The cycle is
divided into two or more groups. For further explanation we assume that there are only two groups. Each one
has a supply line trom the selector valve.

The division of the groups, tor example cycle "A+, B+, B-, A-" is done as follows:

Looking at each command from lett to right, we can sub-divide the commands into groups, the rule being
that you may only have 1 command in each group be it either + or - e.g.:

A+, B+
group I

lB- ,  A- .1
group ll

The principle remains the same with longer cycles, when it has three or more groups. lt is not necessary
thal the cycle starts with a new group; the end-of-cycle may be in the middle of a group. The "starustop" valve
is simply put in the line to lhe firsl command ot the cycle. Sometimes one has to try until the least amount ot
groups has b66n found.
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Further rules are explained in the following block diagram:
all furth6r commands in groupl all turlher commands in groupll

tirst command first command
in group I in group ll

line group I
line group

First Cylinder Valve to be switched in group t .

All end of stroke valves in group l, except the last in sequence.

All the commands to the main valves in group I are supplied lrom " line group 1".

The valve sensing the end ol the last stroke in group t switches the selector;
the line of group I is exhausted and that of group ll pressurized,
Main valve of the cylinder making the first stroke in group ll ,

All end-of stroke valves giving the commands in groupll ,exc€pl the last one,

All end-of stroke vatues giving commands in groupll are supplied from 'line groupll".

The valve sensing the last stroke in groupll switches the selector back.

lg. 8.24 Block Diagram of the Cascade System

The steps of the circuit are now quite easy. The start switch is always insert€d in the line to the first
command ol the cycle. ln the example above, lhe cycle ends at the end ot a group; this is not always the case
and, as mention€d above nol necessary.

This will be demonstrated with one €xample: the given cycle is: A+, B+, A-, C+, D+, IL B- G-
lf we divide the sequence frcm the tront we get the result as below a 3 Group Cascade:

lA+, B+,1 A-, C+, D+,1 D- B- C-.
lf we divide the sequence frcm lhe rear we lind lhal we now have only 2 groups, as the movements A+,D-

,B-,C- can all be performed with the same group air:

A+,1 B+, A-, G+, D+,1 IL B- C..
The cascade valve will be switch€d on with al and b6 switched back with dt. The start / stop valve will be

in the connection trom cO to lhe command input A+,

O
@
@
@
rR\
\g/

@
@
@
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Remember that both roller lever valves, coded wilh a zero index, have to be drawn in the opelaled position,
as you can s€e in the diagram of fig. 8.25 for the seguence A+, B+, B-, A-.

A r-ll B
T-l It#

r. r-1
zK 9K

Flg. 8.25 Two cylinder cascade-
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APPENDIX

SYMBOLS

T H E  S Y M B O L S  F O R  F L U I D  P O W E R  S Y S T E M S  A N D  C O M P O N E N T S  A R E
S T A N D A B D T Z E D  I N  I S O  1 2 1 9 .  T H E  S T A N D A R D  C O M B T N E S  H Y D R A U L I C  A N D
P N E U M A T I C  C O M P O N E N T S .  S Y M B O L S  S H O W  T H E  F U N C T I O N  O F  A  C O M P O N E N T
B U T  D O  N O T  I N D I C A T E  T H E  C O N S T R U C T I O N .  A S  A N  E X A M P L E :  A C C O R D I N G  T O
I S O ,  T H E R E  I S  N O  D I F F E R E N C E  I N  S Y M B O L  B E T W E E N  A  C O N V E N T I O N A L
D O U B L E  A C T I N G  C Y L I N D E R  A N D  A  T W I N  B O D  C Y L I N D E R ,  A L T H O U G H  S O M E
M A N U F A C T U R E R S  H A V E  I N T R O D U C E D  T H E I R  O W N  S Y M B O L S  F O F
C L A R I F I C A T I O N .

A I R  T R E A T M E N T  E O U I P M E N T

The basic Symbol lor Air Cleaning and Air Drying Components is a diamond with the inpul and output
drawn as a line from the lett and right corners. The specific lunction is indicated inside the diamond with a few
furth€r symbols. The table below will €xplain itself.

The basic symbol for pressure regulators is a square with the input and output drawn in the middle of the
left and rieht.lide. Airflow is indicated with an anow, the setting spring with a zigzag, crossed by an arrow tor
adjuslirbility. Th6 rirain symbols are:

ISO SYMBOLS for AIR TREATMENT

,A
\I/
Air

Heater

+
Multi stage
Micro Filter

+
Heat

Exchanger

+
Lubricator

Pressure
Regulator

Regulator
with r€lief

Dift€renlial Pressure
Pressure Gauge
Regulator

)
FRL Unit. detailed

FRL Unit,
simplitied

Fig. A.1 Symbols lor Air Treatment Components ISO 1219

Pressure Reoulation- -Z- E- ,--E_ AL l  s  f r - + + t J :  I
Basic Adiustable

Symbol Setting
Spring

Units
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A C T U A T O R S
A linear cylinder is drawn as a simplitied cross section. No difference is made between piston and other

types of cylinders. A rolary actuator has its own symbol; here also, it applies for all kinds, with rack and pinion
or van€ €tc.

Singl€ Acting Cylinder,
push type

t-n
t l l
T-T
Double Acting

Single Acting Cylinder,
pull type

Double Acting Cylinder with
adjustable air

Double Acting Cylinder, Rotary Actuator,
with double end rod double Acting

Flg. A-2 ISO Actuator Symbols

V A L V E S

The basic symbol for a directional control valve is a group of squares. The input and exhaust(s) are drawn
on the bottom, the outputs on top. There is one square lor each function. As valves have two or more different
functions, squares are lined up horizontally, the rule of thumb is thal each function is represented by a square:

m
t \

Inside the square, flowpaths are indicated by anows V \ between the interconnected ports, intemally
shut ports are shown with the symbol T.

Externally, on the bottom ot lhe square, air supply is shown witn 6 anA exhausts with V.

A supply line is drawn as a solid line,

a pilot line is dashed

exhaust lines are dottod

Symbols lor the operatora are drawn on the ends of the double or triple square.
The following operator symbols are shown for th€ left-hand side, except the spring, which is always on the

opposite side of an operator as it is a res6t mechanism, bul is technically termed as an op€rator. ll operators
are placed on the right hand side they will be in reverse (flipped horizontally).

DO NOT COPY WTHOUT WRMTEN PERMISSION - 109 -



Return Spring (in facl not an 
M Mechanical (plunge0: -.

operator, bul a built-in element)
Boller Lever: CE one'way Floller Lever: qr-\cE
Manual oPerators: general: = Lever: 

r
i--

PushButton: F Push-Pull Button: (F-

Delenl for mechanical and manual operators (makes a monostable valve D&
bistable):

I ni, Operation is shown by drawing the (dashed) signal pressure line to

I rtre side of the squarei the direction of the signal llow can be indicated by ---D--'
I a trianole:

I o,, oplration for piloted operation is shown by a rectangle with a triangle. l-El
I This symbol is always combined with another operator.

I on"o solenoid operatio 
" m piloted solenoid operation l7T1

I
I The table A-3 below explains ho\r,, these symbol €lemenls are put together to lom a complete valve
symbol.

I +m f,'ffi' -ffik" s&ia d:?Hfl" fi'ffi' -d*h" s;li;l
|-f-l l- ^t

T rr rr Al lW oR tr, AJ LI-l ry\  \  T i  \  \  t  /
\ \ t / \ \ t /

, \ \ / / Manuallvooerated, \ \ / /
| . \ fT-T-|. i ,Normally Open 312 valve, \ ITTFI ^ ̂ ',ffiil#,iilf';i'"";J\Jffi

wirhsprinsRetum 
"--t#

Exhaust V "='z 
' O --"'.-6! ^na,*ry

The main opeEtor symbols are:

Mochanical
Operation

-

Inpul lnput dos€d,
conftict€dto OutDut

O.rtout exhaust€d

H  N M
Input

conn€ctedto
Output

rr|
l T \  |

P N E u  A t l c  T E c H N o L o G Y

M€chanicel
Operalion

o R =

Mechanically Operated,
normally closed 312

(non-passing)
Valve with Spring Return

R€lum
Spnng

lnDut dos€d.'Ouput 
Fetumgxhausted Dpnng

M
I

ainsrpptv 6/
\o.,n"r.

Fig. A-3 How to combine Valve Symbols

DO NOT COPY WTTHOUTWRITIEN PERMISSION -  1 1 0 -



P  E U M A T t c  T E c H N o L o c v

ctRcurTs
B A S I C  R U L E S

A circuit diagtam is drawn in the rest position ol the cont.olled machine, with the supply under pressure, but
in lhe case of mixed circuits, without electrical power. All components must be drawn in the positions resulting
from lh6se assumptions. Flg. A- 4 illustrates this:

fhis cylinder chamber and the rod side ot
piston ar€ undsr oressure: rod

This line is in connection with
lhe supply lhrough the valve:

il is oressurized

Feat cylinder
chamber and this line

are exhausted

As spring defines position,
this square is in function

Flg. A.4 Basic Rules for composing circuit diagrams

R E S T  P O S I T I O N

Mechanically operated valves, controlling the rest positions ol the cylinder driven parts, are operated in rest
and have to be drawn accordingly: with the external connections drawn to the square on the operator sid€. In
a normally closed 3/2 valv€, the output is then connected with the supply and theretore under pressure.
Equally, if the signal line to a monostablo air operat€d valve is under pressure, ii has to be drawn in the

no pEssut€
I

|  |  |  \ - - - t _
r- l  T |  \  I^^,

-----6-v-
3/2, normally closed

pressure
I

.  IT f f -  
- l .  

.  .
HJ -I_\ ]/VV

(,
3i/2, normally open

delent, must corre€pond wlth valve position

i/ noon,uun \ o*ur"ruru
3il2, normally

monoslable valves nevet ooerated

In rest theE is no solenoid €nergized: operator
inaclive and valve position definsd by the spring

Fig. A-5 Bules conceming valve

bistable valves: both positions possible.

positions: Manual Operation

operated position.

Further rules ar6:
Manually operated Valves
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Electrically and pneumatically operated Valves
Alr operated valves may be operated In rest

jg_ejg:s_uP_+,_

Solenolds are never operaled In roat

Flg.A.6 Rul€s for rest posilion ol solenoid and air operated valves

Mechanically operated Valves
No valve wlth lndex '1" ls

All valves wlth Index "0' ar€

Fig. A-7 Rules lor rest position of mechanically operated valves

C I R C U I T  L A Y O U T

In a circuit diagram, the flow of the working energy is drawn from the bottom to th€ top and the sequence of
the working cycle lrom th6 left to the right. Consequ€ntly, thd air supply (FRL) Unit is situated in the lower left
corner, lhe cylinder lhat pertorms the first stroke of the cycl€, in the upper left comer etc.

The power valves are drawn directly below their cylinders; th6y torm a 'Power Unit'thal is coded with a
capitaf fetter (see Nomenclalure). In purely pneumatic circuits, 312 rollerfiever valves, controlling the €nd
posilions of the cylinderdriven machine partrs, are situat€d in a low€r level.

Between power valves and the power unils th€re may be additional valves to €nsure the correcl sequence
(memory lunction), and, som€times, additional valves to realize c€rtain interlocks by logical functions. Th6
bloc* diagram ot fig. 6 explains this more etfectively than descriptions.
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First stroke ot the cycle Last stroke of th6 cycle

LOGIC Level
Memories,
AND's, OR's,
Timings etc.

,fsrll m tI
SIGNAL INPUT Level Codes: a9, ar ,bo ,br ,% and cl

*{I"il"ilqil
Flg, A€ The basic layoutof.a pneumalic.circuit diagram.

N O M E N C L A T U R E

Previously, pneumatic circuits were drawn 'topographically, with the roller-operated valves positioned on
top, drawn as being operated by 'cams' on th6 cylinder rod ends. This is the situation we will have on the
training kit when simulating a machine control. In modem more sophisticated circuits, this leads to a muttitud€
of crossing lines. The modem and only reasonabl€ method is to line the symbols of these roller-operatod
valves up, as in Fig. A-8, and posilion them to allow vertical signal lines, straight to their destination. Their
place on th€ machine is then indicated with a selt-explanatory code.

This selFexplanation is achieved by consld€dng certain equipm€nt to form one functional set. The starting
point is the "Power Unit" which is coded with a capital lefter. This can be in alphabetical order, in the sequence
of the working cycle, or initials ot th€ operation, {or exampb rc" fur clamping; "D" for Drilling etc.

The (mention€d) lunctional sef includes the actuator, the power valve and the two roller/lever valves that
detect the two end positions.

The rest position is coded with an index f0', the fuorking position" with a "1". Note that the rest position is
the real position of the moving machine parts and not that of the piston rod. Only in simulation with a training
kit do we consid€r'rod in" as the rest Dosition.
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. W6 have to ditferentiate between a signal, produced by lhe roller/lever valv€s, and commands, signal
I pressures thai operate lhe power valvesiln simple circuits, a signal can be a command. Then the code of the

signal delines the source (the now completed action on the machin€), and the code of th€ command tells
which next movement will be started. In more complicated circuits, a command will be the outpul of a valve
used tor a logical tunclion.

As th€ r6st oosition is rc', all end-of-stroke valves operated in the rest position have an index zero. Those
op€rat€d in the opposlte end (\^,ork position") have an index "1". Fig. A-9 shows a situation with a litting iable
moving up and down as long as the starvstop valv€ is switched on in the three versions: as a situation sketch,
an imDression of how lhe circuit looks when simulated with the training kil and lhe circuit diagram'

CIRCUIT

Flg. A-9 Comparison of a situation sketch with the simulation set-up and the ckcuil diagram
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S A M P L E  D I A G B A M S

We will look at this in a sample diagram. Diagram A-10 is the circuit tor the sequenc€:

"A+, B+, B-, A-".
ll is divided into the thr€e levels, the power section on top, the signal inputrs on the bottom and in between

the 'signal proc€ssing'. This latler term means, that the signals trom th€ machine negd additional signals
ancuor fogical interconnection lo g€t the right sequsnce. In this case, a memoryis required to be switched by
the commands "M+" and "M-". You will r€cognize this valye as the cascade valva in tig. 8.25, which is of
course a memory, Logical functions are lhe series connections (AND functions) of lor exampl€ the start/stop
valve with the memory. The ellect is, that as long as the cylinder A is not back in its rest position the start is
not effective. Only after operation of the roller lever valve a6, the memory will be reset into the drawn position
and supply air to lhe start valve. This allows repeating cycles by switching the starystop valve "ON". Resetting
it into the drawn rest position will cause the sequence to stop after completion of the running cycle.

POWER Level

Command A-<A-_
I
I co'Uand-Ll

staru$op

SIGNAL Level

Checking the machine

M - l
Signalbl  and i ---
CommangEEi

I

Fig. A-10 Sample Diagram

LOGIC Level
Signal
Processing

- -1 
Siqnal ao and. t

I Command M+
l-
I
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Industrial pneumatics will continue to be a reliable, cost etticient, and productive means to automate
machines and processes. lt remains, after a cenlury of applications, an eflective way to store energy and
orovide work.

smarter products; machines that will, on
an elementary level, think about what
lhey're doing and respond to ever
changing circumstances. Pneumatic
components will continue to provide lhe
power to build the dreams of emerging
tuture technologies.

The section of a machine shown on
the left should serve as a reminder that:

1 . lhere will always be a need lo
automale.....there are so many old
machines and fixtures that can be
made more €fficient and more
productive

simpler is b€tter.....a general rule

safest is not iust th6 best way-- it is
the ONLY way. Never design a
circuit, use a product, or operate a
machine without safety as your
primary conc6m.

The tuture rests on the lundamentals.

To continue in this field ot study, consult your local SMC otfice or distributor tor additional t6rit titles,
workbooks, and course oflerings.

2.

o.
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