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Lesson 1 

The Evolution of Compressed Air 

M a n has use d compressed air to tra n s mit use
ful e ne rgy eve r s ince ea rl y hunters d eve loped 
th e bl ow-g un . Us ing th eir lungs, with ca pac i
ti es of abo ut 6000 in 3 / min. , th ey co uld d e ve lop 
press ures o f 1 to 3 psi . Ma n 's lun gs w e re a p oo r 
compressor for c re a ting a la rge us e ful workin g 
fo rce . 

Th e de ve lopment of more powerful a nd e ffi
c ie nt mec h a ni ca l compressors wi ll provide a 
good rout e for trac ing m a n's de ve lopm ent o f 
p n e um a ti cs a s a n en ergy form . 

T h e ro ut e , how e ve r , has a r a th er s low st a rt 
w ith so me n o ta bl e stumbl es. 

T o s ta rt , th e fir s t co mpressors, pro ba bl y s im
p le be ll ow lik e d ev ices, we re d eve lop ed so me
tim e prior to 3000 S .c. to provid e s m a ll puffs 
of a ir to a id in fir e s tar tin g . Th ese ev ol ve d int o 
la rge r , but no t s ignifi ca ntl y more so phi s ti
ca ted , unit s us ed in b a si c m e ta l smeltin g a b out 
1500 S .c. 

Th e d eve lop ment of pn e um a ti cs r e m a in ed re l
a tiv el y s ta ti c until la te in th e 18 th ce ntur y 
w h e n mec h a ni ca l co mpressors ac h ieved the 
ca p a b ilit y o f ge nerating pressures as hi g h as 
15 p s i (a pprox im a tely 1 b a r) . 

It was not until th e 1800's , ho we ver, th a t co m
pressed a ir w as s eriousl y con s id e red as a n 
indu s tri a l e nergy tra nsfer m edium . Durin g 
thi s p e ri od , th e re we re se v er a l la rge sca le 
a tt empt s to use th e e merg ing tec hno logy 
produ c tiv ely . 

One of th e m os t not a bl e, if un s uccess ful. 
ex p e rim ent s wa s th e a tt empt to p ow er a mill 

( 
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with compressed air from a compressor located 
at a waterfall 3,000 feet from the plant site. The 
emerging, and not fully understood, technol
ogy stumbled here. Clay pipe, fine for trans
porting water but not air tight, was used to 
connect the compressor to the remote plant. 
Air was delivered, but due to clay's permeab-il
ity, sufficient pressure was not available to 
turn the mill. 

Early in the 19th cent ury, trusting to the 
potential of compressed air, and assisted by 
the development of compressors capab le of 
producing 90 psi [approximately 6 bar, or 
about 6 limes the power of early 16th century 
compressors), pneumatics was selected to 
power a monumental tunnelling project in Mt. 
Cenis, in the alps. If manual drilling methods 
were to be used, it was estimated that the 8-1/2 
mile [13.7 KM) tunnelling project would 
require 30 years to complete. 

Using pneumatic rock drills, operating from 
over 4 miles of air lines, the tunnel was suc 
cessfully completed in 14 years. It was open to 
traffic in 1871. 

This successful application of the technology 
attracted international interest, leading many 
city governments to talk of building central 
compressor stations for city-wide power. 

Paris, the City of Lights, was actually the City 
of Air. In 1888, Paris installed a 65 HP [48 Kw) 
compressor feeding 4 miles of mains with 30 
miles of branches [a converted sewer system), 
delivering 90 psi [approximately 6 bar) air. By 
1891, the capacity was increased to 25 ,000 HP 
[18,642 Kw). 

Once compressed air was commercially avail
able, pneumatic devices were everywhere; 
among them were small air-powered electrical 
generators in restaurants, hospitals, and 
theaters. Admittedly, prestige and novelty 
played a part in the rapid acceptance of 
pneumatics. 

Among the many visitors to Paris at the time 
were engineers, many of whom decided compres
sed air was the energy transmission system of 
the future. Conversely, they believed thal 
another emerging technology, electricity, had 
far too many technical shortcomings to ever be 
successful. 

Obviously, neither extreme was correct. The 
use of compressed air and electricity expanded 
during the late 1800's. 

In the technological evolution, both electr icity 
and pneumatics each found their place, elec-
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tricity being the most convenient form for 
large-scale energy transmission and pneu
matics finding specific industrial applications 
including power and process service and con
trol functions. 

The development of mass production on 
asse mbly lines as a standard industrial pro
cess increased the demand and app lica tion 
possibilities of com pressed air . A list of typi
ca l industrial app lications is presented at the 
right. 

In recent years, co mpressed air has been app 
lied to control circuitry , dental drills, surgery, 
as well as to many industrial processes requir
ing high forces or impact blows. Light weight, 
durable and safe pneumatic tools , s uch as 
pneumatic staplers and pneumatically P9wered 
impact wrenches are familiar to many . 

Other modern applica tion s of the technology 
which began with the lung powered blow-gun 
are as varied as compressed a ir starters for 
diesel motors, snow making machines for sk i 
slopes, and pneumatic lift s in automobile ser
vice sta tion s. 

This text will introduce you to the basic prin
cip les and components found in the typica l 
industrial pneumatic, compressed air system. 
It is also designed to help you understand 
basic pneumatic circuits that form an integral 
part of the "muscle" lik e parts of the above 
applications. 

Air Brake 
Air Cylinder 
Air Motor 
Atomizing 
Buffing 
Chipping 
Reaming 
Screw Driving 

Industrial Applications 
of Compressed Air 

Conveying 
Die Casting 
Drilling 
Elevating 
Forming 
Grinding 
Riveting 
Transferring 

Hoisting 
Mixing 
Paint Spray 
Pile Driving 
Pressurizing 
Process Control 
Stapling 
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Lesson 2 

Force Transmission Through A Fluid 

Pn e um a ti c sys te m s a re fluid p ower s ys te ms . 
Th ey ge ne ra ll y us e a ir , a hi g h ly compres s ibl e, 
gase ou s fluid a s th e m edium of en e rgy trans
mi ss ion . Ju s t a s ot h er powe r tra n smi s si on s ys
te m s (m ec h a ni ca l, h yd ra u lic, e lec tri ca l) , pn e u
m a ti c s yst e m s a re ca p a b le o f tr a n s mitting a 
st a t ic for ce (pot e nti a l en e rg y ) a s w ell a s 
kin e ti c e ne rgy. Wh e n a for ce is tr a ns m itt ed 
th ro ug h a gas, it h ap p e ns in a s p ec ia l way. T o 
illus tra te thi s point , we w il l compare for ce 
tra ns mis s io n throug h a so lid a nd force tra nsmi s
s ion th ro ug h a confined liqui d (a nd through gas ). 

force transmitted through a solid 

Wh e n a force is a pp li ed to a so li d, th a t fo r ce is 
tra nsm itt ed throug h th e solid a nd res ult s in a 
ne t fo rce ac ting in th e sam e d ir ec ti on a s th e 
or ig in a l fo r ce. A s our exa mpl e at th e r ig ht 
s h ows, if we pu s h o n a so lid bl oc k , th e force 
w il l be tra n s mitt ed in th e direc tion of th e a pp 
li ed fo rce , thro ug h th e bl oc k to th e o ppo s it e 
side . 

force transmitted through a fluid 

Bu t, unl ike a so li d , a fo r ce a ppli ed to a co n fi ned 
flui d (gas o r liquid) is tr a n s mitt ed equ a ll y in 
a l l direc ti o n s throu g h out th e fluid in the form 
of fluid press ure (ge n e ra ll y ex press ed in p s i o r 
ba r s ). 

T o he lp ill u s tra te this , i f th e fl u id is a li qu id 
(w hi ch is n o t ve r y co mpress ib le ). the pis ton 
w ill n o t m ove a pprec ia b ly w he n for ce is app
li ed. How e ve r , in th e cas e of a ga s eo us flu id 

.. 
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(which is generally very compressible), the 
applied force would push the piston down 
compressing the gas. Piston movement would 
cont inue until the intensity of the gas pres
sure, acting against the piston area, equa ll ed 
the intensity of the applied force. 

A confined gas will transmit pressure regard
less of how it is ge nerated. As far as the gas is 
concerned, an applied force will result in pres
sure whether the application of that force 
comes from a hammer, by hand, weight, fixed 
or adjustable spring, or any combination of 
forces. 

All fluids, liquids or gaseous, take the shape of 
their container. Because of this ability, pres
sure is transmitted in all directions regardless 
of the container shape. 

pascal's law 

This property of a gas, to transmit pressure 
equally in all directions throughout itself, is 
known as Pascal's Law. This is in honor of 
Blaise Pascal, who is accepted as having first 
defined the principle. 

applying pressure 

Thus far, in transmitting pressure through a 
confin ed gas, some sort of movable member 
has been used to apply the pressure. The most 
common movable member is the piston. 

Now, in order to determine the intensity of the 
force being applied to a system, the total force 
applied must be divided by the effective area 
of the movable member, (in this case the pis
ton). For examp le, if an applied force of 1000 
lbs. (4525N) were applied to a piston with an 
area of 10 in2, (65.6 cm 2), the resulting pressure 
[neglecting seal friction) would be 100 psi, [6.9 
bar). 

force 10001bs. . 
pressure = -- = 10' 2 = 100 pSI (6.9 bar) area In 

area of a circle 

However, in most cases the area is not known, 
but the diameter or bore of a piston is. In these 
cases th e piston area must be calculated. The 
area of a circ le (piston) is 78.54% of the area of 
a sq uare whose sides are the length of the cir
cle's diameter. To determine the area of a cir
cle, multiply the circle diameter by itself a nd 
then by .7854 or by f. 
circle area = diameter2 x -f = diameter x 

diameter x .7854. 

Movable 
Piston 

Gas 

Diameter 



There is another way to determ in e the area of a 
circle. It is as fo ll ows: (radius) x (radius) x 3 .14 
or Rl rr. 

fluid pressure to mechanical force 

Bu t , app lying a force to a gas and transmi t ting 
the re sulting pressure throughout the fluid in 
variou s shap ed contain e rs do es not res ult in 
useful productive work . 

Th e g a s pres s ure must be conv erted in to 
m echani cal for ce and motion before u s eful 
work can be don e . Thi s convers ion is th(~ func
tion of (j fluid power a c tuator , thilt is, to ac ce pt 
g as pres s ure a nd con ve rt it into a nH!chilnical 
for ce which is c apabl e of mo v in g a "work" 
pie ce . Th e mo s t c ommon type of act uator is the 
fluid p o wer cy linder. 

fluid power cylinder 

Th e s impl e fluid pow(~ r cy lind e r accept s fluid 
pressure and con v (!rts it into a s lraight-lin e , or 
lin ea r , mechanical for ce a nd motion. 

what cylinders consist of 

A fluid pow(!r c y lind e r basi cally consi s ts of a 
c y lindri c ill bod y , a mov a ble pi s to n, and a rod 
attached to th e piston , il closure with il port at 
one e nd, and wi th a port and an op e ning for the 
rod at th e oth(~ r w ith s ea ls at th ~~ piston and rod 
bearin g s urfa ce s . At th e " blind " e nd of a n ele
mentary cylinde r, th e cylind e r body h il S an 
inlel port b y whi c h fluid can e nt e r the body . 
The 01 h(~ r end is open 10 atmo s ph e re . 

how cylinders work 

With Ih e c y lind e r inl e t port conn ec ted to the 
fluid power s ys tem, th e cylinder b ec om es part 
of th e sys tem. In our illu s tration, when a force 
is applied a t p o int A, Ih(·! n~ sultin g pressure is 
tran s mitt edthro ug houllhe s y st e m and a c t s on 
the pi s ton in Ih e cylinder. Thi s result s in a 
me c hanical fo rc!! at point B. 

mechanical force multiplication 

Th es (~ m echanical forc es can b e mulliplir.d. 
Th e d e te rminin g faclor for forc e mu lti pli ca 
tion is the movable area on which pressure is 
working. Since pressure is transmitt ed equa ll y 
in all directions throu g houl a confined fluid , if 
il cylind e r piston has more are a than th e mov 
ab le m e mber that is d e v e loping Ih e pres s ure, 
output force wi ll be g reater th a n input forc e. 

For an examp le , assum e that Ihe resi s ting 
obj ec t is stationary and wi ll not Illov e . A 

Inlet Port 

Point A 
Applied Force 

Actuator 

Movable Piston 

Cy lindrical Body 

Mechanical Force 
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1000/ lb. (4525N) force on the 10 in2 (65.6 cm2) 
area piston results in a pressure of 100 psi (6.9 
bar) throughout the system. The 100 psi (6.9 
bar) acts on the cylinder piston with a 15 in2 

(98.4 cm2) area, resulting in a mec hanica l force 
of 1500 lbs. (6787N). 

For US units 

force (lbs) = pressure ~b~ x area (in2) 
10 

For SI units 

bar 
force (N) = pressure 0.1 x area (cm2) 

intensifier 

Another method used to increase the fluid 
actuator force output is to increase the system 
pressure. One device used to accomplis h this 
is the intensifier. An intensifier multiplies 
fluid pressure. 

what a simple intensifier consists of 

An intensifier basically consists of a housing 
with inlet and out let ports, and a large area 
piston co nn ected to a sma ll area piston. The 
volume between the two pistons is open to 
atmosphere (vented). 

how intensifiers work 

The inlet port of the intensifier is connected to 
a source of flu'id pressure, either air or hydra u
lic. The intensifier outlet is connected to the 
part of the system contain ing fluid where the 
intensified pressure is desired. 

An intensifier wi ll multiply , or int ens ify, an 
ex isting fluid pressure by utilizing a fluid (air 
or hydraulic) pressure on a large area piston 
a nd applyi ng th e resultant forc e to the sma ll 
area piston. Fluid pressure is therefore inten
sified or multiplied a t the actuator. In our 
example (at the right), assume that an object is 
to be clamped. An input pressure of 100 psi 
[6.9 bar) at the int ensifier inlet ultimately 
results in a high output clamping force of 6000 
lbs . (27150N). 

movement sacrificed 

Up to this point, it has been illustrated that a 
cyli nd er can be used to multiply a force by the 
action of fluid pressure acting on a large piston 
area. When multiplying a force with fluid 
pressure, it may have appeared that something 
was received for nothing. It might appear tha t 
a smaller force could ge nerate a larger force 

1000 lb • . 

Inlet Port r;::::::;;;:====:::J 

~ 
Large Area Piston 

Point A 
1000 lb •. 

Stroke 

Vent 

/ Housing Outlet Port 

Small Area Piston 



under the right circumsta n ces, and nothing 
was sacrificed. However, if the force were to 
b e multiplied and moved at the same time, 
something would be sacrificed. That some
thing is distance. Each cy lind er has a stroke 
and volume. The stroke of a cy linder is th e 
distance through which a piston and piston 
rod travel. The cy lindri cal volume is the pis
ton 's displacement. It is calculated by multip
lying the stroke, in inches , by the piston area, 
in square inches . This will give the volume in 
cubic inch es . 

For US units 

cy linder volume = piston area x stroke 

( i n l) = (i n 2) X (in} 

For SI units 

cy lind er volume = 

. k [ ) (I,mm) piston area x stro e cm x 10 

[ c m l) = (c m 2) x (c m) 

In the illustration, the system is filled with a 
fluid . The top piston must move throu g h a dis
tance of 2 in. (50.8 mm) to make th e cylinder 
piston move 1 in . [25 .4 mm) . In both cases the 
work done is the same. The top piston displa
ces 20 in :l [328 em") of fluid and the lower 
piston is displaced by 20 in l (328 cm l) of fluid. 

When forces are multiplied with fluid pres
sure, mo ve ment (distance) is sacrificed by the 
same ratio as the force increase. 

pressure scales 

Either of two pressure sca les are used to mea
sure pressul'(~ in a fluid power system - an 
abso lut e sca le or a gage scale. 

gage pressure scale 

The gage pressure scale measures pressure 
relative to the a mbient atmosphere and thus 
hegins at the point of a tmospheric pressure. 
The unit of measure used for pneumatic fluid 
power is psi (bHr). An ordinary press ure gHge 
used in H fluid power system operHtes on thi s 
scale. Th(~ gag(~ scale indicates fluid press ure 
exerted by th e gas in th e system . To meHsure 
the total pressure of the gas in th e system 
including atmospheric press ure, th(~ Hbso lut e 
pressure sCH le is used. 

measuring atmospheric pressure 

Up to thi s point we have been meHsuring pres
sure in pounds per square inch (psi) or (bar). 

9 
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But, it is not uncommon to express low pres
sures by the height of a liquid column. This is 
how we me as ure the pressure exerted by the 
a tmosphere . We generally think of air as being 
weightless. But , the ocean of air surrounding 
the earth has weight and thus exerts a 
press ure. 

Back in th e 17th century, a physicist named 
Torricelli determined that atmospher ic pres 
sure could be meas ured by a column of mer
cury (Hg) . Filling a tube with mercury and 
inver tin g it in a pa n of mercury, he discovered 
th at on a typica l day a standard atmosphere at 
sea lev el could support a column of mercury 
29.92 inches hi g h (760 mm Hg) . Sea leve l 
atmospheric pressure th erefore measures, or 
exer ts th e same pressure as 29.92 in ches (760 
mm) of mercury. Any eleva tion above sea level 
would normally measure less. Torricelli 's 
a tmospheric measuring device is known as a 
barometer. 

Sometimes it is desirable to co nvert pressure 
from inches of mercury to psi. Since one in ch of 
mercury exerts a pressure of 0.491 psi, multip
lying a mercury co lumn heig ht by 0.491 con 
verts inches of mercury to psi. For inst a nce, to 
co nvert a pressure of 29.92 inches of mercury 
to psi, 29.92 is multipli ed by 0.491 yields 
app ro ximately 14.7 psi. Therefore, 29.92 inches 
of mercury (st a ndard sea leve l atmospher ic 
pressure) is reported as a 14.7 psi. 

absolute pressure scale 

The absolute pressure scale begins at the point 
where th ere is a complete abse nce of pressure. 
It can measure a nd does include atmospheric 
pressure. 

Either psi or inches of mercury are currently 
co mmon in the U.S. In the SI system the terms 
mm or Hg are used. To differentiate between 
the two pressure scales most commo nl y used 
in the U.S.A., PSIG (pounds per square inch 
gage) is used to denote gage pressure, and 
PSIA (pounds per square inch absolute) is 
used for absolute pressure. 

vacuum pressure scale 

A vac uum is a pressure less than ambient 
atmospheric. Vacuum pressure is a source of 
confusion many times because th e scale begins 
at atmospheric pressure, just as gage pressure, 
but works its way down. In th e U.S. it is co m
monly reported in units of inches (mm) of 
mercury . 

29.92" 

Altitude Barometer 
Above Sea Reading -

Level Inches of 
in Feet Mercury 

0 29.92 
1000 28.8 
2000 27.7 
3000 26.7 
4000 25.7 
5000 24.7 
6000 23.8 
7000 22.9 
8000 22.1 
9000 21 .2 

10000 20.4 

Mercury 

Barometer 

Sea 
Level 

Atmospheric 
Pressure 

Approximate 
Atmospheric 
Pressure -
Pounds Per 
Square Inch 

14.7 
14.2 
13.6 
13.1 
12.6 
12.1 
11 .7 
11 .2 
10.8 
10.4 
10.0 

Column x 0.491 
Height 

P.S.I. 

Sea Level 
5 Atmospheric 

3 
~ Pressure 

1 
~ , 

Vacuu m 

PSIG 
5" 

10" 

15" 

20" 

25" 1 
29.92~ 



how vacuum is determined 

In th e illu stration, a pan of mercury open to the 
atmosphere is connected by me a n s of a tube to 
a fl as k w hi c h has th e same pressure as the 
a tmo sp h e re. Since th e press ure in s ide th e 
fla sk is th e same as th e pre ssure ac tin g on th e 
p a n of mercury, a co lumn o f m e rcury ca nnot b e 
suppo rt(·!d in th e tu be . Atmospher ic pressure 
is h ala nced by th e pressure in th e fl ask. Zero 
in c he s (0 .0 mm.) of mercur y (H g ) in th e tub e 
indi cA tes a no- vacuu m cond ition in th e fl ask. 
If th e fl ask were eVHc uat ecl s o th at pressure 
insid e were reduced by 10 in c h es (254 IllIll.Jof 
Ill e rc ur y , atmospheric pres s ure ac tin g on th e 
m e rcury in the pan would s upport a co lumn of 
lm~ rcury 10 inch es (254 mill.) hi g h . A tm os
ph e ri c press ure is bHIHnc ed by th e pressure in 
th e fl as k plus th e press ure exe rt ed b y 10 
inchf!s (254 mm .) m ercury. Th e vacuu m wo uld 
meR s ure 10. (254 mill .) H g. II' the fl ask were 
evac u a ted so that no press ure re m a in ed and H 
co mpl e te vo id ex is led, a lmospheric pressure 
co uld s upporl a co lullln of Ill e rcury 29.92 
inchp.s (760 mm.) high al sea leve l. Th e vacuum 
wou ld m (~as ure 29.92 in. (760 mm.) Hg. Zero 
in c h es o f m e rcury vacuum is Htmosphp.ric 
press ure o r the absp.n ce of vacu um. 29.92 
in c h es (760 mill.) m e r cury vacuum indic,lIes 
n e ar ze ro Rbsolule pressure of high vac uum a t 
sea leve l. Va c uum p ressurp. has a n eq ui vH le nl 
point on th e abso lu te pres s ure sca le as can b e 
see n vvhe n lhp. 1 wo sca les are compared. For 
examplf!, a l sea level a vacuum of 12 in.(305 
mm.) H G . is th e same HS Hn Rhsolute press ure of 
18 in. (4 57 mm .) Hg . Somet imes it is he lpful to 
co n ver t vacuum press ure to a n ahso lut e pressure . 

pressure gages 

A pressure gage is a d ev ice wh ich m eRs ures 
th e int e n s it y of a force appl ied to a fluid . Tw o 
l y p es of press ure g;tges are most c omll1onl y 
use d in a pn e umati c sys te m - th e bourdon 
tub e gagf! and th e plung e r gHge . 

plunger pressure gage 

A plun gl! r pressu re gage co n s is t s of a p lunger 
conn ec ted t o sys tem prr!ss ul'{!, (l bias s pring , 
po int e r , Hnd a s CH le cal ihrated in prp.ssure 
unit s of ps i (b a r). An exa m p le wou ld b e auto 
tire gages . 

how a plunger gage works 

As press ure in H system rises, th e plunger is 
m oved by th e press ure ac tin g aga ins t th e forc e 
of th e b ias spr in g. This mov e m e nt CRuses th e 

14 .7 PSIA 

" 
30 (29.92) 
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20 
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pointer attac hed to the p lunger to indica te the 
a ppropriate pressure on the s ca le. Plunger 
gages are commonly found in hydrauli c fluid 
power systems. The y are a dura b le a nd ec o
nomi ca l means of me as urin g s ys tem press ure. 

bourdon tube pressure gage 

A bourdon tub e gage b asi ca ll y consi s ts of a 
di a l face ca libra ted in th e des ired press ure 
unit s a nd a needl e pointer a tt ac hed thro ugh a 
link age to fl exibl e meta l curved tub e, ca ll ed a 
bourd on tub e. Th e bourdon tub e is connec ted 
to sys tem pressure. 

how a bourdon tube gage works 

As press ure in a sys tem ris es , th e bourdon 
tub e tends to s tra ighten out. Thi s ac tion 
ca uses th e p ointer to move a nd ind ica te th e 
a ppropria te p ress ure on th e di a l face. Bourd on 
tub e gages are re la ti ve ly prec ise instrumen ts. 
They are fre qu entl y used for labora tory pur
poses a nd on sys tems w here pres sure de ter
min a tion is rela tively import a nt. Th eir acc ur
ac ies ra nge fr om ±3% to ±. 1 % of full sca le 
reading , depend in g on the acc uracy level of th e 
gage. Press ure gages us ua ll y meas ure sys tem 
press ure w hi ch is a bove a tm osp heri c. Th e 
unit s a re in ps i (b ar ) a nd th e sca le is gage 
press ure or PSIG. T o de term ine a n a bso lut e 
pressure from a gage rea ding , a d d the a tm os 
pheri c press ure to th e gage rea ding. Fo r exa m
pl e, if a mac hin e were op er a tin g und er nor ma l 
conditi ons a t sea level a nd s ys tem press ure 
were 122 PSI G, th e a bso lut e p ress ure wo ul d 
be 136.7 PSI A (122 PSIG + 14 .7 ps i [9 .4 bar]) . 

vacuum gage 

A vac uum gage is a bo urdo n tu be gage wh ich 
meas ures press ures below a tm os ph eri c. A 
vac uum gage is ge nera ll y ca libra ted fr om 0 
- 30 . Eac h d ivis ion typ ica ll y represe nt s th e 
pres sure exer ted b y one in ch of mercury . At 
sea level, to de term ine a n a bso lut e press ure 
from a vac uum gage rea ding, s ubt ra c t th e 
vac uum in in ches of merc ury fr om 29.92. Fo r 
inst a nce, a vac uum rea ding of 7 in . Hg. at sea 
leve l is ac tu a ll y a n a bs olut e press ure of 22.92 
in . Hg. or a p prox im a tel y 23 in. Hg. 

Absolute 
Pressure 

Absolute 
Pressure 

1500 

Fluid in 

Bourdon Tube Gage 

Gage 
R d· + 14.7 P.S.I. ea mg 

Vacuum 30 - Reading 



lesson review 

In this lesson of force transmission through a fluid we have seen that: 

• The intensity of a force app lied to a confined liquid or gas is transmitted equa lly in a ll directions 

throughout the fluid in the form of fluid pressure. This is Pascal's law. 

• A fluid power cy linder converts fluid pressure into s trai ght-line, or lin ear, mechanical force. 

• The greater the pressure at a cyl ind er's piston or the larger the piston area, th e gre8ter the mechanical 
output force. 

• An intensifier multiples fluid pressure resulting in an increased output force at Hn ac tu ator coupled to it. 

• When forces are multipled with fluid pressure, movement is sHcrificed . 

• Two pressure sca le s are used to me8sure pressure in H fluid power system - an Hbsolute sC8le or a gage 
scale. 

• It is not uncommon to express lo w pressures by the height of a liquid co lumn. Atmospheric pressure is 
comlllon ly measured by the height of H column of mercury it will support. 

• A vacuum is a pressure less th an atmospheric . VHcuum lllay be measured by the height of a mercury 
column. As an abso lut e measure it can be expressed as a pressure below atmosphere. 

• Two types of pressure gHges Hre common ly used in fluid power systems - the bourdon tube gage 3nd the 
plunger gHge. 

• A typi cH l vacuum gage is a bourdon tube gage which llleHsures pressures below atmospheric . A VHCUUIl1 
gage is ca librated from 0 - 30 . 

13 
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• exercise 
force transmission through a fluid 

50 points 

Instructions: Fill in the blanks with a word from the list at the end of the exercise . Words may be used more 
than once. 

1. The of an applied force is transmitted equally in all directions throughout a confined 
fluid under the form of fluid pressure. 

2. When forces are multiplied with a fluid power system, _________ is sacrificed. 

3. An actuator converts fluid pressure into _________ force . 

4 . At sea level, a vacuum gage reads 6 in. Hg which is actually 24 in. Hg on the _________ sca le. 

5. A cylinder with an 8 in. diameter piston and a 3 in. d iame ter rod, has an effective piston area at the rod 
side of ________ _ 

6. A _________ pressure gage is generally more accurate than a plunger type gage. 

7. An intensifier multiplies fluid ________ _ 

8. _________ inches of mercury vacuum is the same as atmospheric pressure. 

Inlet Outlet 

9. In the intensifier illustrated, a pressure of _________ at the inlet will result in 4000 PSI at 
the outlet. 

1800# 
Force 
Will 

Move 
Load 

10. In th e cylinder illustrated, a pressure of _________ will extend the load. 

absolute 
atmospheric 
barometer 
bourdon tube 
conver ts 
cylinder 
diameter2 
500 PSI 

fluid 
force 
43.2 in2 

400 PSI 
gage 
gas 
height 
intensifier 

intensity plunger 
liquid pressure 
mechanical PSIA 
mercury PSIG 
movement stroke 
19.6 in2 29.92 in . Hg 
Pascal vacuum 
piston zero 



Lesson 3 

Energy Transmission Using 
a Pneumatic System 

Befor e d ec-din g with e n e rgy tr a nsmi ss ion 
thro ug h a gas, it wi ll h e lp our und e rstandin g of 
pn e um a tic s to first d e ter min e w h a t a gas is 
a nd th e n con ce ntrat e o n some of it s p e rtin e nt 
c h a rae teri s ti cs . 

gases 

To begin, gas is mad e up of m ov ing mol ec ules. 
U nlik e mol ecu les of a so lid or liquid, gas m o le 
c ul es a re nol readily a t lrHcled to o n e a n o th e r , 
t e ndin g to r e m a in s e pHrale . Th e refo r e, gas 
mol ecu les must be h o u se d in a co nt a in e r or 
th ey will disperse . Th ey wi ll disperse bec a u se 
of th e ir mol ec ul a r energy and lac k of r es tr 8 in
in g forces. 

molecular energy 

Th ese mol ec ul es which mHke up 8 gas do nol 
fl oa t a ro un d in spHce lik e s no w fl akes. T h ey 
are co ntinu ous ly spee ding thr o ug hout th e ir 
con ta iner, c ra s hin g inlo o th e r mo lecu les a nd 
th e wa ll s or th e ir con tai n er. Their mov e ment is 
more li ke a swa rm of a ng r y b (~(!s than H ge ntl y 
fallin g snow. T his mol ecu lHr ene rgy Hid s the 
gas as iltakes th e shap e an d fill s th e vo l ume or 
it s con ta in e r . 

gases take any shape 
and occupy any volume 

A IHrge portion of th e vo lum e occ upi ec/ b y a 
gas is s p ace. If spac e were e limin a tec/, gas 
mol ecu les would b e in co ntinuous co ntH e t 
w ith o n e another and wou ld th e r efore be a 
liqui d or so li d. 
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With a large portion of space in its makeupand 
with molecules continuously speeding through 
that space, a gas can take the shape of any 
container and fill the volume of that container. 

Solids hav e definite volume a nd definite 
shape. Liquids have a definite volume, but 
conform to the shape of their container. Gases 
take the shape a nd volume of their container. 

heat energy 

Now, in order to more fully understand gas 
properties, we should determine at this point 
what hea t energy is. Hea t in a solid is found as 
vibrating molecules. The hotter a n object, the 
more violently the mol ecules vibrate. 

Liquid mol ec ul es are in contact with one 
another, but are not in a rigid position. They 
are free to slip and slide past one a nother . The 
heat of a liquid is molecules in act ion. The 
hott er a liquid is, the quicker the molecular 
movement. 

In a gas, molecules are co ntinuously moving. 
H eat energy in a gas is this molecular move
ment. A gas with increased temperature has 
faster moving molecul es than a gas which is 
coo l. We must now exam in e th e relationship 
between temperature and pressure. 

gas temperature and pressure 

Under normal co nditi ons, a gas housed in a 
contai ner ha s billions of molecules traveling 
rapidly throughout the volume of the con 
tainer. The speed of those molecules deter
mines the gas temperature as we saw above. 

Each gas mol ec ule , as it speeds through the 
inner atmosphere of th e co nt ainer, is bom
barded by other molecules a nd cras hes into the 
con ta iner walls. Because of the large number 
of molecules in the co nt ai ner, these collisions 
occur millions of times per second . If a pres
sure gage were inserted into th e gas container, 
th e gage would interpret the effect of th ese 
millions of co lli s ions per second as a s ing le 
pressure. 

With th ese points in mind, le t us see what 
h appens when the volume of a co nt a iner in 
which a gas is housed is changed. 

NOTE: First how ever, let us exa min e the rela
tionship of th e compressed gas properties of 
pressure, volume and temperature. The rela
tionship of these proper ti es is expressed by 
the modified ide a l gas law. This law is utilized 
when two states ex ist a nd there is no cha nge in 

. the number of molecules of the gas. The 



mathematical expression of this law is as 

follows: 

wh e r e , 
P is a bsolut e pressure 
T is a bsolut e te mp eratu re 
V is volum e 

Th e subs cripts 1 & 2 d esi g nRt e th e initial a nd 
fin a l st a t e condition s r esp ecti ve l y. This equR
tion tells u s th a t a t a c onst a nt pr e s s ur e 
(PI = P 2 ) th e volum e is direc tl y proportion a l to 
th e a bsolut e t e mp e r a ture. Al so, a t a const a nt 
v olum e (V 1 = V 2) th e press ure is direc tl y pro
p ortion a l to the ab s olut e t e mp e r a tur e. At a 
con s tRnt t e mp e rature (Tl = T Z) th e v olum e 
will c han ge in ve r se l y HS th e Hbs olut e pressur e. 

Thi s Id eH I G as LHW is u se d w h e n w e a re int e r
es ted in s in g le s tat e conditi o n s. 

Th e equH t io n is as follo ws: 

PV = nRT 

w h e re, 

Pi s Hb s olut e pn~ ss ure 

V is t o t a l vo lum e 
n is numb e r of mol es 
R is uni ve r sa l gas co n s tant 

(2271.8 7 Joul es / mol e ) 
T is a a b so lute t emp e rature 
Absolut e Press ur e : Is d e fin ed at Htm os ph e ri c 
pre s s ure plu s gage press ure. 
Ab s olut e 'J' e mp e rHture : Is fa hre nh e it r e adin g 
plus 4 60°. 

Thi s e qu a ti o n w ill d es crib e the be h av ior of a 
re al gas a t lo w press ur es. Tho se press ur es 
t y pi ca ll y found in tod ay 's indu s tri a l pn e u
m a ti c sys te m s . 

At th ese lo w press ur es th e Hu ; ura c y of th e 
Id eH I Ga s La w is Hc ce ptdhl c b ecd u se of th e 
wea k m o lec ul Hr Httr ac tion b e t w{~e n th e 
mol ec ul es. 

air compression 

N ow, s upp ose w e hHd d c y lindri ca l contHin e r 
o p e n to th e Htm os ph e r e, a nd a s s um e that th e 
a bso lut e press ure a nd t e mp e r Rtur e in s id e th e 
cy lind e r a re th e s am e a s th e Hillbi e nt. (A mbi e nt 
re fe r s to s urroundin g condition s ). 

If we fitt ed th e cy lindri ca l contRin e r with a 
c lo se fUtin g piston with a sea l, th {~ gas vo lum e 
would b e r edu ce d wh e n th e piston WHS pu s h ed 
in . Whil e this compress i ve ac tion w as t a kin g 
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place the number of molecular collisions 
would increa se greatly. This increase is due to 
th e sa me number of mol ec ul es occupying a 
small er space. The increase in mol ec ul a r colli
sions is re fl ec ted in a n increa se in both 
tempera ture a nd pressure. After a tim e, excess 
molecul a r energy (he a t) would be given up 
throug h containe r w a ll s and gas temp era ture 
wo uld on ce aga in beco me equ a l to th e a mbi ent. 
But since molec ul es ha ve less of a vo lum e in 
whi ch to roa m, colli s ion s a re still more preva l
e nt. Pres sure remains a t a le vel hi g he r than 
a tm ospheri c, but no t as hi gh a s a t th e p re 
v iou s ly eleva ted temp era ture. 

Wh en a ir is compresse d, it s press ure a nd 
temp era ture in crease but wh a t ha pp ens if the 
vo lum e is ex pa nd ed ? 

air expansion 

Suppose w e ha d an o th e r cylind e r , but this 
cy lind er has a clos efittin g pi s ton midw a y in 
i ts bore. 

Le t us ass um e th a t gas temp era ture a nd pres
s ure und er th e pi s ton a r e th ose of th e a mbi ent. 
If th e piston were pull ed out, gas vo lum e 
would in crease . Whil e ex pa nsion w as occ ur
ing, th e num be r of molec ul ar colli sio ns w ould 
dec rease g l'ea tl y. Thi s is beca us e th e sa me 
numb er of m olec ules a re occ up y ing a large r 
vo lum e. Thi s d ec rea se in molec ul a r co lli s ions 
is re fle c ted in a d ecrease in both press ure and 
temp era tu re. Beca us e hea t ene rgy wo ul d be 
t ra ns mit te d throug h cy lin de r wa ll s a ft e r a 
tim e, gas tem pe ra ture wo ul d once aga in eq ua l 
th e a mbi ent. H ow eve r , s in c-e mol ec ul es have 
more space in which to r oa m , collisi ons are 
s till les s fre qu ent. Press ure rema in s belo w 
a tmosph eri c , but no t a s low a s w hen th e a ir 
was a t red uce d temp era tu re . 

Wh en a ir is a llowed to ex p a nd , ge n era ll y its 
p re ss ure a nd temp era ture d ec reas e. 

pneumatic transmission of energy 

The reaso n fo r us ing pne um a ti cs , o r a n y o the r 
typ e of ene rg y tra nsmiss ion on a mac hin e , is to 
use a co n ve ni ent sou rce of powe r to pe rform 
wor k . A s illu s tra ted prev iousl y , acco mplish
ment of work requi re s th e a ppli ca ti on of th e 
moving for ce (kin e ti c ene rgy ) to a res istin g 
obj ect resulting in th e obj ec t moving throug h a 
di s ta nce. 

In a pn eum a ti c syst em , energy is stored a nd 
di s tribut ed in a pot enti a l st a te , in th e form of 
compressed a ir . Us eful w ork will r esult from a 
pneum a tic s y st em wh en th e compressed a ir is 

0? ~~ .~-~ 100 PSIA Atmospheric 
Pressure 

Atmospheric ~ 
Pressure -~u 

Atmospheric 
Pressure 



a llowed to conver t its potential energy into 
kinetic energy. For example, in the illustration 
a tank is c h a rge d to 100 PSI A [6 .9 bar A) with 
co mpress ed a ir [pot e nti a l energy.) Wh e n the 
val ve a t th e ta nk outl e t is opened, th e a ir in the 
tank will flow until the pressure inside the 
tHnk equa ls a tmosph e ri c pressure. 

To illustra te this point furth e r, two id e nti ca l 
ta nks are co nn ec ted by means of a pipe. Mid
way betwee n the ta nks is position ed a s hutoff 
valve . On e ta nk i s chHrged with 100 PSIA [6 .9 
bar A) compressed air. Th e other tank is cha rged 
to 50 PSIA [3.45 bar A). If the shutoff valve 
were opened, th e 100 psi [6.9 b a r) ,I iI' would 
flow into th e other ta nk until press ures in both 
ta nks w e r e eq ual. We can use this principle to 
perform us e ful work . In a n o ther illu s t ra tiun , a 
ta nk charged to 100 PSIA [6.9 bar A) is con 
n ec ted to a cy linder w ith a shutoff va lve 
se p a rating th e two. Th e cy linder is capa bl e of 
equallin g it s lo ad resi s ta nce wh e n a press ure 
of 50 PSIA [3 .45 bar A) is present a t it s piston. 

When th e sh utoff vH lve is opened , th e 100 
PSIA [6 .9 b a r A) tank a ir will flow in to th e 
cy lind er. The vo lum e into which th e a ir is 
flowin g r e m Hins cons t a nt until 50 PSIA [3.45 
bar A) is present at th e cy lind e r's piston. At this 
time , th e 10H d re sist a nce is equalled; disre
garding friction and other ineffi c ie nc ies the 
cy lind e r piston and lo a d begin to mo ve; the 
volum e int o which a ir is flowing is g rowing. 
Now, work is being done [force mov ed through 
a distance). In this type of system , work will 
co ntinu e o nl y as lon g as e n o ug h press ure is 
present on th e pi s ton a rea to overcome the load 
res istance. While air is flowing out of th e tank, 
pres s ure in th e tank is droppi ng. If ta nk pres
s ure happ e ns to equal cy lind e r pressure before 
a cyc le is completed, work ceases . S in ce a tank 
c harged to a pressure ca n only hold a ce rtain 
Hmount of a ir, a limit ed a mount of work can be 
done. Thi s is H disadv a nt age . 

To perform any appreciab le a mount o f work 
th e n , a device is needed which ca n s uppl y an 
a ir tank with a sufficient amount o f a ir a t a 
desired pressure . This dev ice is a n HiI' com
press or . One s uch d ev ice is th e po s iti ve dis
pl ace m e nt compressor. 

positive displacement compressor 

A positive displac e m e nt co mpressor de li vers 
co mpre sse d air to an air receiver tank. 

This t ype of co mpress o r basica ll y consists of a 
movabl e m e mber in side a housin g. 

The compresso r in th e illustration h as a piston 
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for a movab le member which compresses the 
a ir . This piston is driven in a reciproc a ting 
ma nn er by a cranksh aft which is in turn con
nec ted to a prime mov er (elec tri c motor , inte r
na l combus ti on engine, etc.). At inl e t a nd 
outl et ports, va lve s a ll ow a ir to ent er a nd ex it 
th e cha mb er . 

how a positive displacement 
compressor works 

A s th e c ra nk s haft pu ll s th e piston down, a n 
in cr eas ing vo lum e is form ed within th e hous 
in g. T hi s ac ti on ca uses th e tra pped a ir in the 
pis ton bore to ex pa nd , redu cin g i ts p ress ure. 
When press ure differentia l becom es high enough, 
th e inl e t va lve opens , a llowing a tmo s ph eri c a ir 
to flow in. With th e pi s ton a t th e bott om of i t s 
s t r ok e, t h e inl e t va lve closes. The pi sto n s ta rt s 
i t s up ward move m ent to red uce th e a ir vo lum e 
w hi ch co nse qu entl y in creases its p ress ure a nd 
temp era ture. Wh en press ure diffe renti a l be
twee n the cy lind er co mp resso r cha m ber a nd 
d isc ha rge lin e is hi g h enough , th e d isc harge 
va lve open s, a ll owi ng a ir to pass int o a n a ir 
rece iver t a nk for sto r age a nd r emova l of 
excess mois ture a nd other co nt a min a nt s. T hi s 
is o ur sys tem's potenti a l energy. 

inefficiency in a pneumatic sy s tem 

But , the a mount of energy de live red to a pneu
ma ti c sys tem is not th e sa me a moun t of energy 
de li vered to th e point of wor k. Th is is d ue to 
in effi cie ncies in th e sys tem . Some of th e 
pneuma ti c energy is t ra nsfor med before it 
reac hes a n ac tu a tor. T he in effi ciency in a 
p neum a ti c sys tem is ge nera ll y th e res ult of th e 
necessary loss of hea t du r ing a ir co mpressio n , 
fr ic ti on a nd flui d cha nging direc ti on. 

heat of compression 

Let us loo k close r a t th e hea t of com p ress ion. 
We saw earl ier t ha t w hen a gas is compressed , 
its te mp er a ture a nd p ress ure in crease. A nd 
after a t im e the in creased temp era tu re fro m 
the co mp ress ion process w ill di s sipa te th roug h 
co nt a in er wa ll s. Thi s res ult s in a ir a t a hi g her 
press ure th a n , b ut th e sa me tem pe ra tu re as, 
t he am bi ent or s u rro un d ing a ir . 

In a pneum a ti c syste m , a pos iti ve di s pl ace 
ment co mpressor deli vers a ir to a sys tem a t a n 
eleva ted p ress u re a nd te mp era ture. But before 
th e a ir is s tored in a n a ir recei ve r , i t g ives up 
thi s excess hea t energy w hil e fl owing th ro ug h 
th e int er coo ler (in mul ti-s tage co mpressors ) 
a nd the a ft e rco ol er , se rvi ce a nd d is tr ibuti on 



lines and at the same time has a pressure drop. 
This excess heat energy, which is a result of 
the compression process, will be removed by 
the system and probably will not be seen at the 
eventual point of work and is therefore an inef
ficient part of a system (lost energy]. 

friction 

Another condition that adds to an inefficient 
system is friction. Friction is present between 
elements which are moving in relation to one 
a noth er. In a pneumatic system, air is moving 
with respect to the pipe containing it. Th e fas
ter air travels through a system, the more 
pressure energy is changed into he at. 

The change of pressure energy into he a t 
energy occurs in any dynamic or moving fluid 
power system as the frictional resistance of 
the system is overcome. However, we do not 
encounter pneumatic systems running hot. 
Th e reason for this is that air cools as it 
expands. Cooling from air expa nsion has more 
temperature effect on a pneumatic system 
th a n frictional resistance. 

changing fluid direction 

One condition that adds greatly to system 
inefficiency is the need for th e fluid to change 
its direction of flow . A mainstream of air 
mol ec ules crashes into conductor surfaces and 
other air molecules as it is forc ed to change 
direction because of a pipe bend or elbow. This 
causes some pressure energy loss . Sometimes 
this is re ferr ed to as a friction loss. Many times 
this loss is exp ressed in terms of equivalenl 
feet of straight pipe. An examp le would b e CI 

standard 2 inch ell. The rated loss is (!quival
enl 10 3.6 feet of straight pipe. Because any 
Clmount of pressure loss is so important in CI 

typical indu st rial pn e umatic system (pres
sures of 80-150 psi only] it s hould be obvious 
I hClI I he us(~ of elbows (energy loss] be kepI 10 a 
minimum. 

flow rate 

Th(~ volume of air flowin g throu g h a pipe in a 
period of lime is a rClle of flow. Flow rClle in 
pn e umi-I1ic systems is u s u rtlly measured in 
c ubi c feel per minute (CFM) . We know that ,I 

cubic fool of air can b e und e r va rious pres
su re s. A cubic fool of air can b e at 90 psi, 100 
psi, or 60 psi. But, the cubic foot of a ir referred 
to in I h e ll!rm CFM generally indicale s CI c ubic 
foot of air at the vicinity of th e compressor 
intak e . After this a ir is compressed, it will 
have a s mall e r volume depending on how 

Air 

ft.' at 
Atmospheric 

Pressure 

ft.' at 
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much it has been compressed. As this reduced 
volume passes through system piping, it is 
still refeI;'red to as a cubic foot of air since that 
is what it is under normal cond itions . 

free air vs. standard air 

Many times there is confusion about the terms 
free a ir and standard air. Free air is a term 
which refers to the condition of the air supply 
ava ilabl e to a compressor. This is the air of the 
ambient or surrounding air at the compres
sor's inlet. Since atmospheric conditi ons vary 
from day to day and from place to place, free 
air varies widely in its properties and this is 
not a good term to use when comparing flow 
rates between various systems or for flow rat
ings of components. For this reason , cubic feet 
of free air is usually convert ed mathematically 
to cub ic feet of standard air. A standard cubic 
foot of air is defined as air at a barometric 
pressure of 29.92 in Hg. (this is "sea leve l" 
pressure) with a temperature of 68°F and a 
relative humidity of 36%. 

velocity 

In a moving dynamic system, air flowing 
through a pipe is traveling at a certain speed. 
This is the fluid's average velocity at any 
cross-section and is usua lly measured in feet 
per second. The relationship between velocity 
and flow rate can be seen from the illustration 
at the right. In order to fill the tank with 20 
cubic feet of standard air in one minute, the air 
must trav el at a speed of 100 cubic feet per 
second. In a smaller pipe, 20 cubic feet of 
standard air must travel at a speed of 200 feet 
per second. In both cases the flow rate is 20 
SCFM. The fluid velocities, however, are quite 
different. 

critical velocity 

In a pneumatic system air is brought to an 
initially higher energy state by action of a 
compressor. The compressed air is then stored 
as potential energy in an air receiver tank. 
Flow discharges from the air receiver when 
there is a pressure difference between the 
initial state of the air in the receiver and the 
work requirement at the cylinder or motor. 

The maximum ve locit y at which air exists in 
an air system is called the critical velocity. 
This velocity is the speed of sound or about 
1100 F.P.S. at norm al temperatures. This 
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would be of great import a nce when response 
times were critical. But such is not the case in 
the typi ca l industrial pneumatic system . There
fore, any further discussion would be beyond 
the scope of this text a nd would be more ac a 
demic th a n useful. 

pneumatic system design 

Industri a l pneumatic sys tems are des ig ned to 
operate with a minimum of friction a l resist
a nce . Wor kin g pressures for many pn eumatic 
sys tems a re arou nd th e ~u psi (6 bar) ra nge. 
This energy must be used w ith care. An effi
cie nt indu s tri a l pn e um at ic system is designed 
with correctly sized pipes and co mponents, 
a nd bend s a nd elbows a re kept to a minimum 
so th a t press ure energy is not unn ecessaril y 
was ted . 

An efficiently desi g ned system also ta kes into 
acco unt a co mpresso r o f a ppropri a te size and 
type. 

Critical Velocity 
53% 
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lesson review 

In this lesson dealing with energy transmission using a pneumatic system. we have seen that: 

• A gas is a subs tance made up of molecu les whic h are continuously moving through space like a swarm of 
angry bees. 

• Gases take the shape and vo lume of their container. 

• Heat energy in a gas is molecular movement. A gas with increased temperature has faster moving 
molecules than a gas which is cool. 

• Gas pressure is the result of millions of molecular collisions per second. 

• When a trapped volume of gas has its vo lume reduced. its temperature and pressure increase. 

• When a volume of a given gas expands. its temperature and pressure are reduced. 

• In a pne umatic system. fluid flow occurs when air is allowed to expand. 

• A positive displacement compressor delivers compressed air to an air receiver tank. 

• Inefficiency in a pneumatic system is generally the result of heat during air compression. friction. and fluid 
changing direction. 

• Flow rate in a pneumatic system is generally measured in cubic feet per minute (CFM) /cubic decimeters 
per second (dm3/s). 

• Free air is a term which refers to the ambient air supply available to a compressor. 

• Standard air is defined as air at sea level with a temperature of 68°F and a relative humidity of 36%. 

• Fluid velocity in a pneumatic system is generally measured in feet per second (FPS) / (mls) . 

• Critical ve locity of 1100 FPS (358 mls) in a pneumatic system is of great importance w hen response times 
are critical (53% Differential) . 

• Pressure differential in a pneumatic system is s imp ly the difference in pressure energy between any two 
points of the system. 

• Pneumatic energy must be used with care. 

• An efficient system design would include correctly sized pipes and components. and bends and elbows 
kept to a minimum. 



• exercise 
energy transmission using a pneumatic system 

50 points 

Instru c tions: For each in co mpl e te sente nce, one c hoic e wi ll co rrect ly complete the statement. Aft er reading 
the sent en ce a nd the possible cho ices, circ le th e le tter n ext to th e most correct a nsw er . After a ll statements 
h ave be e n comp le ted , pl ace th e le tt e r for eac h answer in th e a ppropriat e ly labe led box below. Th e le tt er 
comb in at ion s hould form a word . 

Total points possible 50: 5 points pe r a nswer, 5 points for correc t word . 

1. Wh e n a gas volum e is r educ ed as in a compressor, gas __________ in creases and temp er a ture 

R. press ure, doubl es 
E. press ure , increases 

M. pot e ntial energy, d ec r ea ses 
A . pot e ntial energy , re m a ins th e sa me 

2. A h ot gas has _ ________ mol ec ul es th a n a coo l gas. 

A. more O. s lower moving V. sma ll e r B. fast e r moving 

3. In a pn e umati c syst e m , the po te nti a l e nergy of co mpress ed a ir is tran s formed int o _________ _ 

B. kin e ti c en e rgy Cl nd fluid ve lo r. it y 
T . flow a n d kin e ti c e nergy 

R. kin e ti c e nergy Clnd hea t 
Y. flow , air ex pansion 

4 . Flow ra te in a pn e um cllic syst em is ex press ed as _________ _ 

S. CFM G. GPM P . PSIA F. FPS 

5. Wh e n Cl gClS vo lum e is ex pClnd ed , gas pre ss u re _ _________ and __________ d ec r eases. 

M. doubl es, pot e nti a l e nergy 
D. in c reases, tempera ture 

H. rem a in s the same, potential en ergy 
P . de c reases , te mp erCl t ure 

6. In a pneumatic sys te m , fluid flow ocr. urs wh e n a ir is a l low ed to ________ _ 

M . ex pa nd A . coo l E. h ea t 1< . compress 

7. Ineffi cie ncy in a pn e umatir. system is genera ll y th e result of _ _______ _ 

8. 

L. friction and hen t of compression N. fri c ti on 
S. fluid chang in g direc tion nnd fri c tion 

E. friction, fluid chan g in g direction, a nd 
he a t of co mpres sion 

________ a ir is defined as a irat sea le ve l with a temp e ra ture o1'68 ° F and a r ela tive humidi ty 01'36%. 

O. ambie nt T. s ta nd a rd E. fr ee C. norm a l 

9. Criti ca l ve lo c ity in a pn e umatic system is ach ieved when downstre a m press ure rcach es ________ _ 
of up s trea m pressure. 

U. 47 PSI 

Answ e r 
4 

An s w e r 
9 

Answer 
5 

R. 53 PSI 

Answer 
8 

Answer An swe r 
6 

E.53% 

Answe r 
2 

An swe r 
7 

J.47% 

Answ e r 
3 
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Lesson 4 

Control of Pneumatic Energy 

Workin g e ne rgy that is tr a nsmill ed throu g h a 
pn e um atic sys te m must be direc ted a nd und er 
co mpl ete co ntrol at a ll tim es. If not und e r co n
trol, useful work may not be done and m ac hin
e ry or mac hine opera tors might be harmed . 
One of th e adva ntag es o f transmilling en ergy 
pneumatica ll y is that e ne rgy can be co ntroll ed 
re latively eas il y . 

valves 

Th e ba s ic; pneumat ic va lve is a m ec h a nical 
d ev ice consisting of a body and a moving part 
which co nn ec ts and disconnects p assages 
within th e body. Th e fl ow pass ages in pneu
matic v a lves ca rry air. Th e ac tion of th e mov
in g part m ay co ntrol sys tem pressure, direc
tion of flow, a nd rat e of fl ow. Let us first lo ok 
a t pressu re co ntrol. 

control of pressure 

Press ure in a pneumati c sys tem mu s t be con
troll ed a t two points - a t th e compressor a nd 
a ft e r th e a ir r ece iver ta nk . Con tr ol of pressure 
is required Ht the compressor as a safety for 
th e syst e m . Con trol press ure at th e poin t of a ir 
usage is necessa r y for sa fe ty and so th a t ac tua
tors rec eiv e the prope r press ure to avo id wast
ing e nergy. 

control of pressure after a compressor 

Ch aracteris ti ca ll y in a pn e um at ic sys te m, 
e nergy d e li vered b y a co mpressor is not used 
immedi a te ly, but is stored as potential energy in 
a n ai r receiver t a nk in th e form of compressed 

Pressure Control Required 
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air. In most applications, a compressor is 
designed into a system so that it operates 
intermittently. A compressor usually delivers 
compressed air to a receiver tank until high 
pressure is reached, th en its air delivery is 
controlled. When air press ure in the tank 
decreases, the compressor delivery is increased 
(within its design limits) . Compressor opera
tion in this manner is a power savings for the 
system. One way to accomplish this function 
is through th e use of a pressure switch. 

pressure switch 

A co mmon way of sensing tank pressure and 
co ntrolling act uat ion a nd de-actuation of a 
relatively small (5-10-HP) co mpresso r is with 
a pressure switch. Large co mpresso rs us e 
other means of various lypes . 

how a pressure switch works 

In a press ure switch the system pressure is 
se ns ed at th e bottom of the piston through the 
pressure switch inl et. When pressure in the 
system is at its low leve l, th e spring pushes the 
piston down. In this position, a contac t is made 
causing an electr ic a l signal to turn on the 
comp ressor. 

As pressure in the recei ve l' ta nk rises, it forces 
the piston upw ard. With sys tem pressure a t its 
hi gh level, the piston breaks the electri ca l co n
tac t, shutting down th e compressor. Howeve r, 
it should be noted that in large compressors, 
th e co mpressor is not shut off. In this type the 
co mpressor is unload ed in some way to pre
vent the co mpress ion stroke from compress ing 
a n y a ir . 

safety relief valve 

However, maximum pressure developed by a 
co mpressor is designed to be regul ated by a 
co ntrol system which senses discharge or tank 
pressure. In case of a n emerge ncy, as in the 
failure of a con trol system to fun c ti on prop
erl y, a positive displacement co mpressor sys
tem should have a safety relief valve. This is 
mandated by law for most ap plications. 

A safety relief valve co ns ists of a valve body 
with inl e t a nd ex h a us t passages and an inter
na·1 moving part. In the illustra tion , the moving 
part is a poppet which is held biased in one 
position by a spring. To comply with safety 
codes th e va lve will have a manual tes t leve r. 

how a safety relief valve works 

The safety relief valv e is a normally non-
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passing (closed) valve. The poppet of the 
safety relief valve is seated on the valve inlet. 
A spring holds the poppet firmly on its seat. 
Air cannot pass through the valve until the 
force of the spring biasing the poppet is over
come. Air pressure at compressor outlet is 
sensed directly on the bottom of the poppet. 
When air pressure is at an undersirably high 
level, the force of the air on the poppet is 
greater than the spring force. When this 
happens the spring will be compressed and the 
poppet will move off its seat, and air will 
exhaust through the valve vent (exhaust) ports . 

Safety relief valves on a compressor are not 
intended to be operated frequently . They are a 
safety device. Many times safety relief valves 
are equipped with whistles or horns to Hlert 
personnel that something has failed or a prob 
lem e xists . Good maintenance and safely 
procedures require th e periodic checking of 
these safety valves to verify that the valve can 
move freely . Many times this can be done by 
moving the manualtestlever to open the vHlve. 

pressure regulator 

Next we must control pressure downstream of 
the receiver tank. In a pneumatic system, 
energy which will be used by the system and 
transmitted through the system is stored as 
potential energy in an air recei vel' tank in the 
form of compressed air . A pressure regulator 
is positioned after a receiver tank and is used 
to control the pressure of this stored energy to 
a leg of a circuit. 

A pressure regulator valve consists of a valve 
body with inlet (" primary") and outlet 
("secondary"] passages. The regulator has a 
moving part which controls the size of the 
opening between the primary and secondary 
pa ssages . In our illustration , the mo vable p a rt 
is a poppet which is connected to a piston. This 
piston is biased away from its seHt ("open"] by 
an adj ustable spring. 

how a pressure regulator works 

The pressure regulator is a normHlly pClssing 
[open) valve. "Open" meClns thatlhe flow pas
sage normHlly Clllows Clir to flow freely . With a 
regulHtor positioned after a receiver tank, air 
from th e r ece iv e r can expand [flow) through 
the valv e to a point downstream of the secon
dary passage. When pressure in this passage 
of the regulator rises, it is trClnsmitted through 
an internal pilot passage which leads to the 
piston area on the opposite side of the spring . 
The piston has a relatively large surfClc e area 
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exposed to secondary pressure and is there
fore responsive to secondary pressure fluctua
tions. When the controlled pressure nears the 
preset level, the piston moves upward allow
ing the poppet to move towards its seat to 
contro l (or throttle) the flow. The poppet 
blocks flow once it seats and does not a llow 
pressure to continue building downstream. In 
this way, air at a contro lled pressure is made 
available to an actuator downstream. Also, a 
pressure regulator insures that energy in an 
air system is not wasted. For instance, if an air 
receiver charged to 100 PSI A were allowed to 
sub ject its full pressure to an actuator which 
only requires 60 PSIA, pressure energy would 
be wasted. Position before the actuator a regu
lator that is set to deliver only the amou nt of 
pressure needed to overcome load resistance 
plus a few psi additiona l to develop flow. 

control of actuator direction' 

Once a cy linder is extended, it has to be 
retracted . To perform this task, a va lve is used 
to change the direction of air flow to and from 
the cylinder. This is genera ll y done by using a 
double-acting cylinder and a directional con
trol valve. 

double-acting cylinder 

The double-acting cylinder has a port at each 
end of the cylinder body by which air under 
pressure can enter or exhaust. This causes the 
piston rod to extend or retract (doubleo.acting). 
To distinguish the ports on a double-acting 
cylinder, we will label one A and the other B. 

directional control valve 

Next, to change the direction of air flow to and 
from the cylinder, we use a directional contro l 
valve. The moving part in a directional control 
valve will connect and disconnect internal 
flow passages within the valve body. This 
action results in a contro l of air flow direct ion. 

The t,ypicaJ'directional control valve consists 
of a valve body with four internal flow pas
sages and a moving part, a spool, which a lter
nately connects a cylinder port to the supply 
pressure or to exhaust. 

how a directional control valve works 

With the spool in one extreme position, supply 
pressure is connected to port B and port A is 
co nn ected to exhaust. If cylinder port A is 
connected to the valve port A and cy linder port 
B to the valve port B, then with the spool in the 
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other ex tre m e position , supply press ure is 
co nnect ed to cylinder p assage A and cylinder 
passage B is co nn ec te d to ex h a us t. With a 
direction a l control va lve in a c irc uit, th e 
cy lind e r' s piston ro d ca n be ex te nd ed or 
re tract e d a nd work p e rform ed . If w e control 
how fas t th e work is pe rfor med , w e must co n
trol th e fl ow rate. 

control of flow rate 
[n a pn e um a tic syst e m, ac tuat or speed is 
determin ed by how ljuickl y the ac tu a tor ca n b(! 
fill e d a nd ex h rlU s ted o f air. In o th e r word s , 
speed of a pn e umati c ac tu a tor dep e nd s o n th e 
force ava ilabl e from th e press ures ac ting o n 
both sides o f th e piston , a r esult of CFM flow
ing into th e inl e t and o ut of th e ex haus t port. 

We hav e seen that a r eg ulator will influ e nc e 
ac tu a tor speed by portioning out to it s leg of a 
c ircuit th e pressure required to equa l th e lo ad 
res ist a nce a t an ac tu ato r . Thi s add ition a l 
pressure is u sed to d e ve lop air fl ow. Even 
though thi s is the case, press ure reg ul a tors are 
not u sed to va r y ac tu ator speed. [n a pneu
matic system, ac tu ator s peed is a ff ec ted b y a 
r es triction, as wi th a nee dl e va lve or a needle 
valve with a bypass check, often tim es ca ll ed a 
" flow co ntro l" va lve. T hi s va lve wi ll m e ter 
flo w a t a co ns tant ra te on ly if th e sys te m res
is ta nce, th e tot a l lo a d (f r ic tion, load ) a re co n
s tant a nd th e pressure a t th e inl e t of th e 
cy lind e r a nd a t its outl e t do not vary throu g h 
nut th e e ntire work cyc le. This valv e does not 
control flow, it onl y a ff ec ts flo w. An exa mpl e 
o f thi s wou ld be whe n th e lo a d e nco unt e rs a n 
a dded res is ta nce, it s speed wou ld decrease or 
s top . 
Safety Note: Due to the compressibility of air, 
speed control circuits must be examined very 
closely for all possible failure conditions. 

O nce t he resis ta nce was ov e rcome th e re would 
be a very rapid increase in spee d. This co uld be 
a very d a ngerous co nditi on for th e op (~ r a t or 01' 

nea rb y personnel. 

needle valves 
As indicat e d ea rli e r , a n(!edle va lv e in a pneu
mati c sys te m affects th e opera tion b y cH using 
a res tri c ti on . 

Th e ty pic a l needl e va lve co ns is ts of a va lve 
body a nd a n a dju s t ab le part. The adjustable 
part in our exa mpl e is a ta pe red-no se rocl 
w hi c h is threa ded int o th e va lve bod y. 

Th e part in thi s valve is desc rib ed as adjusta
bl e beca use it ca n be re po s ition ed or "ad ju s ted" 
fairly easily . 
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how a needle valve works 

In order to reduce the speed of a n act uator in a 
pneumatic system, a n eedle valve is some
times positioned in a circuit so that it restricts 
air flow exhausting from an actuator port. The 
more the tapered-nose rod is screwed towards 
its seat in the valve body, the greater the res
triction to free flow. 

By restricting exha ust air flow in this manner, 
a back pressure is generated within the actua 
tor , thus reducing the forces available to create 
motion. This means a larger portion of regula
tor pressure is us ed to overcome the resistan
ces at the actuator and less pressure energy is 
ava il ab le to develop flow. 

With less CFM flowing into the actuator, actu 
ator speed decreases. 

By contro lling the amount of restriction deve
loped by a needle valve , the speed of a n actua 
tor can be "controlled", but only if the total 
load is constant. 

Now let us build a simple pneumatic system. 

a simple pneumatic system 

When a ll of the pneumatic components which 
have been described to this point are put 
toge ther in the proper order they make up a 
simple pneumatic system. The system can per
form useful work because pneumatic working 
energy in the system can be controlled. All 
pneumatic systems operate on the same prin
ciples which have been discussed up to now. In 
the remaining text material dealing with 
pneumatics, we shall concentrate on some of 
the typical compo nents which are readily 
avai lab le for industri al pneumatic systems. 
Before we proceed, a word about pneumatic 
symbols is needed. 

pneumatic symbols 

The pneumatic components and elementary 
systems which have been shown to this point, 
have been illustrated in a pictorial manner. 
System diagrams h ave been show n with sim 
plified component cutaways to illustrate inte
gral component operation. This technique is 
beneficial from an instructional v iewpoin t, 
but it is impossible from a workaday stand 
point. In pneumatics, just as in other technolo
gies, symbols are used to describe components 
and systems . The symbols for the components 
which have been discussed and the s imple sys
tem which has been developed are illustrated 
using grap hic symbols for fluid power. 
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Lines System Filter Electrlc Double Achng Cyhnder 

Joining Piping Motor 

t;J a ~ ;t Q ... ~.g. if1 Compressor Flow Control Valve 

.f~iHii§=J= Directional 
~ t,:; U , Valve 

mg~illlXl $ 
Pressure Switch 
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Air Receiver 

~:: ~, 
oo ~ 

,-_...J 

Safety Relief Valve 



NOTE: In addition to the components which 
h ave been discussed, the system consists of 
many others, such as air lin e lubric a tors , 
mufflers, oi l reclassifiers, etc. Pneumatic sys
tems are ge n erally equ ipped with a prime 
mov e r lik e an e lecric m otor . And, in order to 
ac hi e ve a degree of reliability, pneumatic sys 
te ms should be protected from dirt with an air 
filt e r. 

lesson review 
In this lesson dealing with th e co ntrol of pneum a tic e ne rgy , w e hav e seen th a t: 

• Pn e um at ic energy is co ntr oll ed with va lves. 

• A v a lve is a mechani ca l dev ice co nsisting of a va lve body a nd an int erna l m ov in g part w hi ch connects and 
d isco nn ec ts passages within th e body. 

• Pressure in a pneum a ti c system must be contro ll ed a t two points - after th e co mpresso r and after th e a ir 
rece i ver. 

• Compressors in pn e um a ti c fluid power systems are us ua ll y designed to operate int e rmitt e ntly. 

• A press ure switch is a r:ommon way of sensing pressu re a nd contro llin g actuation and de-actuation of a 
s m a ll compressor. 

• In case of an e m erge ncy, i-l positive displacem e nt r:o mpresso r is equipp ed with a re li e f va lve . 

• A press ure regulator de livers a constant pressure air supp ly to it s leg of a circ uit a nd insures th at th e stored 
press ure energ y of an a ir r ece iv er is not unn ecessar il y wasted. 

• A direct ional valve contro ls th e direction of a ir flow to a nd from an actuator . 

• A doub le-acting cy lind e r is often used in a pn e um a ti c sys te m to ach ieve a rec ipro ca ting motion . 

• In a pn e umatic system, ac tu a tor speed is det erm in ed by how quickly th e ac tu a tor ca n be fill ed a nd 
ex haust ed of air . 

• A fl ow con trol va lve ope ra tes by ca u s in g a restriction. 

• Symbo ls are used to descri be co mponents in pn e umati c systems. 
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• exercIse 
control of pneumatic energy 

50 points 

Instructions: In this assignmen t the answers are a lready given . You se lect a question at the e nd of the exercise 
which most correctly sat isfies an answer . 

Answers: 

_______ 1. A normally closed condition. 

_______ 2. After a compressor and after an air receiver. 

_______ 3. The speed at which an actuator is filled and exhausted of air . 

_______ 4. It operates by causing a restr iction. 

_______ 5. Direction of flow, rate of flow, and maximum pressure. 

_______ 6. Cuts in and cuts out a compressor. 

_______ 7. Under complete control. 

_______ 8. A pressure regulator. 

_______ 9. A body and an internal moving part. 

_______ 10. A normally open condition. 

Questions: 

A . In what condition is a pressure regulator found? 

B. What function does a pressure switch perform in a pneumatic system? 

C. What insures that the stored pressure energy of an air receiver is not unnecessarily wasted at an 
actuator? 

D. Where must pressure be controlled in a pneumatic system? 

E. What determines an actuator's speed of doing work? 

F. How does a flow control va lve in a pneumatic system work? 

G. How must energy in a pneumatic system always be used? 

H . What do valves control in a pneumatic system? 

I. What do all valves basically consist of? 

J. In what condition is a safety relief valve found? 



Lesson 5 

Compressors 

Compressors co nvert the mechanical energy 
provided by a prime mover (e.g. e lectr ic motors , 
int e rn a l co mbustion engin e e tc.] int o the poten
ti a l energy of compressed a ir. 

To acco mplish useful work with a pneumatic 
system , a device is ne eded which ca n supply a 
s u ffic ie nt amo unt of a ir a t a desired pressure. 
This device is a compressor . 

compressor types 

There are two bas ic gro up s of a ir co mp ressors: 
d isp laceme nt a nd dynamic. 

In the displacement typ e co mpressors, pres
s ure in crea ses because of th e cha nge in the 
volume of air trapped in a co nfin ed space. A 
positive disp lacement piston type co mpresso r 
fi ts into this category. In thi s type of unit , 
capac it y is un affec ted by cha nges in wo rking 
pressure (neg lec ting leakage and vo lu metri c 
effic iency]. 

However, in the dynamic type comp ressor, 
press ure ri se is ca us ed by addi ng kinetic 
energy to acce lera te th e moving gas and con
verting th e ve locity energy to pressure energy 
in some sor t of diffuser. Let us briefly look a t 
severa l types of a ir compressors in more 
detail. 

positive displacement compressors 
piston type compressors 

First, the most common type of posit ive dis
placement co mpressor found in industrial pneu
m a ti c systems is a reciprocating piston 
co mpressor. 

Radial 

Rotary 

Vane 

Trunk 
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Compressors 

Displacement 

Axial 

Reciprocating 

Root s 

Free Piston Dia phragm 
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A simplified example of a reciprocating piston 
compressor is illustrated. This type of com
pressor is basically a piston inside of a bore. 
The piston is connected to a crankshaft which 
in turn is co nne cted to a prime mover. Two 
valves control inlet and outlet flow through 
the compressor. 

how a reciprocating piston 
compressor works 

As the crankshaft of a reciprocating piston 
compressor rotates, the piston moves within 
the bore. When the crankshaft pulls the piston 
in one direction, an increasing vo lume is formed 
within the bore. With the resulting less-than
atmospheric pressure and the intake valve 
open, atmospheric air fills the chamber. At the 
end of the piston stroke, the chamber is filled 
with air and the intake valve closes. 

Starting its upward travel, the piston com
presses the air. When air pressure in the bore 
reaches a high level, the outlet va lve is opened. 
Compressed air discharges from the compres 
sor into an air receiver tank. 

This describes the operation of a single-stage 
piston compressor, that is, a compressor which 
compresses air in a single stroke before it is 
discharged. Single-stage compressors (with a 
much larger compression ratio capa bili ty than 
the example shown) are generally used in sys
tems which require compressed air between 40 
and 100 psig. However there are some single
stage compressors capab le of 250 psig. 

We learned earlier that when a gas is com
pressed, as in a compressor, the gas heats up. 
In a single-stage compressor, when air is com
pressed above 80 psi, the heat created (heat 
due to a ir being compressed) and the energy 
required to compress the hot air becomes exces
sive. However, many industrial systems oper
ate above 80 psi. For this reason , two-stage 
compressors are usually found in industrial 
pneumatic systems. This type of compressor 
will be discussed later. 

There are many different designs used in pis
ton type compressors. They may be either lub
ricated or nonlubricated . Nonlubricated mod
els have piston rings or skirts composed of low 
friction materials, e.g. graphite or Teflon . 

The delivery from a reciprocating type com
pressor may have severe pulsations especially 
if it is a single cylinder device closely coupled 
to its load. To lessen these pulsations, a 
receiver tank is installed to act as a smooth
ing accumu lator. This may be necessary even 

Inlet -~~ll~=dl~~-Outlet 

Single-Stage Compressor Piston 



if the output is directly matched to the load 
CFM requirement of the system. There are 
other types of positive displacement compres
sors. Another is the vane type compressor. 

vane compressors 

Vane compressors generate a pumping action 
by causing vanes to track a lon g a circular 
housing . 

what a vane compressor consists of 

The compressing mechanism of a vane com
pres sor basically consis ts of housing, rotor 
and a series of floating vanes. The vanes are 
typically made of carbon, cloth impregnated 
with phenolic resin or a similar ri gid low fric
tion material. For oil free models , bronze and 
carbon vanes are often used . 

how a vane compressor works 
The rotor of the vane compressor houses the 
vanes and the rotor is attached to a shaft 
which is connected to a driver motor. As th e 
motor turns the rotor the vanes are thrown out 
by centrifugal force and track along the hous
ing. As the vanes make contact with the hous
ing , a seal is formed between vane tip and ring. 

The rotor is positioned off center to the hous
ing center. As the rotor is turned, an increasi ng 
and decreasing volu me is formed within the 
housing. 

This type of compressor is relatively low in 
price for sma ll displacement, provides low 
operating cost and requires a low starting 
torque . They commonly range in pressure up 
to 150 psig, [10.3 bar) with power ranges 
from fractional HP to 500 HP [373KW). A more 
sophisticated type of compressor is the helical 
compressor . 

helical compressors 

A helical compressor generates compressed 
ail' by running two meshing rotors on one 
another lik e two screws. This compressor is 
many times cal led a "screw" type compressor. 

what a helical compressor 
consists of 

The compressing mechanism consists of two 
helical screws working much lik e a hydrauli c 
screw pump. Air is drawn in from one end a nd 
exits the other . There are two basic types: oil . 
flooded or dry. Typically , the maximum pres
sure for single stage units is 125 psig [8.6 bar). 

Ring 

Schematic 
(with exaggerated eccentricity for emphasis) 

Helical Compressor 

(Courtesy Penton /IPC 
Publication - Machine Design) 
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dry helical compressors 

The first type, dry helical, uses timing gears to 
turn the two screws. This maintains a con 
s tant clearance which means lubri cation is 
usually not needed. These units have a high 
efficiency when run at high rpm. Today, their 
use is rare except where oil-free air is needed. 
However, in the last decade improvements 
have boosted the screw compressor's efficiency 
greatly, as much as 15%. These improvements 
have spotlighted the oil-flooded compressor. 

oil flooded compressors 

In this type of compressor timing gears are not 
needed, but lubrication is because the helixes 
are run on each other. Efficiency is higher 
because the lubricating oil provides a good air 
seal between the two rotating members and 
the case. However, oil separators are needed to 
remove the oil from the air downs I ream of the 
compressor. The range of power for these uni ts 
is 7 to 300 HP (5.2 to 223 KW). 

single screw compressors 

There is a modification of the screw compres
sor called the single screw compressor. This 
design is bClsed on the helical compressor but, 
as the name impli es, only one screw exists . As 
the screw in the center rotates, air trapped 
bet ween the screw teeth is compressed against 
the rotors. Air compressors of thi s type have 
low vibration and noise levels and typicCllly, 
pressures are less than 50 psig (3 .5 bar). 

lobed-rotor compressor 

Still another type of compressor is the lobed
rotor compressor. This constant displacement 
compressor is very much like the dry helical 
type. A timing mechanism is employed to elim
inate problems with lobe and housing clearan
ces . Because the rotors do not touch , a certain 
amount of "slip" exists. This "slip" increases 
as output pressure increases. This device 
should be operated Cltmaximum speed for the 
highest efriciency. Pressures of up to 250 psi 
(17.3 bar) are obtainab le with horse
powers bet ween 7 and 3000 (5.2 to 2237 KW). 
Now let us look at the most common dynamic 
compressor, the centrifugClI type compressor. 

centrifugal compressors 

This is not a constant displacement type com
pressor. Centrifugal types are best suited for 
moving large vo lumes of air at re lative ly low 
pressures. 

Driveshaft 

Single-Screw 
Compressor 

(Courtesy Penton /IPC 
Publication - Machine Design) 

Lobed-Rotor Compressor 

(Courtesy Penton / IPC 
Publication - Machine Design) 



how a centrifugal 
compressor works 

This compressor deliv e rs compressed air 
through the use of centri fugal [orr.e. The r.om 
pressing mechanism consists of an imp eller , a 
diffuser section where velor.ity energy is con 
verted to pressure, followed by a col ler. tor 
where ai r velor.ity is further reduced again 

inr.reasing pressure. 

With centrifugal r.ompressors, air demand 
should never be ,dlowed tu drop much b~dow 
the rated flow . If this is allowed 10 hapPI!n, th e 
compressor will Ill! unloaded and will SUI'g!!. In 
this condition , thl! pressure fie ld at th e com
pressor's outlet becomes unstable. If con tinu
ous operation in Ihis r.onditiun occurs, bear
ings, blades and even Ih e housing m,IV be 

da maged. 

radial compressors (centrifugal) 

Where very hi gh speeds are in vo lvl!d, the 
radial compressor should be uSl!d. Spc(!ds in 
the area of 50,000 to 100,000 RPM are com mon 
in aircraft a nd ,I(~ rospace indu s lri es wher~! 

weight is also a probll~lll. Mosl comnwrcial 
units operate abuut 20,000 RPM. Typically, 
the minimum capacity of a cenlrifuga l com
pressor is limited to the flow through Ihl! last 
stage. For examp le , th l! praclic,d limil of a 
horizont,d spl it Iype is 350 CFM [165 dIll 1/ s]. 

axial compressors (centrifugal) 

Another centr ifugal typl! compl'(~ssor is the 
axial compressor. This typ e of compressor is 
c haracterized by having its fluw move axially 
through th e rotciling group. This type has a 
smaller diameter than r,ldial clnd revolves al 
higher speeds for the same outpul rale [,i1lOUt 
25 % faster]. Thesc are typically used for con
stant flow a t moderall! pressurcs [90 psi [6 
bar) excep t for aircraft eng in es]. 

Axial compressors cHI! best suiled fill' high 
volumes of air. An example would Iw bla sl 
furnace blowing. Minimum cilpilcilil!s an! usuilll y 
above 135,000 CFM [63720 dm '/ s]. Now that 
we hav e exam in ed th e mo s l common Iypl!s uf 
compressors, 11·! t us discuss multi-stage 
compressors. 

multi-stage compressors 

Bec~use it is more ef ficil !nt to compress a gilS 
to hl~h er pressures in num erous stagl!s, milny 
mu!tl-s·tage compresso rs are offered. Wc wi ll 
Use a two stage piston compressor for an 
example. 
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to in le t 

Vertical section drawing showing typical muitislagc centrifugal compressor. 

(Courtesy Compressed Air and Gas Institute) 

Multistage. single-flow axial com pressor 

(Courtesy Co m pressed Air and Gas Institute) 
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two-stage piston compressors 

A two -stage piston compressor basica ll y con 
sists of a large and small piston, each in their 
own cylinder bore, connected to the same 
crankshaft, with associated inlet and out let 
va lves and an intercoo ler. 

how a two-stage piston 
compressor works 

In a two -stage co mpressor, the piston with th e 
large di a met er performs th e first stage of com 
pression. The smaller piston co mpresses a ir in 
th e second stage. As the crankshaft is turn ed 
by its prime mover , the la rge diam eter piston 
strokes downward. Air enters the cham 
ber from the a tmosphere through the open 
inl et valve. Wh en th e piston starts its upward 
movem ent, th e inlet valve closes. Air is co m
pressed (and hea ted) until a certain pressure is 
reached, a t which tim e the outlet valve opens, 
discharging hot, compressed air into the inter
coo ler. If this ai r were dis cha rged directly into 
a n air receiver, the air would qui ck ly coo l to 
th e temperature of the surrounding atmos
phere lo si ng press ure. 

Th e compressed air is directed throug h th e 
intercooler to the second stage piston. During 
th e travel tim e from first to second stage, th e 
a ir is coo led by mea ns of a ir blowing over or 
water flowin g across th e int ercoo ler . By th e 
tim e the a ir rea ches th e second stage piston , a 
g rea t por tion of th e hea t of first stage co m
pres sion h as bee n di ss ipat ed. Th e a ir is now 
coo ler a nd ready to be compressed a second 
tim e. 

With co mpressed air a t its inlet , the s ma ll e r 
di ame ter piston is pulled downward. Com 
pressed air fills th e chamber a nd th e inlet 
valve clos es . The piston is stroked upw a rd , 
co mpress ing th e a ir agai n . The co mpressed 
a ir , as it discharges from th e co mpressor , is at 
an eleva ted temp eratu re. But this excess tem
perat ure above th e a mbi ent is not ne a rl y as 
grea t as if a single s tage were used in th e co m
pressing process . 

Two-stage co mpressors do not require as mu ch 
energy in co mpress ing a ir as s ingle-s tage units . 

But , eve n thou g h th ese dev ices are quite effi
cien t , th eir output must be co ntroll ed . If this is 
not don e a n unsafe condition may ex ist a nd no 
productive work will be acco mpli s hed. 

capacity control 

The output capacity of a compressor must be 

Two-S tage Compressor 



regulated to match the d em a n d of th e system. 
The typ ica l sensor us ed to co ntrol co mpressor 
output is a pressure co ntrol. It is typi ca lly 
a ut omat ic. but a manua l m ea ns of unloading 
may a lso be available. Compressor unloading 
will a lso be necessary in s itu a tions where 
driver torqu e is not suff ic ie nt t o acce le rate the 
compressor under load. 

unloading methods or output control 
There are many ways of unloading or con trol
ling the o utput of a compressor. 

One method termed bypass w ill bleed th e 
compressed ai r to th e a tm osphere at a hi gh 
pressure. This typ e of con tr ol wi ll ca u se th e 
r.o mpresso r to run und er fu ll lo ad CI t a ll tim es. 
Under thes e co nditions e ffi cie ncy is poor and 
care sho uld be taken to provide coo lin g if the 
air is a ll owed to recirculate. 

Another method is to start and s top the com 
pressor as directed b y the maximum and min
imum pressure settings. This can be accomp 
lished by start ing and s topp in g the motor. 
H owever. freque nt starting and stopp in g of an 
e lec tri c motor m ay cause ea rl y motor failure 
due to excess ive he a t bui ld-up. Ot her m ea ns of 
accomp li s hing this would be with a clutch 
bet ween the motor and compressor or with a 
var iab le speed drive. Stil l anot her method of 
unloading is in le t va lve regu la ti on. In this 
method a m ec hanism hold s open the inl e t 
va lve w hen there is no demand for a ir . This 
a ll ows the a ir to sweep in and out of the inlet 
valve as th e piston mov es in the bore . Another 
met hod. inl e t throttlin g. in creases or decreases 
the restriction at the inlet port of the compres 
sor. By doing this . it a lso regulates the amount 
of a ir ad mill ed to the cy lind er. t h us decreas
ing its capac it y. The drawback of s uch a co n
trol is th at the compression ratio increases 
thus maintaining a hi g her horsepower demand 
on th e comp ressor motor than ot her methods 
of compressor unloading. 

Total closure type contro l is seldom us ed 
tod ay. With thi s m e thod th e inl et va lve is co n
tinuously c losed during unlo ad in g. This causes 
th e cy lin ders to esse nti a ll y run in a vacuum. 
The unl oaded power co n s umpti on is propor
ti oned to m ec hani ca l fr ict ion. All o f th ese co n
trols for unloading the compresso r affect its 
performance and effic ie n cy. However. they 
are n ot th e only thin g to do so . Another is high 
a ltitud e. 

effect of altitude on performance 
The hi g h e r the e leva tion. th e lower the air 
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pressure d ens it y . This cha nge s t he pow er 
nee ded to d r ive the co mpres sor, th e co mpres 
sion ra tio and compresso r ca p ac ity . Proba b ly 
of g rea test conce rn to a n enginee r is the ca pac 
it y redu c tion of th e co mpres sor due to a l ti 
tud e. A cha rt is give n s howing the reduc ti on 
with a ltitude. To find the ca pac ity of a s ingle 
st age co mpres sor, mu ltip ly the ca pac it y co r
rec ti on fac tor b y th e sea level ca pac it y. It 
s ho u ld be no ted th a t du e to th e re la tive ly low 
fir s t s tage ra ti o of co mpress ion in mu lti- s tage 
sys tems, th e fr ee a ir capac it y is a ffec ted onl y 
s lightl y as co mp a red to s ing le s tage unit s. 

N o t onl y w ill hi gh a l titu de a ffec t co mpress or 
opera ti on , i t w ill a lso a ffect e lec tric m ot or 
opera ti on . 

effect of altitude on electric motors 
Since the dens it y of a ir dec reases with increas
ing a ltitude, th e a b ilit y of a n a ir coo led elec tric 
motor to d iss ipate heat a lso decreases. Beca use 
of thi s , th e p owe r mu s t be lowered . A char t is 
s how n. 

nOIse 
O f ever in c reas ing co nce rn t oday is the noise a 
co mp resso r ge nera tes.The Occ upa ti ona l Sa fety 
a nd Hea l th Ac t (O.S .H.A .) cov ers ma n y t ype s 
of p la nt sound / noise co nditi on s th a t no t on ly 
may be disturbin g to th e pl a nt pe rs onnel, but 
a lso da mag ing to th ei r hea l th . 

Comp res se d a i r s ys te m sound a ri ses fro m 
ma n y d iffe ren t so urces . One so urce of pa r ti
cul a r co nce rn is th e compressor in s ta ll a ti on . 
Thi s wil l be exa min ed in la te r sec ti ons. But 
w ha t is acce pt a b le so un d or noise? 

acceptable sound levels 
Im pa ire d hearing may res ult af ter p rolonge d 
expos ure to ce rt a in leve ls of so un d/ noise. 
However , there are ma ny individ ual varia nces 
on w ha t th e ea r ca n tolera te. T he ta ble belo w 
ex p ff~ sses th e limit a ti o n excerp ted fr om th e 
Occ upat iona l Safe ty a nd Hea lth St a nda rds 
(19 78 ). 

PERMISSIBLE NOISE EXPOSURES 

Duration per 
Day, Hours 

8 
6 
4 
3 
2 
1% 
1 
% 
% 

Sound Level 
dBA 

90 
92 
95 
97 

100 
102 
105 
110 
115 

Capacity Correction Factors 
(Estimate Gage Pressure (PSI) 

altitude 40 60 80 90 100 
0 1.0 1.0 1.0 1.0 1.0 

1000 0.993 0.992 0.992 0.988 0.987 
2000 0.987 0.984 0.977 0.972 0.972 
3000 0.981 0.974 0.967 0.959 0.957 
4000 0.974 0.963 0. 953 0.944 0.942 
5000 0.967 0.953 0.940 0.931 0.925 
6000 0.961 0.945 0.928 0.917 0.908 
8000 0.945 0.925 0.900 0.886 0.873 

10000 0.931 0.902 0.872 0.853 0.840 

(Courtesy Compressed Air and Gas Institute) 

Altitude (Ft.) Correction Factor 

3000 1.0 
45 00 0 .98 
6000 0 .95 
8000 0 .9 1 

10000 0.88 



pinpointing noise in the 
compressor room 

The following are factors which may affec t the 
sou nd lev els near the compressor: 

1. Position of th e co mpressor in the room, i. e., 
is it placed in a corne r, a long a wall , or in th e 
ce nter of the room? 

2 . The ac tu a l sound characteris ti cs of th e 
room, i. e., s ize of th e room , the mat erial used 
in th e wa ll s, ce iling and floor. 

3. Other eq uipm ent in the room that ma y gen 
erate , re fl ec t or a bsorb sound. 

4. The mounting sty le of th e unit - r igid or 
res ili ent. 

5. Location of compressor inl et. 

6. The inl e t and discharge piping lengths, 
a lon g with wh ether th ey a re fl(! x ibl e or 
ri g id . 

If the sound is found to em ana te from the unit 
it se lf. an enclos ure may be built t o contain th e 
noi se. Sound a bsorption mater ial ma y be added 
to reduc e th e reverberating sound inside th e 
bo x. Coolin g is of ut most importance, and 
s ho uld be co nsid ered ea rl y in the enclosure 
des ig n. Exitin g ducts shou ld be designed so as 
to minimize noi se radiation to th e m. Whil e 
some install a ti ons must be tota ll y enclosed , 
others only ne ed be s hield ed . A sound screen 
may be added to preve nt nois e from propagat
in g in a particular direc tion . Th es e barri ers are 
made of s ound isolating ma terial, preferabl y 
lin ed with a bsorbin g materi a l o n th e co mpres
sor s id e . If th ere is a wa ll on th e oth er s ide , an 
add it iona l r: urtain s hould be ad ded to reduce 
rerlec ted noi se. 

compressor house ventilation 

Wh(~ n di sc us s ing so und ge n(!ra ted by a COll1 -
presso r , one rem edy for (!xcess iv e noise is 
comp re ssor enclo s ure. How eve r, in th ese cases , 
and eve n in s ta ndard compresso r houses, ve n
til at ion is important. In mo s t Crises, hea t dis s i
pa tion throu g h th ~! ce iling , w,llls, w ind ows , 
and rloor tak es pl ace, but is se ld om su ffi cie nt. 
T yp ica ll y, a fan is in s ta lled to ll10ve a ir throu g h 
th e buildin g and C<lrry aWil Y th e he: lI. Th(! 
amount of ve ntilation ne eded w ill, of course, 
d epe nd on the compre sso r in s tall ed . A c hart is 
pro vid(!d s how in g th e amount of energy g iven 
oil to th e room as hea t in perc e nt of input shaf t 
powe r. 

Ve ntilation air s hould e nt er the room a t a low 

Compressor Type 

Air Cooled Compressor 
Air Cooled Aftercoolers 
Electric Motors 
Air Cooled Compressor 
With Water Cooled Intercooler 
Water Cooled Compressor 

% 

50 
45 

8 

3 
2 

43 
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point using short runs for ducts . Exiting air 
should be exhausted high at the opposite wall 
to avoid air stratification. Care must also be 
taken when positioning the exhaust so that the 
exhausting hot air and compressor noise do 
not interfere with nearby neighbors or 
operations. 

selecting a compressor for a system 

By now it should have become obvious that the 
selection and installation of a compressor sys 
tem is no easy task. But a complete discussion 
of sizing a compressor to a system is beyond 
the scope of this text. However, a few impor
tant highlights are in order. Large compressor 
installations are expensive and complex. A 
good working relationship between the com
pressor specialists , manufacturers and 
plant operating personnel is needed when 
selecting a machine for a particular plant. 

The compressor size selection depends upon 
the following points: 

A. The system demand , including estimated 
base maximum loads, and near term fore
cast load additions. 

B. Standby capacity for emergency situations. 
A good way to handle this is to have an 
emergency connection piped to the system 
through the outside wall. With the approp
riate shut-off and check valves, this can 
make it a simple matter to hook up a mobile 
unit in the event of a compressor failure. 

C. The plant's future requirements. 

Another cpnsideration is, how many compres 
sors are needed? A single unit is economical, 
but if it fails an entire plant is shutdown. One 
single stage compressor would usually be 
adequate for small sytems up to about 100 
SCFM, (47 dm3 ) which do not require pres
sures over 100 psig (5.5 bar). For medium size 
systems, up to 1000 SCFM (472dm3 ), it may be 
advantageous to use two or more compressors. 
System pressure of 65 to 80 psig . (4.5 to 5.5 
bar) can use single stage compressors, while 
100 psig (6.9 bar) systems are better served by 
two stage units. The operating savings of a 
two stage compressor as compared to a single 
stage unit is about 17%. 

Many times a battery of compressors is reco m
mended for large systems or systems where 
demand is variable over a wide range. For 
example, consider a factory where the normal 
base load is 1000 SCFM (472 dm3/ s) with peak 
loads of 2000 SCFM (944 dm3/ s). 

Safely 
Relief 
Valve 

Safely 
Relief 
Valve 



This system can b e served by four co mpres
sors, eac h h avi n g a ca pacity of 500 SCFM (236 
dm 3/s ). Three of th e compressors would nor
m a lly operate 60 to 70% of th e ir potenti a l to 
m ee t norm a l service demands, with th e fourth 
on s t a nd by for p ea k lo a ds a nd e m e rge n c ies. 

Also , two 1000 SCFM (472 dm J/s ) units co uld 
be used. The two la rge r units co uld have a 
high e r e ffi c ie n cy than th e four 500 SCFM (236 
dm '/s ) units . With th e four unit system, one 
stand-by h e lp s to ass ure th a t th e s hop is nev er 
out of produ c tion b eca use o f a co mpressor 
failure . It should be noted that so phistic a ted 
co ntrols would b e n ee d ed for the four co m
pressor sys te m . 

installation of a compressor 

But w h e th e r pl an nin g a new system or expand
in g an existing OJ1(~, co mpressors s h ou ld .b e 

plHced c lose to th e point of use. SHvings Hre 
realized b ecH use of shorter s uppl y lin es, lo wer 
pressure drop s, and in c reHsed ve r sat ilit y. 

When in stH llin g co mp ressors, keep thes~; rul es 
in mind: co mpressor int akes shou ld provicl ~~ 

a ir as coo l, dr y Hnd cleHn , I S possible, prefera
bly by drawing the HiI' from H dry , coo l and 
cleHn HiI' supp l y area outside th e co mpressor 
hou se. Int Hkes shou ld be s hi(; ld (; d from th e 
wea th er a nd kept aWHY from d usty yards, 
parking lot s, smoke s tacks Hnd o th er d isc h arge 
dusts and b a ffled to pr(; ve nt co mpressor noise 
fro m bein g transmitted to th e su r ro undin g 
co untr ys ide. 

Th e reHso n fo r tHkin g ai r in from the o ut s id e is 
th a t , especia ll y in th e w int e r, it is coo le r a nd 
therefore more dense . For in sta n ce, if the plant 
te mp e r a ture is 80°F [26°C) th e co mpressor 
takes in th e sa m e temperHture HiI' it de liv e rs . 
But s up pose th (; o ut side a i r is 50°F [l0° C). Fo r 
Hn o utput o f ·1000 ft ' [2832 dm ' ), th e compres
so r will intake 943 ft ' [2670.5 dm ' ). This ca n be 
an Hp prec iHb le sHv in gs in horsepower Hnci 
th e re fore in money . A c h art is s h own g i v in g 
the co rre lrilion I )(~ t ween int ake t f~ mp e r H tur e 

a nd re la ti ve d e li ve r y . 

It s hould be n o ted th a t a ir inl e t s p\;l(:e cl ove r 
black r oo fs m ay dr rlw in ve r y hot ail' on a 
s unn y s umm e r d HY o r eve n o n H w int e r dilY. 
This w ill h Hppe n espec iHll y if th e Hi I' is r e \;l 
t i ve l y s till . It m H y be H be tt e I' id e a tot a k e HiI' in 
a lon g a hi g h cool. s h Hd y wH II or to paint th e 
roof w hi((~ or s il v ( ~ r . 

As for th e s ize of th e inl<lk(; duct, th e rlo w areH 
s h o uld b e abo ut 25 % larg(; r than th( ~ piston 

Effect of Initial or Intake Temperature on Delivery of A.ir Compressors 
Based on a Normal Intake Temperature of 60° F 

Initial temperatu res 

Deg. F. Deg . F abs 

-20 440 
- 10 450 

o 450 
10 470 
20 480 
30 490 
32 492 
40 500 
50 5 10 
60 520 

Relative 
Delivery 

1.18 
1.155 
1.13 
1.104 
1.083 
1.061 
1.058 
1.040 
1.020 
1.00 

Initi al temperat ures Relative 

Deg. F. Deg. F. abs Delivery 

70 530 .980 
80 540 .961 
90 550 .944 

100 560 .928 
11 0 570 .9 12 
120 580 .896 
130 590 .880 
140 600 .866 
150 610 .852 
160 620 .838 

(Courtesy Compressed A ir and Gas Insti t ute) 
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area. If multiple units are us ed, the area of the 
duct a t the compressor nearest the inlet s hould 
be eq ua l to the sums of the piston areas of a ll 
the compressors. It is obvious, of co urs e, that 
the line may be decreased in s ize as individual 
intakes are led off. 

The duct s h ould be as s h ort as possible. If a 
s hort duct is not possible, follow this rule: 
Increase the duct one inch (25mm ) in diameter 
for every ten feet (3m) of length. 

In addition, intake air should be filtered. Com
pressor manufacturers usually install the cor
rect size and type of fi lt er, including an intake 
si lencer for the app li cat ion . It is important to 
have regular filter maintenance, as a filter is 
only as good as it is maintained . Clean fi lt ers 
a ll ow compressors to do the job they are 
intended to do. Many times this filter gets 
dirty providing high int ake resistance and is 
thrown away and not replaced . Remember, 
this filter is the first line of defense against 
dirt. For this reason, intake filters should be 
serviced at regu lar intervals to achieve opti 
mum dependability . 

A pressure differentia l gage would aid in mon
itoring the pressure drop (condition) across 
the intake filter. This may be set up so that 
when the maximum pressure drop is reached a 
li ght is turned on or a horn is sounded, etc., to 
get the maintenance personnel's attention . 

A dirty filter is lik e a great increase in a ltitu de 
on th e inlet side . It is difficult to measure the 
actual return on investment of the clean air 
filter. However, many surveys have been con
ducted, a ll of which show at least a 25% return. 
Much of the savings is realized in compressor 
cleaning charges and rebuild labor costs. 

Approximate Compressor Tolerance to Airborne Particles 

Compressor Type 

Rec iprocating Type 
(LUBRICATED) 

Reciprocat ing Type 
(NON-LUBRICATED) 

Screw Type 
(OIL FLOODED) 

Screw Type 
(DRY) 

Centrifugal 

Particle Size 
(Micrometers) 

25 

5 - 10 

10 



lesson review 

• Compressors are available in two basic types: Displacement and Dynamic. 

• Displacement compressors consist of piston, vane, screw, and lob ed rotor types. 

• Centrifugal types consist of radial and axial compressors. 

• If air requirements are such that a pressure greater than 100 psi [6.9 bar) is needed, a two stage compressor 
should be employed. 

• Because a compressor is sized for the total demands of a system, its output must be matched to that of the 
system. There are various compressor unloading techniques; the most common being holding the suction 
valve open. 

• Increased altitude affects both the compressor and electric motor. Increased altitude means decreased 
performance. 

• Noise in a compressor room is annoying and may be detrimental to personnel; techniques should be 
employed to decrease the sound pressure level. 

• Ventilation is extremely important for a compressor house. 

• Air filtration is necessary for a compressor . The manufacturer will supply the correct information for the 
correct type needed. 
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• exerCIse 
air distribution systems 

compressors, intercoolers 

50 points 

Instructions: Complete the statements below by filling in the blanks with the words of your choice. The 
correct answers can be found in the maze of letters below. Words run • " , T V B L T 0 N E N N F N 

S P R D W S R E H K D R Y N 

B W E 0 N M L F S S F A T 

0 C A C L U Z ' H Z B D V R W E 

S T H R E E N D A X A E E H R 

H F Y E H R S M Y U W T A C C 

A L Q A T P 0 T E N T A L 0 

T 0 Y S R L K V S A P Z 0 

A 0 G E W S L 0 0 P H M E L 

G D P S 0 D N D W C M G E 

S E A E H G H C L P P G C R 

K D C E N T R F U G A L N 

1. Compressors convert mechanical energy transmitted by a prime mover into _________ energy 
of compressed air. 

2. A two stage piston compressor has a(n) ________ _ where compressed air is cooled whi le 
passing to a second stage . 

3. Compressor may be displacement or ________ _ 

4. As a ltitude increases the output capacity of an air compressor ________ _ 

5. According to OSHA, an unprotected person at work may occupy a room for _________ hours at 
a sound level of 100 dBA. 

6 . When ventilating a compressor house, the inlet should enter _________ while the outlet should 
exi t to preven t s tra tifica tion. 

7. There are two types of helical compressors: _________ and ________ _ 

8. This compressor is a dynamic type, it is a _________ compressor. 

9. _________ covers many types of plant sound / noise conditions. 



Lesson 6 

Aftercoolers, Driers, Receivers 

Air Distribution Systems 

compressor aIr 

After being filtered to a large extent by the 
compressor intake filter, the air moves to the 
piston chrllnbers. If it is 8 two stage compres 
sor, air is compressed with a consequent 
temperature rise in the first st8ge , p8ssed 
through 8n intercooler where its temperature 
is decreased and then on to the second stage . In 
the second stage, the air is compressed further 
8nd has another increase in temperature. 

The air at this point has increased in potential 
energy because it is compressed . But the air is 
hot and contains excess water v8por. In 8ddi
tion, 8ir compressor outlet temperatures may 
run in the range of 400 to 500°F (204 to 260°C). 

This a ir may contain some dirt which W8S not 
removed by the int8ke filter, and it may carry 
some oil vapor which was picked up while 
passing through the compressor . Both are 
undesirable. Heat is undesir8ble due to the 
f8ct that if this hot air is passed directly into 
the pipes, they would lengthen due to th(~ heat. 
Contraction wou ld occur upon compressor 
shutdown. This recurring process wou ld CHus e 
joints toleak and reduce effic iency. Therefore, 
fl e xibi lit y must be built in. inst e8d of dis
charging th e HiI' from the compressor outle t 
directly into an a ir receiver for storage , th e a ir 
is passed through an aftercooler. 

aftercoolers 

As its name implies, an aftercoo le r coo ls com
pressed air a fter compression has been com
pleted. This is accomp lish ed by passing coo l
ing water or air over the aftercooler chamber. 
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Besides being the point where ail' cools, an 
aftercool e r is also the place where some dirt 
and oil vapor fallout of suspension, and a 'good 
portion of entrained water vapor coalesces 
out. Tlw aftercooler must have a moist ure 
separator, preferably having an automatic 
drain , 

how an aftercooler 
condenses water vapor 

We know that when a gas cools, its specific 
vo lum e d ec rei lses. This chang e usuall y results 
in a chan ge [d ec rease) in th e press ure of the 
ga s. Also, wh e n ail' cools, it s abilit y to carry 
wat er vapor a lso decreases. 

Wh e n a cool wind is felt on a humid summer's 
day, we know th a t it is probably going to ra in. 
Wh e n hot ai l' mi xes with co ol e r ail'. th e 
te mp erature d ec reases and so does th e air's 
a bilit y to hold wa te r . Condensat ion res ults . 

In an aftercooler. co mpressed ail' and the 
water vapo r it ca rri es is coo led and its wa te r 
co nt e nt is m ade to condense a nd to "rain" . As 
a il' p asses to th e ail' r ece iv e r, it ha s mu ch less 
pot e ntial e ne rgy than when it e nt e r ed ; it is 
coo le r , c lea ner . and hold s less water. Th e ail' 
leav in g th e co mpressor is t yp ica lly very 
humi d . This high humidit y r eq uires a n after
coo ler to re mo ve some of the water vapo r . 

In a t y pi ca l water ty pe aftercooler, th e direc
tion o f water flow is opposite that of th e air 
fl ow. A good aftercooler will coo l th e a ir flow
ing throu g h it to within 15° F of th e coo lin g 
water temp e ra ture. It will a ls o co nd e ns e up to 
90% of th e water vapor originally co nt a ined in 
the a ir as it en ters the rece iv e r ta nk . 

Wa te r re moval is as vital as hea t removal. 1000 
c ubi c fee t [28 .3 m3 ) of a ir after co mpress ion ca n 
re lease as mu ch as 1.4 quart s [1.31) of water. 
Thus a mod es t size. 100 SCFM [4 72 dm 3 / s). 
sys tem coG la produce over 50 ga llons of 
co nd e ns ed water in a single 24 h o ur d ay. If 
d e m a nds o f a system require drier a ir, th e 
co mpressed a ir can th e n be put throu g h the 
folio win g processes: 

a ) Over Compression 
b) Re fri ge ra tion 
c ) Absorption 
d) Adsorption 
e ) Combination of th e Abov e M e thods 

over compression 

In th e over compression process, the air is 
compressed so that the parti a l press ure of the 



wa te r vapo r exceeds th e sa tura ti o n p ress ure . 
Th e n th e a ir is a ll owe d to e xpa nd , th e r e b y 
beco ming d r ie r. Thi s is th e s im p les t m e th od , 
b ut th e p owe r co nsumpti o n is hi g h. It is u su 
a ll y us ed fo r v e r y s m a ll sys te m s a n d th e r e fo r e 
is n o t as common in indu st r y a s a re th e o th er 
m e t h od s . 

refrigera tion 

A s w e m en ti o n ed b e fore, w h e n th f! tem pera
tu re o f a ir is lowe red , i t s a b ilit y to h o ld gase 
ou s w a te r is red uced. T hi s is w h a t takes p lace 
in an a f te r coo le r . H oweve r , th e t y p ica l m i n
i m u m a ir te mp e ra tu r e a tt a in ab le in a n af te r 
coo le r is limi ted b y th e te m p e ra t ure o f th e coo l
in g w a te r o r a ir . If ex t r e m e l y dr y a ir is n ee d ed , 
a re fr ige r a nt t y pe coo le r is e mp lo ye d. 

In t h ese dev ices , h o t i n com ing a ir is a ll ow ed to 
exc h an ge heat w ith th e co ld o u tg o ing air in a 
h ea t ex cha nger. T h e c i rc u it is s hown. Th e low
es t te mp e r <l t ure to which t h e a i r is coo led is 
32.4° F [O.6° C) to pre v e n t fro s t fro m formi n g. 
T hi s t y p e of a ir dr y in g e qu ipm e n t has re la
ti v e l y low initi a l a n d op e ra t i ng cos ts. 

absorption process 

Wa ter va p or in compressed a ir ca n be remo ved 
fro m co mpressed a ir b y me th od s s uch as a bsorp
ti on . T he re a re t y pica ll y two bas ic a bsorpti on 
me th od s. In the fir s t , wa te r va por is absorbed in 
a so li d bl ock of chemica ls w itho utliquifying the 
so li d. The chemica ls u sed in the so lid insoluble 
t y pe a re t ypi ca ll y d e h yd ra ted ch a lk a nd m ag n e
s ium p erchlorat e. Ano the r t ype uses de liques
ce nt d r y ing age nts lik e lithium chl oride a nd cal
c ium chl o ride, whi ch reac t ch emica ll y with 
wa ter v a por and liquify as the a bso rption pro
ceeds. Peri odi c repl eni s hing mu st be performed. 

Some p ro blem s te nd to exis t w ith the de liqu es 
ce nt d ry ing proces s. It turns out that m os t of 
these dry ing age nts a re hig hl y corros ive . Also 
the des icca nt pe ll e t s ca n so ft e n a nd ba ke a t 
te m pera tures exceeding goOF [32° C) . 

T hi s m ay ca use a n in c reas ed p res s ur e dro p . In 
a dd iti o n , a fin e co rros ive mi s t m<ly be car ri ed 
dow n s tre a m wi th th e Cl i r Cl n d corrod e sys te m 
co m po n e n ts . H ow eve r, thi s t y p e of a ir d r y er 
has t h e lowes t initi a l and op e r a t ing cos t of th e 
m ore co mm o n a ir d r y ers. Mai nt e nCln ce is si m 
p le, r eq uir i ng per iodi c re p la ce m e nt of th e de li
q ues ce nt d r y ing age nt. 

adsorption 

A d so rpti o n [d e si cca nt) dry in g i s an o th e r 

WET 
AI R IN 

PRE COO L E R'r;::==ii~;;:;:;~~::~ REHE ATER r , 

HEAT 
EXC HA NGE R 

REFRIG ERAT ION 
UNI T 

_--DRAIN 

(Cou rtesy Pen ton / IPC Publishing) 

Deliquescent 

(deliquescent drying agent) 

Screen 

_I_~zt_t_salt solution 
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industrial method for drying air. Adsorption 
chemi ca ls hold water vapor in small pores in 
th e desiccant chemi ca ls . This act ion is not 
fully understood , a nd dis c ussing it is beyo nd 
the scope of this tex t. Processes of thi s sort 
typically seek to make us e of chemi ca ls lik e 
s ilica ge l (Si OJ or ac tiv ated a lumina (Alz03 ) · 

This t y pe of a ir dry ing is th e most cost ly of th e 
drying methods discussed he re. This is beca use 
of moderate to hi g h initi a l a nd high operating 
cos ts. How eve r, mainten a nce cos t s may be 
lo wer th a n th e a bsorption type , beca us e there 
are no movin g part s. Also , th e rep laceme nt of 
the d es iccant is e limina ted. But in a hea t
rege nera tiv e ty pe dr ye r , th e mainten a nce cos t 
may be hi g her du e to th e need to us e hi gh 
rege nera tive temp era tures which may d a ma ge 
equipm ent. 

receiver tank 

After th e a ir has le ft th e aftercoo ler a nd /or 
dryer, it is d irected to a receiver or storage 
tank. The rece iv e r tank is us ed to store a 
supp ly of compressed a ir a nd ass ure a s teady 
s uppl y w ith out excessi ve line pu lsations or 
fr equ ent loading a nd unloadin g of th e com
pressor. 

A receiver ta nk is a press ure vesse l for a ir 
storage, provided with a dra in and fl ow ports 
a nd a flow baff le to ass ure optimum co nt a mi
na n t fa ll out a nd to provide ready access to 
devices w hi ch w ill dra in off co ntamin a nt s . 
Codes are quite stric t as to th e s trengt h a nd 
tes tin g of s uch dev ices. ASM E (Am erican 
Society of Mechan ica l Engi neers), s ta te and 
local codes require a safety va lve be in s ta ll ed 
o n mos t unit s . The va lve must be capab le of 
discharging th e fu ll rated flow of the compres
so r . Safety va lves are some tim es set 10 psi 
(0.69 bar) above th e norm a l receiver pressure, 
but a lways be low th e ra ted work ing pressure 
of th e rece iv er. A lways be s ure th e rece iver 
has a dra in , preferably a n a utom a tic one, at it s 
lowes t po in t. If th e receiver is mo unt ed hori z
ont al ly, it is a good practice to tilt it s li gh tl y to 
ens ure good dra in age . 

sizing a receiver tank 

Rece iv e r tan ks a re s ize d acco rding to th e com
pressor o utput , s ize of th e sys tem a nd a ir 
d ema nd cycles. It is be tt e r to ove rs ize th e 
rece iver th a n to und ersize it. This adds ve r y 
lillI e to insta ll a tion cos ts a nd b y ave rag in g 
varying flo w de ma nds , prov ides increased 
ca pacity to mee t d ema nd s urges. It a lso lowers 
a ir velocity in th e ta nk , which improves fa ll-

Drying 
vessel 

Pressure 

HEATLESS 

Wet air 

'n, e"'-JI __ ~~Z±E+-r- Purge air exhaust 

Desiccant beds Offstream 
vesse l 

reduce r f'-1c----

(Courlesy Penlon/ lPC Publishing ) 



out of condensed and removal of droplets of 
solvents and oils which may be in the air 

stream. 

One formula used for esti mating th e required 
receive r size is based on compressed volume. 

It is 

where 

Q x Pa 
V=-

P I + Pa 

v = Rece ive r Size (cubic feet) 
Q= Compressor Output (cubic fe e t p e r minute) 
Pa = St a nd a rd Atmosph eric (PSI G ) 
P I = Compressed Press ure (PSIA) 

For U.S. V(fP) = Q(CFM] x 14 .7 
(P I (bar) + 14.7) 

Q(dm l) x 060 
For S I Units V(m:l) = . 

(P I (bar) + 14.7) 

Howev e r, b ecaus e of system r equire ments, 
etc., rt fac tor will be multiplied (1.5 tu 3, selected 
accordin g to exper ie nce ), by th e previous 
equation. Th e formulil becomes: 

f' U S U' V [( x Q x 14. 7 
' or .. nIt s = (P I + 14.7) 

Exa mpl e 

A compresso r has rtn output of 500 CFM (236 
dm :l/ s). Th e working press ure is 100 psig (6. 9 
bar). 

Whilt s ize r ece iv e r is n ee d ed? 

Solution 

By experience, a [( fac tor of 3 is se lec ted. Th e 
formul a b eco mes: 

V = 3 x (500) x 14.7 
(100 + 14. 7 ) 

V = 1"92 f t l (5.4 m l ) 

With a vrt riRbl e d e mand s itu ation another 
formul a ma y be writ te n . 

V = t(Qout - Qin) x Pa 
(P I - P 2 ) 

Q out = Fl ow Rrtl e Out 

Q in = Flow Rrtt e In 

wh e re 

V = Rece i ver size 
t = Tim e to charge or di sc hRrge 
Pa = Atmospheric press ure 
P I = Initial workin g press ure 
P 2 = Final working press ure 

V=KxQX 14.7 
(PI + 14.7) 

v = t(Qout - Qin) x Pa 
(PI - P2) 
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For US Units 

V(fP) = 

t(min.) [Qout (CFM) - Qin (CFM)J x 14.7 
[P1 (psi) - Pz (psi)] 

For SI Units 

V(m3) = t(s) [Qout (dm3/ s - Qin (dm3/ s)] 
[P1 (bar) - Pz (bar)] 

The above formula is quite useful for siz ing the 
receiver for varying flow demands. 

Example: 

The compressor has an output of 250 CFM and 
the system requ ires 350 CFM for 30 seconds. 
The initi a l working pressure is 100 psi. The 
pressure cannot drop below 80 psi. What size 
is needed? 

Solution: 

v = 1 x [Qout - QinJ x 14.7 
[P1 - p zJ 

= (30 /60) x [350 - 250J x 14.7 
20 

= 36 .75 f(3 (104 m3) 

Also, a calculation can be made to find the 
recharging time. 

Example: 

How long will it take to recharge the receiver 
in the previous example if the demand decreases 
to 100 CFM? 

V = t x [Qout - QinJ x 14.7 
[P1 - p zJ 

Rearranging 

t = V[P 1 - p zJ 
[Qout - QinJ x 14.7 

t = 0.33 min. 

1 = (36.75) (80 - 100) 
[100 - 250] x 14.7 

Care should be taken when se lecting a receiver 
tank to see that it conta ins good baffling and 
thal s low air flow exists. This is what a llows 
entrained contaminants (liquids and gasses) 
to fall to the bottom of the receiver. Also, local 
codes should be strictly followed. 

piping systems 

Now, once the air has been compressed, cooled, 
and dried by the aftercoo ler, and stored in the 
receiver tank, it is ready for the piping system. 
The three main types of piping systems most 



commonly us ed are : 

A. The de a d end or g rid 
B. The unit or de ce ntrali ze d 
C. The loop 

grid systems 

The gr id sys te m is th e s impl es t of th e piping 
sys te ms . It is o ften ca ll ed th e dead e nd sys te m . 
It is s im p le in construc ti on, c onsistin g of a 
ce ntra l m a in w ith small feeder lin es a nd h ead
ers. The m a in s decrease in size away from th e 
comp ressor, w hil e fee der lin(~s a r e ge n e rall y of 
uniform s ize. Outlets are provided a t co n ve n
ient points on th e feeder lin es, FInd points 
be t we(~ n fe e ders m ay be se r ved by cross co n
n ecting <l n y t wo Fld j ac(~n t legs. 

Whil(! perhaps thi s is the s impl est sys tem and 
th e leas t expens i ve to in sta ll, only one fl ow 
path is availab le a nd work s ta tion s near th e 
ends of th e system are subj ect to insufficient 
air s uppl y [ai r s tarvat ion] when upstream 
d ema nd is heavy . 

unit or decentralized systems 

The n ex t unit or dece nt ralized sys te m m ay 
cons is t of t wo or more grids, each wi th its own 
compressor. The individual unit s may be 
int erco nn ec te d if des ired . Co mpresso rs a re 
c loser to th e system usi n g th e air, a ll owin g 
s h or ter supply lin es . This means lower pres

sure drops, res ulting in a m o r e uniform air 
supp ly a nd sys te m p r ~~ssure . Dece ntrali zed 
syste m s are m ore versati l ~~ than s in g l(~ 

gr id s and more eas il y adap ted to c han g in g 
req uirem ent s. 

loop systems 

Last ly, th e preferred or r ecom m e nd ed sy st em 
is th e loop . This t ype a llow s th e optimum co n
ductor size a nd assu res more eq u a l distribu
ti on throu g h the pl a nt. Thi s a rran ge m e nt pro
vides a par<llle l path to all work po ints. At 
points of heavy mom e ntar y dema nds for ai r, a 
receiver ca n b e us(~ d to s t lJr(~ th e energy for 
peak d ema nds , preve nting ser iou s prcssur(! 
loss a nd Fl ir s tar va ti o n . 

installation consideration 

How(~ve r, w h e n lay in g ou t th e circuit or dis
tributi on loop, g ive care ful a t tention to reduc
ing th e numbe r of fitt in gs to a minimum and 
keep in g bend radii as large ,1S poss ibl e . Tuh
in g, because it is smoo th er than pipe, provides 
better fl ow a nd reduces pressu re drop. It s rea l 
a dv a nt Flges a re th e majo r reduction in th e 
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number of fittings required with fewer possible 
lea k p oints a nd sma ll er pressure drop. Pipe 
fittin g s gene ra ll y have five times the p re ssure 
drop of a n equiva lent size 90° bend. 

Di s tri b uti on mains, fee d ers a nd hea d er s should 
have a sma ll slope (pe rh a ps as mu ch as 1 /4" 
pe r foo t) to in s ure th a t condense d w a ter will 
be swe pt b y a ir fl ow to dra in s . Wa te r legs 
fiLt ed w ith a ut oma ti c dra in s s hould be pro
vid ed a t low spots on the ma in a nd on drop 
legs. Drop legs should be t a ken f ro m t he top of 
th e ma in hea d e r , with th e bend ma d e of th e 
s a me s ize co ndu ctor as th e lea der lin e , o r with 
a be nd of 180° a round a ra diu s la rge enough to 
ens u re low p ress ure d ro ps. By taki ng a ir f rom 
th e to p of th e ma in m ost dirt a nd w a te r a re 
excluded. Dra ins , prefera bl y a ut oma ti c, s hould 
be prov id ed a t t he bott o m of eac h drop lin e a t 
th e end of a wa ter leg. 

high cost of air leaks 

A lth ough pn euma ti c lea ks do no t us ua ll y 
p ro mo te a house kee pin g probl em lik e h ydra u
lic lea ks, fi x ing th em is still impor ta nt. In th e 
t yp ica l sys tem , as we have d esc rib ed in thi s 
sec ti on , chec king for lea ks is th e imp ort a nt 
fin a l s tep . Lea ks was te a ir a nd red uce pir - too l 
pe r fo r ma nce . 

In te rm s of a ir cost a lone, lea ks equi va lent to a 
1/ 2" (13m m) hole ca n wa st e abo ut 12 mill ion 
c ub ic feet (34,000 m 3 ) of a ir per mo nth. At a n 
ave rage cost of 10 ce nt s per 1,000 cu bic fee t 
(472 dm 3 / s) o f comp resse d a ir , thi s lea kage 
costs a bo ut $1,200 per month . The ma jor cost 
of leakage is th e cos t of e lec tri cit y to k ee p th e 
comp resso r runnin g to ma ke up th e losses. Of 
co urs e , th e longer th e com p resso r r un s, th e 
more ma intena nce is re qui red, a nd fin a ll y the 
life of th e compressor is reduced. 

A lea ky a ir sys tem may d ras ti ca ll y lower a i r 
too l eff icie ncy b y lowering bo th p ressure a nd 
a ir fl ow ava il ab le to th e too l. For in s t a nce, in 
so me cases a press u re drop of jus t 10 ps i (0 .69 
ba r) ca n res ult in a d rop in loo l effi c iency o f 
15%. T he lowe ring of too l perfor ma nce beco mes 
di s p ropo rti ona te ly w orse as p ressure a t the 
too l is red uced. Th erefore , it is obv io us th a t w e 
m us t kee p th e lea k.s to a mini m um b y chec kin g 
th e sys tem for lea ks. . 

check for leaks 

Frequ entl y, ser ious lea ks are a udibl e . It is a 
good id ea to " li s ten" for lea ks w hen mos t of th e 
pl a nt is s hutd ow n for a s hift cha nge or a t th e 
end of a work w ee k . A s a noth e r tes t , soa p y 



water solutions or commercial leak detecting 
fluid can be applied to suspected run s or con
n ections . One very e ffect i ve method for auto
m a tically d e tect i ng the prese nce of lea ks and 
th e ir order of ma g nitude is th e two c lock sys
tem. Th e clocks are connected to th e co mpres
sor system by automa ti c co ntro ls. One clock 
shows tota l elapsed time. Th e other is circu
i ted throu g h the motor control and runs only 
wh e n the compressor is und e r load. 

Then at prede termin ed tim es , s uch as on wef!k
e nd s or a t night when th e ail' system is not in 
u se, t he c lo c ks are s tarted and run for a se t 
period, u s u a ll y one h()ur , and th en stopped. 
Comparing the c l()ck s m akes it possihl~! t() 
determine th e amount of ilir I() s t throu g h leak s . 
Automatic equipment can make a p e rman c nt 
record. 

Sti ll anoth e r and p er h a ps fas ter proc edure is to 
s hut th e sys tem down and time how lon g it 
takes for sys tem pressure to drop t() a min
imum v,Iiu e. This co uld be done at ni g ht wh e n 
thf! p lant is down . I t is durin g this period th .. 11 

th e r e is t im e to rep a ir any lea ks and problems. 

lesson review 

• After a ir is compressed , it has an in creased pressure <lnd te mperature . It mu s t be coo led. An aft e rcooler 
will I){~ u se d to decrease the a ir 's tc mp e rature and reduce th e wa ter and oil in th e air. 

• II' extremely dr y HiI' is n e(!ded , dr ye rs ma y be us ed. 

• Air le av in g th e aftercooler and / or dryer mu s t be pl ac(!d in a rec e iver tank. Thi s is a pl ace w here ail' is s tored 
while being furth e r cool e d, allowing additional wil te r to precipitate. Size a \'(!ceiv e r acc ()rdin g to th e 
g uidelin es pro vi d ed in thi s chapter. 

• Thn~ e t yP(~S of piping sys te m s ex is t: g rid , ciec(!ntralized , ;Ind loop. 

• Leaks in a compressed a ir system decrease o ve rall el'!'ici(!n cy. 
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• exercIse 
aftercoolers, driers, receivers, 

air distribution systems 

50 points 

Instructions: Complete the statements below by filling in the blanks with the words of your choice. The 
correct answers can be found in the maze of letters below. Words run .. 

'" ~ 
A D E C E N T R A L Z E D R 

B P R R J( S L R E J( 0 R E 

S W E A N 0 S F S S F A F 

0 C A C L U C H Z T D V R W R 

R T H E E E A D A E A E E H 

P B Y H R L M R N W T A C G 

T D Q V T L E A J( Y A S M E E 

D Y E R L J( V S E J( Z R 

0 M G R W S L 0 0 P H R E A 

N F P T 0 D N D W C M P G N 

S A D S 0 R P T 0 N P G 0 T 

J( T W 0 A F T E R C 0 0 L E R 

1. If extremely dry air is ·needed aO---------- type dryer is employed. 

2. After air has exited the af tercoo ler and /or __ ---O_, it is directed to a ------0---. 
3. Whic~PiPinoYS~=-ma~consi~t of two or more gr ids, each with its own compressor? 

4 . What drastically lo wers air tool efficie ncy by lowering both pressure a nd air flow available to the tool? 
-----0- air system. 

5. One good way to check for air leaks is to just -O----Ofor them. 

6. -----0' state a nd lo cal codes require that a safety valve be installed on receiver tanks. 

7. The three basi c piping systems are : grid, decentralized andQ __ _ 

8. A(n) -0--------- causes air to coo l and reduces its water content. 

9.0---- 0 It's the process where water vapor is held by molecular surface tension . 

Question: 
A co mpressor's first line of defense aga inst contami nat ion is itsOOOOOO 000000 

solve the following problem 

10. A compressor has a n output of 1000 CFM (472 dm3/ s). A max imum demand of 1300 CFM (614 dm3/s) is 
needed for 20 seconds. The initial working pressure is 120 psi (8 .6 ba r). The press ure ca nnot drop below 90 
psi (6 .2 bar). What size rece iver is needed? 



Lesson 7 

Check Valve, Cylinders, and Motors 

In thi s le sson, we w ill co nc en trat e on check 
va lves and th e fluid power actuators of 
cy lind ers and mo tors. A basic check va lve is a 
compone nt which a ll ows flow in on ly one 
direction. 

Th e c heck valve basically consists of a va lve 
bod y with in let a nd out let port s a nd a mov ab le 
m em be r w hich is li g htl y biased by sprin g 

press ure. T he m ovab le m e m ber ca n b e a 
fl apper, or p lunger , but most of te n it is H bail o r 
poppet. 

how a check valve works 

Because of it s cons tru ct io n , a ir fl ow m ay pass 
throug h a c heck va lve in o ne direction only . 

Wh e n sys te m pressu re a t the ch ec k va lve inl e t 
is hig h enoug h to overcome the low s prin g 
force, [5 psi] [0. 345 bar] biasing th e poppet 
agai n s t it s sea t, the poppet is mov ed off its 
seat. Flow passes throu g h th e va lve. This is 
defin ed as th e check va lv e's free fl ow di r ec
tion . When air flow a tt emp ts to e nt er thr ough 
the out le t , the poppet is push(~ d on its sea t. 
F low th rough th e va lve is v irtually bl oc ked. 

Check va lves in pneumatic syste m s ge nera ll y 
us e (-l res il ie nt sea l on th e poppet. A check 
va lve is of te n used in sys tems as a bypass 
va l ve. It ,dlow s flow to ge t a round com
pon e nts, like flow co n trol vrJ lv es w hi ch o th 
erw ise restrict fl ow in bot h direct io ns. 

cylinders 

Th e most co mm o n pn e um a ti c ac tuator is th e 

O ull et 

Pori 

()ullel 

Check Va lve Symbo l 

Body 

Free Flow 

No Flow 

Inle t 
Pori 

Inle l 

Inlet 

c h •• ~¢1L1 
As A By pass 
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cylinder . In a ll a pp licat ions , pneuma tic energy 
m us t be co n verte d to mecha n ic a l en ergy for 
u sefu l work to be don e. The cy linder converts 
fluid power energy into s tra ight- lin e mec hani
ca l energy. 

The pneum a ti c c ylind er consist s of a c ylind er 
body , a mov a ble piston, a nd a p iston rod all
ac hed to th e piston . End ca ps ma y be a ll a ch ed 
to th e cy lind er bod y bar r el b y m a ny me thods 
- threa ds, kee per rin gs , ti e rods , or w elds . 
[Industri a l cyl ind ers oft en use ti e rod s ]. 

As th e pi s ton rod mov es in a nd out , it is g uid ed 
a nd s up po rt ed by a remova ble bu s hing a nd 
sea l assem bl y ca ll ed a r od gla nd. T he s id e 
throug h w hi ch th e ro d pro trud es is ca lled th e 
"hea d ." Th e opposite s id e wi thout th e rod is 
ter med th e "ca p ." Inl e t a nd outl e t port s a re 
us ua ll y loca ted in th e head a nd ca p . 

seals 

For proper opera tion of th e pne um a tic cy'
lind er , a pos iti ve sea l mu s t ex is t ac ros s a 
cy linder's pis ton as we ll as a t th e rod g la nd . 

Pneum a tic cy linders us ua ll y are prov id ed 
w ith a res ili ent piston sea l. Resili ent sea ls do 
not lea k und er norm a l co nd itions , bu t a re less 
dura ble th a n either me ta lli c or non- me ta lli c 
pis ton r ings. Ty pica l res ili ent sea ls a re a-Ring, 
lip sea ls, lea th er cup s, e tc. 

Rod g la nd sea ls also com e in severa l va ri e ties 
a nd a re ge nera ll y res ili ent sea ls . S ome cy lin
de rs a re eq uipp ed w ith a U, V, multi - lip or 
cu pp ed s ha pe prim ary sea l a nd a ro d w ipe r 
w hi ch co ntr ols th e ing ress ion of fore ign 
ma teri a ls a t th e rod gla nd. 

One popular t y pe of rod g la nd s ea l has a lip 
sea l as it s p rim a r y sea l. The edge of th e lip s 
co nt ac ts th e cy lind er r od co ntinu ous ly to g ive 
a positiv e sea l at low s ta ti c a nd d y na mi c 
fo rces. Thi s is us ed in conjuncti on with a 
w iper sea l w hi ch co ll ec ts a n y flui d w hi ch 
ma nages to pas s th e prima r y sea l during ro d 
ex tens ion a nd w ip es th e rod clea n du r in g ro d 
re trac ti on a nd th en d epos it s a thin film of oil 
on th e rod to be re turn ed to the cylind er on its 
re turn s tro ke. 

stroke adjusters 

S ome tim es th e stroke of a cy lind er must be 
ex tern a ll y ad jus ted to s pec ifi c limit s. Ad just 
ment may be acco mpli s hed w ith a threa ded 
rod w hi ch ca n be sc rewed in or out of th e 
cy lind er ca p . Thi s rod se rv es a s a st op for th e 
pi s ton wh en it is in the re trac t mod e. 

I I 

Cy linder .Symbol 

Pori Por t 

Rod Gla nd Bus h ing 

Sea ls 
Cap End Barre l Hea d 

Cy linder (Rod ) End 
Body 

~'1 "V" primarY:-__ ~:_8_ 1 Packi ng 
.:..- ~ 1 ~ Sea l 

f---'-----, ~.-~ C:~~~ l r"'-'J Wiper I }J 

Wiper 

Piston Seal 

S troke Ad juster 



cylinder mounting styles 

Cylinders can be mounted in a variety of ways. 
Commonly used mounts are flange, trunnion, 
side lug and side tapped, clevis, tie rod, bolt 
mounting and combinations of these . 

mechanical motions 

As stated before, cylinders convert energy into 
straight line or linear mechanical motion. But 
depending on the way in which they are at
tached to mechanical linkages, cy linders may 
provide a variety of non-line a r mechanical 
motions. 

types of cylinder loads 

Cylinders can be used in a n'rge numb er of 
app li cations to mov e various types of lo ads. A 
load which is pushed by a cylinder rod is 
termed a thrust or compressi ve load, while a 
load which is pulled by a cylinder rod is cal led 
a tension load. 

common types of cylinders 

There are many different cylinder types. The 
most common are discuss ed here . 

Singl e acting cylinder - a cyl inder in which 
air pressure is applied to the movable e lement 
in only one direction. 

Spring return cylinder - a cylinder in which a 
spring returns the piston assembly. 

Ram cylinder - a cy lind er in which the 
movable element is th e piston rod. 

Double acting cylinder - a cylinder in which 
air pressure may be alternate ly app li ed to a 
piston attached to a mov a ble element to drive 
it in either direction. 

Single rod cylinder - a cylinder with a piston 
rod extending from one end . 

Double rod cy lin der - a cy lind er with a sing le 
piston and a piston rod extending from eac h 
end. The rods may be of significrll1tly different 
diameters. 

As you can see, there are many types , styles, 
and arrangements of cy lind ers. But unless 
th ey are sized correct ly, they will not work 
effectively. 

sizing a cylinder 

To d e termine the s ize cylinder that is needed 
for a particular system, certain paramete rs 
must be known . First of all, a total eva lu ation 
of the load must be m ade. This total load is not 

ir/ '1 '1; 
l PRACTI CA LLY 

STRAIGHT LINE MOTION HOR IZONTAL CONTINUOUS 

_ "_ T_WO_ O_I R::~~~NS_ .~PA.:::R A:;.:" :.::Elc.::":::.O ':.:::' O",N -L-'CR",OTc::A R,,-Y :::.:"0,-,-'",,' ° N'-J 

1 
Thrusl 

Load 
Tension 

Load 

Vent 

Single Acting 
Spring Return Cylinder 

Double Rod 

Cylinder 

Thrust Load 

Double Acting 
Cylinder 

Ram 
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only the basic load that must be moved, but 
also includes any friction and the force needed 
to accelerate the load. Also included must be the 
force needed to exhaust the air from the other 
end of the cylinder through the a tt ached lines, 
control valves, etc. Any other force that must 
be overcome must also be consi.dered as part of 
the tot a l load. Once the load and required force 
characteristics are determined, a working 
pressure should be assumed. This working 
pressure th a t is selected MUST be the pres
sure seen a t th e cylinder's piston when motion 
is taking place. It is obvious th atthe cy linder's 
working pressure is less than the actua l sys
te m pressure due to the flow los ses in lin es a nd 
valves. 

With the total lo ad (including friction) and 
working pressure determined, the cy linder 
size may be ca lc ul ated using Pascal's Law. 
Force i s equa l to pressure being app li ed to a 
particular area. The formula describing this 
action is: 

FORCE = PRESSURE x AREA 

In U.S. Units 

F (#) = P(psi] x A(in2] 

In S.l. Units 

P(bar) x A(cm 2] 
F (N] = 0.1 

Let us now look a t a cylinder w ith no motion. 
In order to derive the complete force equa tion 
for a cy linder with no motion, consider the 
figure at th e right. This cylinder has a pressure 
Pc acting on the piston area. A pressure PI' acts 
o n the minor area. "F", which is an external 
force, keeps the rod in compression. To find 
the force developed by Pc, we must find the 
area of the piston. 

The area of a circle (in this case th e piston and 
its sea l] equa ls (3.14) or rr times the diameter 
sq u ared a ll divided by 4 or: 

. d 2 3.14d 2 

Ap = PIston Area = -f = 4 P = 0.7854 dp2 

Where dp = diameter of piston (in]. 

When the pressure Pr acts on the minor area 
Ae , the minor area is the area of piston minus 
the area of the rod . Consider the figure at the 
right. Pneumatic pressure acts on the effective 
area, but it can not act on th e area covered by 
the rod. Thi s means th at the a rea we need to 
find is Ae, or the area of th e piston minus the 
area of th e rod. 

F=pxA 

f..----'----,_ Force 

7Tdp2 
Ap=~ 

Ae = Ap - Ar 



For S.l. Units 

Ae [in") =[Ap-Ar)!!.. [dp" - dr")= 0 7854 [dp" - dr") 4 . 

For S.l. Uni t s 

Ae [cm") = 0.007854 [dp" [cm) - dr" [cm) ) 

Wh ere 

Ap = piston area 

AI' = rod area 
dp = diame te r of pi s ton 
dr = diameter of rod 

Th e re for e, the eq u a ti o n fora compressive loa d 
becomes: 

Fc = [Pc x Ap) - [Pr x Ae) 

Where 

Fc = th e lo ad in compress ion 
Pc and PI' are th e pressure a t th e cap and load 

e nd respective l y. 

Ap and Ae are the major a nd min or areas 

If th e load is t e n si le! (or th e rod is pulling on the 
load) , th e formula will become: 

Ft = [pr x Ae) - (Pc x Ap) 

For the purpose of s impli city we sha ll Rssume 
s tati c (in c ludin g sea l ) frictio n to be zero. Ho w
ever, it shou ld be noted that this cou ld be a 
fair ly signi ficant amount. 

Example 7-1 

A design e r is Rskl!d to select a cy lin der which 
wi ll push a n equivalent lORd of 250 pounds 
(1111 N). The shop supp l y a ir is a t 100 psi (G .9 
ba r). What s ize cy l ind(~ r is ne eded'? 

Solution: 

Since th e IOi-ld is known, we need to i-Iss um e a 
pressure. Since Lh e~ s h op air 100 psi, a va lu e of 
85 psi or less wou ld h e log ic a l. But for thi s 
prob l t~m l et us se lec t 50 psi to work with, Since 
tht! load is in compress ion, we w ill Rpp ly th e 
forillula --

Fe =(pc x Ap)-(Pr x Ac) 

Since th e pressun! PI' is c los e to zero, we wi ll 
ilSSUllle it t o be that va lu e. Thi s i1ITilnges the 
eq uation to rei-lll: 

Fc = Pc x Ap 

or 

A - Fe 
p - Pc 
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Substituting: 

Ap = 2
5
5
0
0 = 5 in2 (32 .2 cm2) 

Using formula for area a nd rea rrangi ng it: 

_ j AP x 4 
dp - 3.14 

rs;4 
=Y "3.14 

dp = ~ = 2.52 in. (64mm) 

An alterna te met h od, once the pis ton a rea is 
known , is to refer to for ce charts in cy li nd e r 
manufac turers' catalogs to co nv er t pi s ton a rea 
int o piston d iameter. Always select th e next 
la rge r piston di a me ter. 

To select a standard size bore, a 3.25 inch 
(82mm) wou ld be th e choi ce, or a 2.5 inch 
(63m m) cy linder runnin g a t 51 psi (3 .52 bar) 
aga in ass uming friction a nd acce leration 
for ces to be ze ro. 

Example 7-2 

Select a cy linder to lift one ton (8,889N ) us in g a 
wo rking pressure of 60 psi (4 .14 bar). 

Solution: 

Since th e rod is in te ns ion th e formula below 
wi l l be used . 

Ft = (Pr x Ae) - (Pc x Ap) 

Assuming Pc = 0, t hen: 

Substituting: 

Ft = Pr x A e 

or 

Ft 
Ae= 

Pr 

2000 . 
Ae =(3(j = 33.3 m 2 (214.8cm 2 ) 

Applying eq ua tion (6 - 3a ) 

Ae = Ap - Ar 

By a series of calcu la tions, we find tha t a 
s tandard cy li nd e r w i th a n 8" bore (200mm) 
a nd a 1-3 /8" (35mm) rod wi ll work. , 

stop tube 

Now th a t we have a bore a nd rod di a me te r , we 
must exa min e t he cy li nd e r for int ern a l high 
bearing stresses . To correct for thi s and ex tend 
th e life of th e cy linder a nd th e rod gla nd, we 
would use a stop fube. 

A stop tube is a meta l co ll ar w h ich fits over t he 

Select a 2.5" (63 mm) cylinder 

Slop T ube 

Bushing 



piston rod . It keeps th e pis ton a nd rod g land 
bu s hing separa ted when a long s trok e cy linder 
is fu ll y ex tended . 

Since it is a bearing, a rod g la nd bushing is 
designed to take som e s ide load ing whe n sup
portin g the rod as it extends or re tra c ts. A long 
w ith bein g a bearing, a rod g la nd bushing is 
a lso a fu lcrum for the pi s ton rod. A s top tub e in 
e ff ec t d ec rease s the rod g land bu s hin g load ing 
a t fu ll ex tension betw ee n both piston and 
bu s hin g. 

St ec l rods of lon g s trok e cy lind ers sag because 
of th eir we ig ht. A 5 / 8" [1 5 .875 mmJ diameter 
pi s ton rod weighs 1 lb . per foot [1.488 kg ./ m] 
a nd wi ll sag over 1 in. [25 .4 IllmJ a t th e ce nt er 
of R 10 ft. [3 .048 mJ spa n. A s top tub e is used to 
separa te th e bushing a nd pi s ton wh en th e rod 
is ex tend ed. This in effec t rcd ur:es th e load on 
th e rod g la nd bushin g b y movin g th e fulcrum 
point. 

selecting a stop tube 

Se lec tin g a stop tub e depend s on th e basic 
leng th a nd th e max imulll thru s t deve loped. 
Th e ba s ic leng th is a fun c tion o f th e actual 
s t roke of th e cy lind er a nd the t y p[~ of cy lind er 
Illountin g. Th e for mul a for ba s ic If! ng th is : 

Basic length = s tro ke x s trok e fa c tor 

St rob! far: tor ca n be de te rm i ncd from [Fig . 7-1 J. 
As see n from th e figur e, th e s troke factor 
in cre,lses as th e cy lind er 1J£!co mcs less rigid. 
Case 6, pi vo ted and ri g idl y g uided, is four 
tim es worse th a n fi xe d and ri g idl y g uid ed . 

RECOMMENDED MOUNTING STYLES FOR MAXIMUM STROKE 
AND THRUST LOADS 

GROUPS 1 OR 3 
Long s troke cy linders fo r thrust loads sho uld b e m o unted 
u Sin g a heavy·duty m oun t ing style a t one end . f i rml y fi xed 
and a ligned to take t he princ iple fo rce. Add itiona l mounting 
shou ld b e specif ied a t th e opposi t e end. which should b e 
used fo r a li g nment and suppo r t. An Interm ediate support 
may a lso be desirabl e fo r long st roke cy lind er s mounted ho r i· 
zon tally . See Catalog und er "Tie Rod Suppo rts - Rigidity of 
Envelope" for a guide. Machi ne moun ting pads can be adjustable for 
support mountings to ach ieve proper alignmen t. 

GROUP 2 

Style D - Trunn ion on Hea d 

Sty le DD Intermediate Trunnion 

Sty le DB - Trunn ion on Cap o r 
Sty le BB - Clevis on Cap 

ROD END 
CONNECTION 

FIXED 
AND 

RI GIDLY 
GUIDED 
PtVDTED 

AND 
RtGtDL Y 
GUIDED 

SUPPORTED 
BUT 

NOT RtGtDLY 
GUtDED 
PtVOTED 

AND 
RtGIDLY 
GUIDED 
PtVOTE D 

AND 
RtGtDLY 
GUIDED 

PtVOTED 
AND 

RtGIDLY 
GUIDED 

(Fig. 7-1 ) 

I --------~ 
----:,~.----;: 

GROUP 1 

FI XED MOUNTS which absorb 
force on cy lin de r ce nter line . 

GROUP 2 

PIVOT MOUNTS which ab so rb 
f o rce o n cyli n de r ce nte rl in e. 

" o:::'-C·afT. ~rr ...,- ~~;,:,..r"" 

GROUP 3 

FI XED MOUN TS which do n ot 
absorb f o rce o n t he ce nterline. 

CASE 

~ 

--4'~ I 
~~T7T' 7~ 

~ -1~ II 
J-..l7~ O . 

III ~ 
IV ~ 
V ~ 
VI tr{f. ~ 
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.50 

.70 

2.00 

1.00 

1.50 

2.00 
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PISTON ROD-STROKE SELECTION CHART 

After the basic length is found. (Fig. 7-2) may 
be used. Thrust is plotted vs. basic le ngth. The 
stop tub e is found in th e center of the graph 
and varies from 1 to 7 inches for a basic length 
of 35 to 100 inches. 

Where thrust and basic length intersect will 
determine the stop tube length. 

Once the need [or a stop tube has be e n 
c hecked. a rod diameter must be selected. 

buckling 

Cylinders may fail by buckling at a thrust lo ad 
which has induced rod stresses far less than 
th e e lastic limit of the material. Buckling is the 
sudden collapse of the rod at or above the criti
ca l thrust load . 

Failure of cy lind ers due to buckling is d epe n
dent on several fa c tors : 

1. The axial loading; i.e. the resulting thrust 
forces on the rod. 

2. The bending mom e nt imposed on the rod b y 
th e load - due to eccentric loadin g on 
torque. 

3. The type of end conditions that exist on the 
c ylinder. i.e. cylinder mounting style. exter
nal tl'a nsverse forces on the cylinder. 

Th e type of end condi tions on the cylinder was 
discussed in the previous section on selecting 
a stop tube . 

ROD DIAMETER 

THRUST -POUNDS 
(Fig. 7-2) 



sizing a rod to prevent buckling 

After the basic s t roke length of th e cy li nder is 
determined, (s ee se lec ting a s top tub e ] Fig. 7-2 
is app li ed for th e minimum rod size for re as
se mbl y cen tered thru s t lo au forces. The thru s t 
a nd basic stroke lengt h Clre in te rse c ted and th e 
nex t larges t rod is se lected (rod lin e seen at u 
45° angle ler t 10 right]. 

Example 7-3 

In a particular appl ication, iI u{!signer uses ,I 
cylinder to develop '1000 lb. (4445 N] of Ihrusl. 
You mention 10 him thilt for a s tro k{; of 32 
in c h~!s (813 mm] w ilh th{! cylinder trunni on 
mounteu at the cap end <lnd Ih e lo ad pivoled 
anci rig idly g uid ed, he mu s l have a s lop tull e 
and a t least a 1-3 / 8" (35 1Il1ll] diameter rod. H{! 
s,lys yuu're wrong. Pro ve wh() is CO I'l'{!CI. 

Sol ut ion: 

To determine whether a s top tube is n{!eded or 
buck ling will take place, th e basic len g th must 
be c<l lcul a ted first. 

Basic I{! ng th = strok{! x s trok{! factor 

For the problem g iv{!n, th e s trok e fuctor is a 2, 

as found in figur e (6-1]. 

Busic leng th = 32 x 2 = 64 inches (162~ mm]. 

Entering Fig. 7-3 with a basic length of 64 
inches anu a thrust factor of 1000, we can find 
tIll! rod diu meter and stop tu be length. 

PISTON ROD-STROKE SELECTION CHART 

Vl 
IU 
:I: 

tOO 

~ 100 
_ 90 

I &0 

i= 10 

CI "0 
Z 

~ .0 1111 

ROD DIAMETER 

THRUST -POUNDS 

(Fig. 7-3 ) 

>
a: 
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A stop tube length of 4 inches (76 mm) is found 
at the right hand side of the graph. The rod 
diameteris 1-3 /8" (35 mm) and is found by the 
first rod size moving vertically upward from 
the point of intersection. Now we must exam
ine the need for cylinder cus hions . 

cushions 
When pneumatic energy moving a cylinder's 
piston is sudden ly stopped (as at the end of a 
cylinder's stroke), the kinetic energy is 
changed into a concussion known as "shock." 
If a substantial amount of kinetic energy is 
s topped too a bru ptly, the res ul ting excess 
shock may damage the cylinder. 

To help protect against excessive shock, a 
cylinder can often be equipped with cushions 
which will absorb the kinetic energy of the 
moving system. Cushions slow down a cylin
der's piston movement just before reaching the 
end of the stroke. Cushions can be applied at 
either or both ends of a cylinder. However, 
standard cushions have a definite limit on the 
amount of kinetic energy which they will 
safely absorb. Beyond these levels, other 
measures must be taken to control the load and 
its kinetic energy, such as cam, solenoid or 
pilot-opera ted deceleration circuits or the use 
of external shock absorbers. 

A cushion consists of a plug attached to a pis
ton, which will trap a volume of air and com
press it as the cylinder approaches the end of 
its stroke. For adjustment of the cushion 
action , a needle valve flow contro l is built-in. 

A cushion consists of a needle valve flow con
trol and a plug attached to the piston . The plug 
can be on the rod side, in which case it is called 
a cushion sleeve, or it can be on the cap end 
side, in which case it is called a cushion spear. 

maximum deceleration with a cushion 
Now, when using a cushion to decelerate a 
moving lo ad, the major consideration from the 
standpoint of cylinder select ion is that the 
maximum pressure developed by the cush
ioning device does not exceed the maximum 
cushion (non-shock) pressure rating of the 
cy lind er. 

To determine whether a cylinder is large 
enough to absorb the energy of the load to be 
cushioned, the following factors must be 
known: 

1. Total we ight to be moved - fixed or 
variable 

2. Maximum piston speed 

Cushion 
Spear 

Cus hion 
Sleeve 

Needle Va lve 
Cus hion Adjustment 

Cushioning 



3. Distance available for decel era tion 

4 . Direction of load horizontal or vertical, 
thrust or tension 

5. Lo ad friction 

6. Whether back pressure ex ists in the 
cushion cavity before cus hi on ing takes 
place 

Armed with the above information, it can be 
determined if a standard cy lind er with 
cushion s can be selected . However, let us look 
at some of th e above poi nt s more close ly . 

Point 1: The total weig ht must be determined 
with the weight of the piston and rod consi
dered. This may be shown in (Fig. 7-4). The 
total weight is equa l to the weight of the piston 
and non-stroke rod length (column 1J plus the 
weight of the rod per inch times the inches of 
stroke (column 2J plus the weight to be moved 
[friction or otherwiseJ. 

Example 7-4 

A 4-inch (101 mm) bore cy linder having a 1" 
(25 mm) diameter rod and a 30 inch (762 mmJ 
stroke moves a weight with an equiva lent lo ad 
of 100 pounds. What is the tota l weight? 

Solution: 

Total we ight = Piston & non-stroke we ight + 

Rod weight + Weight to be moved. 

Total weight = 14.2 + (0 .223 x 30) + 100 

Total weight = 14.2 + 6.69 + 100 

Total weight = 120.89 pounds (537 N) 

Point 2: The maximum piston speed may, in 
some cases, be difficult to determine . The fol 
lowing suggestions are offered to help solve 
this problem. 

1. In horizontal app li cations where the air 
pressure is greater than necessary and fric
tion is not a significa nt factor, it can gener
al ly be assumed that the maximum velocity 
at cush ioning wi ll be no more than 20% 
greater than the average ve locity. The 
exceptio n to this rule is in short strok e 
cy linders less than 6 inches in length . In 
these cases, unless ot her methods are 
ava il ab le for determining maximum ve loc
ity, it may be safe to assume that the maxi
mum ve locity will be no greater than twice 
the average ve loci t y . 

2. For vertica l, rod down app li cations, the 
ana lysis is sim il ar if the speed of the piston 
at the point of cush ioni ng canno t be 
mechanically or visually determined. In this 
case, the maximum velocity at the point of 

(Fig. 7-4) 

Column 1 Column 2 
Bore Basic Wgt. (lbs .) for Rod Basic Wgt. (lbs,) 

Diameter Piston & Non-Stroke Rod Diameter for 1" Stroke 
111:. 1.5 5/8 .087 
2 3.0 1 .223 
211:. 5.4 1 3/8 .421 
3% 8.3 1 3/4 .682 
4 14.2 2 .89 
5 29 2 1/2 1.39 
6 41 3 2.0 
8 89 3 1/2 2.73 

10 115 4 3 .56 
12 161 5 5 .56 
14 207 5 1/2 6.73 

Total Weight=weight of the piston and non-stroke rod length 
(Column I) + weight of the rod per inch of stroke x the inches 
of stroke (Co lumn 2) + the weight to be moved . 
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cushioning for all stroke lengths may be no 
greater than twice the average velocity. 

3. The velocities do not consider back pres
sure, friction and the flow metering occur
ing in lines. In order to avoid oversizi ng, 
th ese factors should be given ample co nsid
e ration when ana lyzing the syst em re
quirements . Th e remaining points are 
eas ily und erstood . Now w e must select a 
cy linder cushion. 

selecting a cylinder to cushion 
a moving load 

To determine whether a cy linder se lected will 
adequately stop a load w ithout damaging the 
cy linder or the load being mov ed, the w eight of 
th e load (including th e weight of the piston 
and r od from (Fig. 7-4) and th e maximum 
speed of th e piston rod shou ld be used. Once 
th ese two factors a re known, the "WV" 
(weig ht- ve loci ty) grap h (Fig. 7-5) may be 
us ed. 

Enter th e gra ph horizontall y a t its base with 
th e tot a l weight. Then proj ect vertically to 
intersect the req ui red speed va lu e from the 
left. By proj ec ting this intersec tion p a ra llel to 
th e diagonal lin es, a cus hion rating number is 
found. 

(Fig. 7-5) "WV" (WEIGHT-VELOCITY) GRAPH 

CONSULT FACTORY 



At thi s p oint Fig . 7-6 is e n te r ed a nd th e c u s hi on 
r a t in g is fou n d for a p a rt ic ul a r cy li nd e r. If a 
s imp le c irc uit is u s ed , w ith no m e te r o ut (m eter 
ou t b e ing co ntr o l th e a ir e x h a u s ti ng fro m t h e 
c y li n d e r ), use th e " n o bac k press u re Co lum n 
A " v a lu es. If m e te r o ut co ntro l is us ed, use th e 
"me te r o u t , Co lumn E" v a l ues. As lo ng as th e 
c u s hi on ra ting found in (Fig. 7-6 J is g rea ter tha n 
the num ber foun d in (Fig . 7-5J, the cylind er w ill 
ad eq ua tely s top the load . If th e cus hi on rat ing in 
[Fig. 7-6 J is s m a ller th a n t he n umber found in 
(Fig. 7-5], the n a larger bore cy lind er sho uld be 
selec ted. 

Exa mple 7-5 

A w e ig ht of 85 p o u nds [2 28 NJ is to b e moved a t 
a ma x imu m ve loc i t y of 120 fpm [0.0 56 m / s ecJ 
for 25 in ch es [6 35 mmJ. A 5" bore [1 29 mmJ 
w it h a 1" [25.4m m J rod h Cls b e (~ n se lec ted . Will 
thi s cy linder 's cu s hi o n a d e qu a te ly s to p th e 
loa d ? 

So luti o n : 

Fir s t o f a ll , t h e to ta l w e ig ht mu s t b e found . 
From [Fig . 7-4 ], th e p is to n Clnd n o n-s trok e rod 
w e ig h t is 29 po u nds [1 29NJ. Th e w e ig ht o f th e 
r od is : 

R . 1 . h 0 .22 3 # x 25 in . [N 
OU w e lg t = :- = 5.7# 25 J 

I n 

T o ta l we ig ht = 29 + 5 .7 + 85 = 119.7# [523N J 

Re fe rr in g to th e "W V" g r ,lp h (Fig .7-8], th e 
int e r sect io n of 120 pound s CI t 120 fp m is found 
to n ee d a c u s hi on r il tin g o f 22.4 . 

Re fe rrin g to [Fig . 7-7 J, C o lumn A , it is not ed 
th a t th e ca p e nd has a r Cl ti ng of 26 a nd CI rod e nd 
r a tin g o f 23. Th e refore , th e loa d a nd s pee d can 
b e a d eq uat e ly cu s h io n ed b y th e cy lind p. r 
se lec ted . 

Had t he c u s hi o n rat ing d e te rmin ed bee n la rge r 
th a n 23, th e cy lind e r coul d have Iw e n ade
q u a te l y s to pp ed on re tr ac ti o n hut a me te r o ut 
w o u ld b e s u gg (~ st (; d for th e ex t (~ n d s tro ke . [ I' CI 
m e ter out c i rc u i t is n o t pr ac ti cal, a cy li nd e r 
o f a la rge r si ze wou ld h a v e to h e s e l (~c t e d. 

NOTE: Thi s exe r c ise d ea lt with a cy linde r in 
s te ad y s tat e . The conditions at s tart-up ma y 
b e differe nt. Therefo re initial star t-up condi
tions mus t b e c heck e d out b e fore the air is 
turned on. N o w w e h ave a cy lind e r ca p ,lb le of 
w ith s ta ndin g th e for ces impose d o n it. We 
mu s t no w exa min e it s s p eed. w h ic h is d e te r
m in ed b y fl ow ra te . 
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(Fig. 7-6) SERIES " 2A" AIR CYLINDER CUSHION RATINGS 

80,. Rod Column A Column B 
Oia meter Diamet.- No Back Pressure Meter Out Circ uit 

Cap End 12 17 
1 ~ 5/8 8 14 

1 3 8 
Cap End 14 20 

2 5/8 12 18 
1 9 15 
1 3/8 6 11 

~nd 17 23 
_ 78 ---; 4 - 2-0- -

2~ 1 14 ----1!l __ -
- 1 378 12 -l-~---1 3/4 8 

Cap End 21 26 

- 1 3/8 
18 24 - -3% 17 23 

13/4 16 22 
2 13 19 

Ca~ End - 23 ~---20 
13/8 20 - - 26 -

4 1 3/4 19 25 
2 17 23 
2 1/2 17 22 

Cap End 26 31 
1 23 28 

H~ 23 ~ 22 
5 ~ 1/2 

20 _26 -

----l-!- __ 25 

~--rn- 24 
15 --20---

Cap End 26 31 
13/8 26 31 
1 3/4 26 31 
2 24 29 

6 2 1/2 24 29 
3 22 28 
3 1/2 21 27 
4 20 26 

~nd - 29 _ ;)5 

1 3~~ - 29 35 _.-
29 3<1 

2 27 33 
_ p/2 ---"6 __ _32 _ _ 

8 26 32 
--~-

31 /2 26 32 

- : 17'r 
25 -

__ 3_1 __ 
24 ~-

5 23 _ 29 -
5 172 22 28 

CT~71- 33 __ _39 _ _ 
32 38 

2 31 37 
2 1/2 31 36 

10 3 30 36 
31 2 -58---- ~--4 36 
4 1/2 29 35 
5 28 3<1 
51/2 27 33 

Cap End 35 41 
2 33 39 
2 1/2 33 38 
3 33 38 

12 3 1/2 32 38 
4 32 38 
4 1/2 32 38 
5 31 36 
51 /2 31 36 

Cap End 38 43 
2 1/2 37 42 
3 36 42 

14 31/2 36 41 
4 36 41 
41 / 2 36 41 
5 35 40 
5 1/ 2 3<1 40 

SERIES " 2A" AIR CYLINDER CUSHION RATINGS 

Bore Rod Column A Column B 
Dia meter Diameter ' No Back Pressure Met er Out Circu it 

Cap End 12 17 
1Y> I- 5/8 8 14 

1 3 8 
I-- Cap End 14 20 

2 5/8 12 18 
1 9 15 
1 3/8 6 11 

C<ljJ End 17 -- 23 
~ --::-s78 14 20 -

2Y> 1 14 19 
1 3/8 12 - --1-8--

-
1 3/4 8 

-
13 

----

Cap End 21 26 
1 18 24 

3Y. 1 3/8 17 
_. 

23 
1 3/4 16 22 -
2 13 19 

I-- Cap End 23 - I--- 28 --
1 --20 -27 

- -
4 1 3/8 20 - - 26 

1 3/4 19 25 
2 17 23 
2 1/2 17 22 

Cap End (" 26 ,.) 31 
1 C 'L:.i 28 
1 3/8 l~ 28 
1 3/4 28 

5 2 20 - ~~ :2 fTr 10 
, -(Flg.77) 
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"WV" (WEIGHT.VELOCITY) GRAPH 

flow rate into an air cylinder 
The flow rate into a cylinder is based upon the 
amount of air needed to move the piston load 
and to force out exhaust air from the ot her side 
of the cylinder at specified speed. This may be 
calculated first by determining the volume of 
the cy lind er. 

V=AxS 

Where V is the volume 

A is the major or minor area 

S is the stroke 

For U.S. Units 
V (in3) = A(in2) x S(in) 

For SI Units 

V(dm 3 ) = A(cm2) x S(mm) x 10-4 

With the volume calculated, the next step is to 
find the compression ratio. 

The compressio n ratio is the abso lut e pressure 
entering the cyli nder, divided by the atmo
spheric pressure. 

The eq ua tion is: 

Compression Ratio = 

[
Pressure at cylinder (Psig) +l 

Absolute Pressure (PSIA) J 
Absolute Pressure at Site (psi a) 

CONSULT FACTORY 



For S.l. Units 

Compress ion Ratio = 

[
Pressure a t Cylinder (b ar ) +1 

Absolute Pressure (b a r) J 
Absolute Press ure at Sit e (b a r) 

We a r e now ready to ca lc ulat e th e flow rat e. 
Flow rat e in pneum a ti c syst e m s is usually 
m easured in c ubi c fee t p e r minut e (CFM). We 
know th a t a c ubi c foo t of a ir ca n b e a t va riou s 
pre ss ures : 90 psi, 100 p s i or 60 psi . But th e 
c ubi c foo t of a ir r e ferr ed to in th e t e rm CFM 
ge n e r a ll y indicat es th e air HS it en te rs a com
pressor. When thi s air is compressed , it w ill 
h Hve a sma ll e r vo lum e depe nding o n h ow hi g h 
the press ure is . A s thi s r educed vo lum e passes 
throu g h sys te m pipin g, it is s till r e fe rred to as 
a c ubi c foot of ai r s in ce th Ht is wha t it is und er 
norm a l condi tion s . 

As s t a ted ea rlier , thi s te rm CFM m ay refer to 
free a ir in th e same loca tion as th e co mpre s so r . 
This is a ir of th e amb ie nt or e nvir onm e nt n ear 
th e compressor's inl e t. Since a tm os ph e ri c 
co nditi o n s vary from da y t o day a nd from 
plac e to p lace , fr ee a ir is not an exac t ter m 
when co mparing fl ow ra tes b e tw ee n various 
systems. For this r easo n, c ubi c fee t of fr ee a ir 
is m a n y tim es conver te d to cubi c fee t of sta n d 
ard a ir. A s t a nd Hrd c ubi c foot of a ir is defined 
as a ir at a n abso lut e press ure w ith a te mp era 
ture of 68°F and a r e la tiv e humidit y of 36%. 
Becau se r e l a tiv e humidit y a nd abso lut e 
temp era t ure do n ot va r y wid e l y from on e 
install a ti o n to ano th er, a n abbrev ia ted equa
tion m ay be worked w ith . This equ a ti o n r eads: 

For U .S. U nits 

CFM 
V(inJ) x Compress ion Ra ti o 

Tim e to Fill Cy lind e r( s ) x 28.8 

For S.l. Uni ts 

FI R [el
' ] V[dlll "] x Compress ion Ratio 

ow a te Ill ·l / s =. . . 
TIllle to FIll Cy lIn der [s] 

Le t's work o ut a n exa mpl e. 

Example 7-6 

A 4" [101 Illm] bore cy lin der wi th a 42" [106 7 mm] 

stroke ex tends in 2 seco nds. Wh a t is th e flow ra te 
int o th e cy lin de r during ex te nsion if it p us hes a n 
equi va le nt load of 628 pounds [2804N]? [S ee 
leve l appli ca ti o n] 

Soluti o n: 

Step 1: To beg in w ith , th e press ure a t th e 
cy lind e r must be ca lc ul a ted. Using Pa sca l's Law 
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Fc = (Pc x Ap) - (Pr x Ae) 

Assuming Pr = 0 then 

Fc = Pc x Ap or 

Fc 628 . 
Pc = Ap = 12.56 = 50 pSI (3.45 bar) 

Step 2: From here we ca lculate the cylinder 
vo lume 

v = A x S = 12.56 x 42 = 528 in3 (8.54 dm 3 ) 

Step 3: The compress ion ratio is: 

C 
. R' 50 + 14.7 ompressJOn a tJO = = 4.4 

14.7 

Step 4: The flow rate may now be calcu lated. 

CFM = V (in3
) Compression Ratio 
time(s) x 28 .8 

528 x 4 .4 
CFM = 2 x 28 .8 = 40.3 (18.6 dm 3/s) 

Hence the CFM needed to move the cyl inder is 
40.3. THIS WILL BE THE VALUE USED 
LATER TO DETERMINE THE SIZE OF 
FILTERS, REG ULATORS, OR LUBRICATORS. 

practical cylinder sizing 

As mentioned before, no allowance has been 
made for " stictio n " effects, or for inertia 
effects of loads applied to the cy linder rod . II is 
usually best to se lect s lig h t ly oversized (i.e ., 
the next larger bore size ) rat her th an a mar
ginal ly s ized cylinder to ensure continuous 
operation. Thus, s izing may be based on the 
theoretical thrust deve loped times a design 
factor of 20% to 50%. This design factor is used 
to allow for friction and other mechanica l 
losses, loss of line pressure and possib le 
leakages. 

The linear motion of a cylinder or t he rotary 
motion of an air motor is not li mited to th ese 
devices. They can be incorporated and utilized 
in such things as pneumatic tools. 

pneumatic tools 
(percussive and rotary ) 

Pneumatic too ls first came on the scene about 
1850. They were commonly used to perform 
the work of rock dri lli ng and chipp ing. Around 
the turn of the century, pneumat ic hammers 
were being used for riveting, because the art of 
welding had not yet been developed. Other 
types of energy transmission systems had 
been tried but they were not as successful as 
compressed air for percussive tools. During 
the same period rotary too ls were be ing deve l
oped. In a past war (WW II) period, a wide 

Pc = 50 PSI (3.45 bar) 

CFM = 40.3 (18.6 dm3/s) 

NOTE: Due to the slight difference 
between CFM and SCFM 
(in the average pneumatic 
system) we shall use these 
terms interchangeably. 

Design Factor 

20% to 50% 



r a n ge o f a i r powe red tools were m a nufactured , 
includin g a ll sort s of s e mi- a utom a ti c a nd full y
a utom a ti c dev ices. 

percussive tools 

Th e pe rc uss ive tool s w e re a mon g th e fir s t to be 
us ed w ith th e th e n m ore e ffi c ie nt pn e um il ti c 
tra ns mi ss ion sys te m s . T ool s s uc h ilS sC ill e rs , 
chippin g h;Illllll e r s a nd r a mm e l' s a ll have th (~ 

bas ic opera tin g principl es d eri ve d from til!! 
ri ve tin g ha mm e r of 100 yea rs ag u. 

Th e bas ic prin c ipl e of ope ra t io n is t hI! l'I!ci p ro
ca t i ng ;I C t ion of a pi s ton with i n ;1 c y Ii nd pr . 
Thi s motion is achi eve d b y p r ogrpss i vl~ l y lo a d
in g a nd unl o, Idin g a pist on . Th e a lt e rn a tin g 
for ces on t he pi s ton on a lon g s tr oke tool Cil n be 
o btain ed w ith ,I s lid e va lve . In s hor t s troke 
a ppli ca tion s, s uc h as a nee dl e sCid e r , th e pi s 
ton direc ti on is co ntr o ll ed b y p is ton portin g 
a lone. 

Although th e prin c ipl e of op e ra tion of ;dl th ese 
unit s is a ppro x im a te ly th e Sil lll e, th e pl~ r c u s

s ive c h il rac ter is ti cs ca n va ry g re;I1l y. 

A pa rti cu lil r a ill ount o f powe r can he oht il in ed 
b y va r y in g th e Illa ss il nd ve loc it y o f th e pi s ton 
a n d th e numhl!r of b lows pe r sec ond . Thi s 
wo uld see m to t l! 1I us th a t a parti c ulilr job cCln 
b e co mpl l·!ted b y us in g e ith e r a h ~!avy p is ton 
w ith a low numh ~! r of bl o w s o r ,I li g ht pi s ton 
w ith a g re; I1 numb e r u f blo ws. Thi s pre mi se, 
howeve r. is w ron g. Le t u s lo o k il t a n eX; llllpl e 
to help exp i;Iin thi s . 

Co ns ide r a ri vI!tin g m ac hin e fo r s hip s : Th e 
ham m e r s hou ld I)(~ cilpa bl e of d e li vI!rin g a 
h l!ilvy bl ow to form th e head of th e ri vI! t w h il e 
in turn ex pilndin g th e width . S I~v I ! r ; d c hoi ces 
o f h Cl l11lll e r ex is t w hich w ill imp a rt thl! S,ll11 e 
po we r . Fo r exa mpl e: heavy pi s ton - s m a ll 
nUl11 be r o f blo ws [l ong s trok e ), or li g ht p is tun 
-l arge nUI11I)( !rlllhl ows [s hor t s tr okl!j. Th e 1;11 -
te l' type h ,lmm l! r possesses e nou g h po we r t il 
s h il pe the 1 1I~ ad III' till! r ive t s;lti s fac tlll'il y. How
eve r . beca use th e p is ton is li g ht , th p r il pid 
bl ows m;IY ten d to ha rd e n th e ri vet h l! ad heY llnd 
pe rllli ss ivI! tllll!r;In ces. Thi s w ill dep e nd on t hl ~ 

t yp e of 1ll ,ltl!ri;d Ill ;lk e up of th e ri ve t. 

A t th e IIth !! r c nd IIf th e sca le a re thl! chip p in g 
h a mm e rs. W Ill! n c hi P p in g in t () ugh m; 1 t I! ri a Is , ,I 
tuo l hav in g a lon g s tr oke a nd r ~d 'I ti vc l y hl!; IVY 
p is ton is r equir ed. Fo r sof t ma te ri id . th e s tr llke 
is redu ce d w hi c h l11 ea ns th e imp ,lc t r;It l! m;IY 
be in c rea se d . For r l! lllll vil l o f ru s t sCi d e III' we ld 
s platt er ,;1 ve r y li g ht pi s ton w ith CIIITcs pond
in g hi g h ra te III' impa c t is pre fer red . Th e otlwr 
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type of device used in pneumatic tools is the 
rotary air motor. 

rotary motors 

Pneumatic motors convert the potential 
energy of compressed air into rotary mechani
cal energy. They are compact, relatively light 
weight units allowing wide ranging variable 
control of torque and speed. Pneumatic motors 
are not easily damaged by stalling, reversings 
or continuous operation . Pneumatic motors 
oper.ate as a result of an imbalance pressure 
across a moving or driving member(s) which 
results in the generation of torque and rota
tion. Torque is a rotary or turning effort. 
Torque indicates a force is present at a dis
tance from a motor shaft. One unit for me asur
ing torque is the lb. in. (n-m). Torque tells us 
where an equivalent force would be in relation 
to the motor shaft. The expression which des
cribes torqu e is: 

For U .S. Units 

Torque (lb .-in.) = Force (lb) x Perpendicular 
Distance From Shaft (in) 

For S.1. Units 

Torque (N-m) = Force (N) x Perpendicular 
Distance From Shaft (m) 

In the illustration, a force of 50 lbs. is posit
ion ed on a bar which is attached to a motor 
shaft. The distance between the shaft and the 
force is 10 inches. This results in a torque or 
turning effort at the shaft of 5000 lb.-in . (50 lb x 

10 in.). 

If the 50 lb s. were located 15 inches a long the 
bar, the turning effort generated at the shaft 
wou ld be equal to a twisting effort of 750 lbs. 
one inch from the shaft. 

From thes e examples, we can see that the 
further an e ff ec tive force is applied from the 
shaft, the larger the resulting torqu e at the 
shaft. It wi ll also be noted th a t torque does not 
in vo lve any movement. 

Two basic hydrostatic motor types exist: pis
ton and vane. 

A hydrokinetic type (turbine motor) is also 
avai lab le. Let us look at the piston type first. 

piston motor 

One of the first low cost efficient air motors 

Motor 
Shaft 

Air Molors 

1040-7----15" ----___ J-t 
750 lb. iJ 



was the piston type. Its output ranges b e t ween 
0 .1 - 0 .2 Hplin :J (5 to 10 kw / dm :J J of cylinder 
volume, depending on the design, size, rpm 
and pre s sure. Thes e d e vices are typi call y low 
sp ee d, running below 1000 RPM . Since th e 
price-to-power ratio for these devices is high , 

tod ay you find fe w e r of thi s typ e of motor in 
the m a rk e t a s comp a red to th e oth e r t y pe s s uch 
as th e va ne motor. 

vane motors 

Th e v a ne mot o r d eve lop s a n o utput torqu e a t 
its sh a ft by a llowin g compresse d a ir to ac t on 
va n e s . Va n e motors offe r s ig nifi ca nt size 
a d va nt ag es as comp a r ed to o ther typ es . Th ey 
ca n produ ce a bout 10 tim es a s mu c h po we r 
from a g i ve n phy s ica l s ize p Hc k age as th e pi s 
ton typ es . T y pi ca l r a nge of pow e r is 1 to 4 
Hp / in l (50 to 200 k W/ dm lJ. Th e rot a ting g roup 
o f a va n e motor b as ic Hll y c on s is t s of va n es, 
rotor , ring, shHft , a nd a port plat e with inlet Hnd 
ex haust ports. 

All pn e um Hti c m o tor s op e rat e b y ca u si ng a 
p ress ure imb a la nce w hi c h r es ult s in th e rot H
ti o n of a s h a ft. In a v an e mot o r, thi s imb a la n ce 
is ca us ed b y th e d iffe re n ce in va ne a reas 
ex po se d to HiI' press ure . In our illu s tration s, 
with th e r o tor p os ition ed off- ce nt e r with 
r es p ec t to th e rin g, th e Hre H of th e va n es 
ex po se d to pre ss ure in c r f!ases to wa rd th e top 
a nd d ec reases a t the bottom. Wh e n com
presse d a ir e nt ers the inl e t port , th e un equal 
a r eas o f th e VHn es r es ult in a torqu e b e in g 
d eve lo p ed a t th e motor s h a ft. 

It ca n b e see n th a t th e lil rge r th e ex po sed a rea 
o f th e v a n e s, or th e hi g h(!r th e press ure, th e 
m o r e to rqu e will lw d eve lop ed a t th e s haft. If 
th e to rque d eve lop ed is s uffici e nt to ove rco m e 
th e res is tin g to rqu e o f th e lo a d , tb e rotor iln d 
s h a ft w ill turn. 

But , b e fo r e a va n e m o to r w ill o p e r a te , it s va nes 
mu s t b e ex te nd ed . Al so , il po s iti ve se al mu s t 
ex i s t a t th e va n e tip. In il p n e u mat i c V il n (! 
m o to r, va n es are ex te nd ed b y co ntinuou s ly 
ex p os in g th e und (! r s icl es o f th e va ne to air 
press ur e. Thi s is clon e b y m eil n s of pa ss a ges 
in s id e th e mot o r o r so m e tim es li g ht s prings Cl r e 
u sed to in s ur e a n ini Ii ell sea l if th e dri v in g 
press ure is built up g rildu il il y . Th e re is a third 
t y p e of il ir m o tor. It is th e turbin e m o tor . 

turbine motor 
In th e turbin e mot o r , compresse d il ir l S 

Inl e l 

Piston at Bottom 
Dead Cenler 

Fluid Driving 
Pistons 

Conduits 
Between 

Cylinders 
and Valve 

Ports 

RADIAL-PISTON MOTOR 

tCourl cs y Penlon /)PC Publi s hing) 

Bi·direc lional Motor 
Symbol 

Ring 

Oull e l 
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a llowed to pass through a nozzle so that air can 
expand and therefore its speed can be 
increased. This fast moving air is then allowed 
to impinge on a turbine wheel. This motor type 
has an even higher power-to-weight ratio than 
the others described. However, turbine motors 
have very high rotational speeds that are diffi
cu l t to gear down. Because of this they are 
limited to specia l too ls such as high speed 
grinders. The next step is to se lect the correct 
air motor for the job . 

selecting an air motor 
When se lecting an air motor, horsepower, 
speed (starting and running), and torque are of 
prime concern. These parameters must be sat
isfied so that the motor will work in the appli
cation. A good rule of thumb for horsepower 
selection is that the air motor should deliver 
the required horsepower at about 65 % of the 
available line pressure. In this way full line 
pressure may be used for starting and over
loads . However, many times the type of motor 
selected for an application is determined by 
the nature of the app li cation itself. Conven
tional piston motors, being large and heavy, 
don't lend themselves to portable tools as 
lighter vane motors would. On the other hand , 
hoist a nd winch app li cations are easily 
handled by piston motors . Turbine motors are 
an excellent choice when very high speeds are 
necessary. 

Example 7-7 

A tumbling barrel is lIsed to debur parts . The 
required speed of the barrel is 5 to 10 RPM . The 
torque needed to rotate the barrel is 60 ft. 
-#(81.3 N-m). 100 psig (bar) shop air is available . 

What size motor is needed? 

Solution: 

The torque should be considered first. 

For U.S . Units 

T 
psig x displacement 

arque= 21T 

If we use 65% of th e availab le pressure, our psi 
value is then 65 psi. 

Torque x 6.28 . 
---''--....,.:---- = motor dIsplacement 

pSI 

12 x 60 x 6.28 

65 
69.6 in3 



A motor would be selected that had a dis
placement of at leas t 69.6 in 3 • 

This motor would deli ver 60 lb. ft. of torq ue 
at 65 psig. If more torqu e is n eeded there is an 
extra 35 psi available to generate th e need ed 
torque. The speed would be dete rmined by the 
flow rate. The power should be ca lcula ted 
nex t. 

Torque x RPM x 12 
Power (HP) = 63025 

Th e S .l. Units 

60x lOx 12 

63025 

= 0.11 Hp. (0.085 Kw) 

Power Kw = Torque IN-m) x Speed (RAO/S) 
1000 

Afte r the torque a nd horsepower are known the 
a ir motor speed-torque-horsepower curves a re 
ent e red . A motor is then selected that m ee ts our 
speed-torque-horsepower needs at our working 
press ure. 

Next we mu s t chec k the a ir consumption curve 
for our motor a t our working pressure. This 
curve will te ll us the flow requirement s for our 
motor. Once a ll of these requirements have bee n 
met our motor is rea dy for work . 

lesson review 

• Air flow (exce pt lertk age ) p asses throug h a chec k va lv e in one direc tion only. 

• A check valve is often used as a byp a ss va lve. 

• Cy linders conv e rt pn e umrtti c energy int o line a r or rot a ry m ec h a ni ca l energy so th a t use ful work can be 
don e. 

• Cushions a bsorb kinetic energy of th e attached moving ma sses and thus prov id e protec tion a t the end of a 
pi s ton 's tr ave l. 

• A t y pi ca l stop tube is a co ll a r which k eeps pi s ton and rod g la nd separat ed at full rod ex tensi on. 

• Th e flow rate of HiI' into rt cylinder is ex presse d in te rms of CFM (dm:' / s). This is a function of cylinder s ize , 
speed a nd th e a ir pressure . 

• Pn e umatic tool s transform pne umatic energy into lin ea r or r o tary e nergy. 

• Perc uss ive tool s mrt y be of e ither m edium or lon g stroke w ith li g ht , m edium or h eavy pi s ton s. 

• T y pic a l fluid power motors operate by virt ue of a pres s ure imbalance (turbines a re a kin e tic energy d ev ice) 
ac ross th e ir ac tuatin g mec h a nism. 

• Torque is a rot a ry or turning effor t which is expressed in pound-inch es (N-m) . 

• Torqu e indi ca tes th a t a for ce is prese nt Ht a rHdi a l dist a nce from th e ce nt e r of a motor s hHft. 

• A piston motor is typical ly large a nd h as a low pow er-to-displ ace m e nt r a tio. 

• Th e mo s t common type of motor fo und in indu s trial pneumatic systems is a vane motor . 

• A vane motor deve lops a n ou tput torqu e at it s s ha ft b y a ll owing th e pressure of th e co mpressed a ir to ac t on 
ex te nd ed vanes. 

• A ir press ure help s to ex te nd the m o tor's vanes. 

• A turbin e mot or is hydrokin e tic a nd typi ca ll y rotates a t spee ds nea r 20,000 RPM . 
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• exercise 
check valves, cylinders and motors 

Instructions: Match each numbered phrase with one appropriate lettered phrase. There may be more than 
one correct answer for each match. Phrases may be used more than once. (20 Points) 

l. Converts compressed air into rotary mechanical energy A. Motor Vanes 

2. Separates piston and rod gland bushing. B. Piston Motor 

3. Flow in one direction only C. Vane Motor 

4. Force at a distance from motor shaft D. Cylinder 

5. Must be extended by air pressure first E. Torque 

6. Most co mmon pneumatic motor F. Check Valve 

7. A rela tively low speed motor C. Stop Tube 

8. Converts pneumatic energy into linea r mechanical energy H. Cushion 

9. Protec ts a cylinder from concussion 1. Turbine Motor 

10. A h ydro kineti c motor J. Motor 

K. P.O. Check 

Answer the following questions (50 points) 

11. What pressure will be needed to balance the load? 

(Piston area = 10 in2 , Rod area = 5 in2) 

12. A cylinder, supported but not rigidly guided, has a stroke of 30 inches. What is the minimum rod size and 
stop tube length if it pushes a 2,000 pound load? 

13. A 4" bore, 2" rod cylinder moves a load of 500#. The average rod speed is 25 ftlmin. The cylinder stroke is 
5 inches .. Will this cylinder be ab le to cushion the load with no theoretical problem? If not, why not? 

14. A 5" bore, 3" rod cylinder mov es 24 inches in 3 seconds. The pressure a t the cap and rod end is 50 and 10 
psig respectively. What is the a ir flow rate (CFM) need ed to extend and retract the cylinder? 

15. If the cy linder in problem (14) was used in Denver (5 ,000 ft. above sea level), what would be the necessary 
CFM? 



Lesson 8 

Directional Control Valves 

A directi on a l control va lv e co nsist s of a bod y 
with p o rt s w hi c h a r e conn ec ted to intern a l 
fl o w p a s sages b y o ne or m o re mo va bl e p a rt s 
which control th e direction of air fl o w . Th ese 
va lve s m ay a lso fun c tion to blo ck or a llow a ir 
to flo w . Othe r a ppli ca tion s in circuit s a re to 
co ntrol th e speed o r s equ e nce of an o p e ration . 
Se lec tion of the hi g he r of two press ures m ay 
a lso b e accompli s h ed w ith so m e di rec tion a l 
co ntrol va lves . 

functional types of valves 

One m e th od of c lass ify in g a direc ti o n a l con
tro l va l ve is by th e fl o w path s that a re s e t up in 
it s vari ou s op er a ting con d ition s . Import a nt 
fac to rs to be con s id e red a re th e numb er o f 
indi v idu a l p o rts, th e numb e r of flow pa ths th e 
va lve i s d es ig n ed for a nd th e intern a l conn ec 
ti o n o f th e po rt s w ith th e m ova bl e p a rt. Le t us 
beg in our direc ti o na l val ve exa min a ti on with 
th e two - w ay va lve. 

two-way valve 

A two-w ay direc ti o n a l va lv e con s is ts of tw o 
p or ts co nn ec ted to eac h o th er w ith pa ss ages 
w hi c h a re co nn ec ted a nd di sco nn ec ted . In on e 
ex tre m e s po ol p os iti o n, p ort A is op en to po rt 
B; th e fl ow pa th thro ug h th e va lv e is op en . In 
th e o th e r ex tre m e, th e la rge di a m e ter of th e 
s p ool cl oses the pa th be twee n A a nd B; th e 
fl ow p a th is blo c ke d . A tw o- way direc tion a l 
va lve g ives a n on-off fun c ti on . Thi s fun c tion is 
used in Ill Hn y s ys te m s to s e r ve a s a n int e rlo c k 
a nd to iso la te a nd conn ec t variou s syst e m 

Valve 

lr1Jr 
\ 

OJ Flow Path 
Open 

Passage 

Valve 
Body 

~ W Flow Path 
Closed 

(Port Aj 

Actuator Spool 

Pressure Tank-Exhaust 
Passage Passage 

(Port Bj (Port Cj 
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control of the exhaust from each of the valve's 
outlet ports . This method is often used to give 
a type of inexpensive "speed co ntrol " of pneu
matic cylinders by appropriate restriction of 
the individual ex haust ports. 

s pring offset 

The valves that we have been talking abo ut 
could be two- or three-position type. A two
position directional valve ge nerall y uses a n 
actuator to s hift a directional va lve spool to a n 
extreme position. Then the spoo l is returned to 
its original position by mea ns of a spring. 
Two-position valves of this nat ure are known 
as spring returned or spring offset valves in 
pneumatic systems. 

normally open and 
normally closed valves 

Spring returned two-way valves can be either 
normally open or normally closed, that is, 
when the act uator is not energized. In the nor
ma ll y open typ e, fluid flow may pass a nd in 
the normally closed type may not pass through 
the va lve. In a two-position three way va lve, 
since there is a lways a passage open through 
th e valve, no rma ll y closed usually indicates 
that the pressure passage is blocked w he n the 
va lve act uator is not energized. 

Wh en spring return directional valves are 
show n symbolically in a circu it , the va lve is 
positioned in the ci r cuit to show its norm al at 
rest co ndition. 

Holding these va lv es in the actuated position 
without an exte rn a l ac tu at in g force may ca use 
a co ntrol circ uit problem. If thi s is the case, 
then the use of a detented valve should be 
cons idered. 

detents 

If either of two momentary actuators is us ed to 
shift the spool of a two position va lve, detents 
are some tim es us ed as a holding dev ice to help 
keep the movable member(s) in the desired 
s hifted position. However, it may not be suffi
cient to hold the movable member agai nst 
impact, heavy vibration or a s udd en s urge of 
air. 

In our simplified illustrat ion of a detent, the 
spool is eq uipp ed with not ches or grooves. 
Each not ch is a receptacle for a springloaded 
movable part. In th e detent illustrated, the 
movable part is a ball. With the ball in the 
notch the spool is held in position. When the 
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In 

Spring Offset - Returned, 
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2·W.y V.lve 
Normally Clo.ed 

A 
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spool is shifted, the ball is forced out of one 
notch and into another notch. 

Directional valves which are equipped with 
de tents are found more frequently in pneu
ma tic systems than in hydraulic systems. 

three-position valves 

All the foregoing valve types were two posi
tion devi ces providing alternate flow paths
one in the normal position and the other in the 
ac tuated position. A three position family of 
pneumatic four-way valves (in both four and 
five ported varieties) is com monly available. 

center condition 

In these valves, the two extreme positions of 
industrial four-w ay directional vHlves are 
directly related to an actuator's direction. 
They are the power positions of the valve. 
They control th e movement of an ac tu a tor first 
in one direction and then in the other direction. 
The cen ter position of a directional valve is 
designed to satisfy a system requirement. For 
this reason, a directional valve's center posi
tion is commonly referred to as a center or 
"neutral" condition. 

There are a variety of center conditions avail
able with four-way directional valves. Some 
of the more common center conditions are both 
cylinder ports open to pressure (pressure cen
ter), both cylinder ports open to exhaust with 
pressure blocked (exhaust center) or a ll ports 
blocked (blocked center). 

Let us examine each more closely. 

both cylinder ports open to pressure 

First is the pressure center. This type of valve 
may be us ed to alternately control the motion 
of two or three gro ups of single acting cylind
ers. When the valve is in the normal or neutral 
position, pressure is a dmitted to both cylind
ers, causing ex te nsion . If the valve is shifted to 
either ex tre m e position, one cylinder group 
will r e main extended. When the valve is 
shifted in the opposite direction, the motion of 
the cy linders is rev e rs ed. 

both cylinder ports open to exhaust, 
pressure blocked 

Next we will look at the exhaust ce nt er. With 
this center condition, the cy lind e r is said to be 
fre e to float. In other words, with the valve in 
its neu tral state, both ports of the cylinder are 
opened to exhaust and the cylinder rod can be 
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moved (subject to internal friction and exter
nal lo ading) . When the valve is shifted, the 
cylinder extends and retracts as discussed 
before. 

all ports blocked 

Lastly, the blocked center is examined. This 
center condition blocks all working ports and 
is often called closed or blocked center. 
Depending on the circuit design and actuator 
loading conditions, this center condition may 
provide a holding action on the device to which 
the valve is attached. With suitable controls 
and the compressibility of the air taken into 
account, this type of valve can be used to stop a 
cylinder along its stroke as it travels in either 
direction. 

However, all of these valves fall into one of 
two design types. 

basic valve design 

Basic valve design should be considered when 
selecting pneumatic directional control valves . 
Since they control direction, they must be 
adequately sealed for the application. The 
sealing function may be accomplished by 
shear action or poppet-type elements . 

shear action valves 

The shear action type of valve controls flow by 
means of an element that slides across the flow 
path. There are four basic types: 1) sliding plate 
or rotary disc, 2) lapped spool, 3) packed spool 
and 4) packed bore . 

The first, sliding plate or rotary disc, uses 
pressure unbalance to force the sealing mech
anism (commonly called a D slide) against a 
mating surface. The effect is to control the 
flow of air to and from desired ports and seal 
the flow from others. These valves can provide 
two, three or four-way action. 

The sliding plate principle is available in a 
modified form called a rotary disc. This util
izes the shear sealing principle of the D-slide 
valve, but allows control by rotary motion as 
an actuating means. Correct porting connec
tions are achieved by rotating the D-slide 
which now may be termed a rotary disc. This 
can be seen by the illustration at the right. 

characteristics of sliding plate valves 

The following are characteristics of the sliding 
plate valve: 

1. Valve mechanisms "wear in" as they are 

"D" slide 
Supply 

Typical "D" Slide 
Type Valve 

Outlet 1 open to exhaust 
Outlet 2 open to supply 

All ports blocked 

Outlet 1 open to pressure 
Outlet 2 open to exhaust 



used . Valves are capab le of many millions 
of trouble-free cycles, even under adverse 
condi tions. 

2. M a te rials may be s e lec ted which are not 
affected by lubri ca nts or co nt a minants 
which are present in compressed a ir lin es. 

3. W ea r te nds to kee p m a ting part s in co nta c t , 
thus co ntrolling lea k age over lon g p eriod s 
of us e. 

4. Th e va lve tends to exclude fore ig n m a teri i-d 
from lod g ing be tw ee n the Ill a ting surfaces. 

5. The va lve is n o t se riou s ly a ff ec ted b y 
temp era ture ex tremes. 

6. The va lve can be used as a flow co ntrol a nd 
direc ti o na l control. 

7. This t ype of valve h as good a ir fl ow throt 
tlin g in proportion to th e m oveme nt of th e 
control va lve. 

considerations with 
sliding plate valves 

To minimize circ uit prob lems w ith sliding 
plat e valves, consider th ese fac tor s : 

• Large forces Ill ay be re quired to s hift th e 
va lv e s lid e, especial ly at hi g h pressure, 
w he n usi ng designs with large pressure 
sea led a reas, which are not a t leas t partia ll y 
pressu re balan ced. 

• Units ma y req uire lo ng actuator stroke 
leng th s to obtain full flow capab iliti es. 

• Th e va lve must be co ntinuou s ly lubri ccll ed 
for m ax imum life. 

• Des ig n m ay not provide bubbl e-ti g ht sea ling. 

• The sea lin g m emb e r (D-slid e o r d isc] ca n be 
forced fr o m it s mating surface if th e pres 
s ure und e r the pl a te excee d s lin e press ure. 
Va lv es m ay not b e s uitabl e for positioning 
or s t opp ing cy lind ers where s uc h pressure 
co nditi o ns can occu r. 

packed spool 

Another t y p e of s hea r action vil lve is th e 
p iH:kcd spoo l vil lve. Thi s s pool t y p~! va lve is 
provided wi th sea ls to e ffec t a lm os t leak proof 
sealing. The packed spoo l va l ve design uses iJ 

res ili e nt se al around t he spool la nd s . This 
s pool a nd sea l works in a metal bore . 

characteristics of 
packed spool valves 

Th e pa c k ed spool va lves offe r th e circuit 

TYPE P OISC 
J POSITION 900 MOVE ~EN T 
ALL PORTS BLOCKED IN N(UTRA l 

TYPE V DISC 
J POSI TION 9 0 0 "-40VEMENT 
INLE T B LOC KE O CYLINDER POR T S OPEN 
TO EXHAuST IN NE uHIAl 
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designer these characteristics: 

1. Packed spool design permits maintenance 
of the seal shape and size. 

2. Packed spool valve is less vulnerable to 
"varnishing" in place than are the lapped 
spool valves because only small areas are in 
contact or very close fit within the bore. 

3. Packed spool valve is less affected by 
improper installation (improper torquing). 

4 . Packed spool valve is less sensitive to con
tamination than the lapped spool valve. The 

.lapped spool valve is covered later in this 
chapter. 

5. Maintenance is less costly from the parts 
replacement stand point. 

6. The valve is of a balanced spool design. 

considerations with 
packed spool valves 

To minimize circuit problems with packed 
spool values consider these factors : 

• Compatability of seals and airborne liquids 
must be checked. Swelling seals require 
excessive shifting force on the spool. 
Shrinking seals will increase leakage . 

• Some designs use seal materials which tend 
to adhere to the surface against which they 
seal. 

• Extreme temperatures may cause the seals 
to change size or become hard. 

packed bore 

There is another very common directional 
valve. It is the packed bore. The packed bore 
type valve has a metal spool working in a bore 
th a t has several stationary seals which pro
vide isolation betwee n ports. 

characteristics of packed bore valves 

Packed bore valves offer the circuit designer 
these characteristics: 

1. The design is available in a variety of flow 
path patterns in most porting and actuating 
configurations. 

2. The design results in a balanced spool. 
Shifting forces are only slightly higher than 
for metal-to-metal designs . Sudden pres
sure surges cannot cause the valve to lose 
its sealing capabilities. 

3. The resilient seals make the valve less 



vulnerable to abrasion by for e ig n materia l 
than metal-to-metal designs . 

4. Valv e spoo ls have li mited areas in contact 
and less tendency to "varnish" in place than 
met a l-to-metal designs. 

5. For greater life . lu bricat ion is suggested . 

6. The spoo l will not bind und er a mbient 
temper a tures e n cou ntered in in dustrial 
applica ti ons. 

7. The sea ls may be changed without c ha ng in g 
matin g parts. 

considerations with packed 
bore type valves 

To minimize circuit problems. consider thes e 
factors for packed bore valves: 

• Compatability of seals and a ir borne liquids 
must be c hecked. Swelling seals require 
excessi ve s hiftin g force on the spool. 
Shrinking sea ls will introduce leakage . 

• Som e designs use sea l materials which tend 
to adhere to the surface against whic h they 
seal. 

• Extre m e temperatures may cause the seals 
to change size or become hard . 

packed spool or packed bore 

These spoo l type valves are provided with 
seals to e ff ec t virtual ly "leak proof" sea ling. 
Packed spool valves are arranged w i th a spool 
with resilient seals working in a metal bore. 
Packed bore valves h ave metal spools working 
in a bore provided with resilient sea ls. 

Selection of th e seals in either case is impor
tant. The elastomer must be resilient enough to 
pl'Ovide seal in g. yet toug h enough to provide 
resistan ce to abrasion. It must be dimension
a ll y s tab le under a ll operat in g temperatures 
and in the presence of various airborne fluids . 

lapped spool valves 

The la pped spool valve is a lso c lassified as a 
shear ac tion type . This design depends on 
clos e fit between ports to control the flow of 
air from one port to another . This design does 
not give "bubb le ti g ht" sea lin g since th e spoo l 
and bore act lik e an a ir bearing. 

Th e following are characteristics of th e lapped 
spoo l va lve: 

1. Th e desig n is ca pab le of providing almost 
any flow path patt ern desired. in a var iety 
of porting and act ua ting configurations. 

89 

Packed Bore 

Typical Packed Spool Type Valve 

Supply 

Ou llet Exha ust 

Five multi-purpose ports 



90 

2. External forces required to shift a balanced 
spool are low. This is desirable when direct 
actuation of the spool is required. 

3. The force required to position the spool 
tends to remain constant during a shifting 
stroke. This helps the spool to complete its 
stroke once "break-loose" friction has been 
overcome. 

4. The design can be made to prevent inter
connection of pressure, outlet and exhaust 
ports while the valve is being shifted from 
one flow path condition to another. This 
ability to eliminate "crossover" flow while 
the spool is in transit reduces the chance of 
shift failure when operating at low pres
sures as a pilot operated valve, and can 
eliminate spurious signal pulses. 

5. Because the spool is balanced, sudden pres
sure surges resulting from external forces 
on cylinders cannot cause the valve to lose 
its sealing capabilities. 

considerations with 
lapped spool valves 

To minimize circuit problems with metal-to
metal spool type valves, consider these factors: 

• Long stroke requirements of spools may 
require excessive travel of mechanical actu
ators to complete the shifting of the valve. 

• Closely fitted parts are vu lnerable to the 
entrance of foreign matter between the mat
ing pa rts. This can cause rapid wear and 
leakage , or cause the parts to stick. 

• Units of this type require good lubrication 
and / or filtration. It is sometimes best to run 
on dry unlubricated air. 

• Oxidized airborne lubricant from a com
pressor or other material carried down an 
air line may cause the closely fitted parts to 
"varnish" in place. This occurs particularly 
when valves are allowed to remain idle for 
long periods of time, as over weekends. 

• Initial cost is high. Maintenance costs are 
higher than for other types of designs. 

• Improper installation (improper torquing) 
may cause the valve spool to fail to shift. 
Due to valve body distortion. 

• If the valve is subjected to vibrations, detents 
may be needed. 

poppet valves 

Up to this point the discussion was limited to 



shear a ction val ves . We would now like to dis
cuss popp e t types. Directional valves whi ch 
e mpl o y poppets for th e ir movabl e p a rt are 
suited fo r u s e wh e r e hig h flows a re e ncoun
tered . Since a popp e t o p e ns up a re la tivel y 
large hol e in a short s tro k e , popp e t v a lves h a v e 
an inh e re nt ch a r ac te ristic of fas t re sponse 
w ith minimum w ea r . P oppet v a lv es for pn e u 
m a ti c se r v ice usu a ll y e mplo y res ili e nt sea ls to 
provide ti g ht s ea lin g. Most p o p pe t v a lves 
found in industri a l a ppli cati o n s a re three 
ways . U s u a lly a fo ur-w ay pop pe t va lv e is 
m a d e u p o f two three - ways . 

characteristics of a poppet valve 

Ch a r ac te ri s tics o f a popp e t va l ve woul d 
inc! ude : 

1 . P op p e t va lves o ffer r a pid cyc lin g ca p ab i
liti es . Li g ht m ov in g me mb e rs req ui re o nl y a 
sh o rt s tro ke to p ro v id e m ax imum fl ow 
op e nin g. 

2. T he des ig n is r e li a bl e a nd tim e prove n . 

3. Sh or t s trok e o f th e va l ve g ives minim u m 
wea r a nd m ax imum life ca p a biliti es. 

4. Res ili e ntseal sg ive ti g htshutoff o fth e flow 
p a th a nd hel p abso rb th e ki ne ti c e n e rgy o f 
th e m ov in g m e m be rs. 

5. Th e d es ig n is res is ta nt to d am nge by fo r e ig n 
m a tt e r c arried thr o ug h the a ir lin e s in ce th e 
sea ts a r e se lf- c lea nin g. 

6 . M a int e n a n ce of th e vn l ve is read il y acco m
pli s hed w ith in expe n s ive p n rt s. 

7 . Th e va l ve is n o t se n s iti ve to n il' lin e lubri
ca nt s o r t o oth f! r ma te ri a ls pass ing throu g h 
th e va l v in g m e mb er . 

considerations with a poppet valve 

To minimi ze c irc uit pro bl e m s with popp e t 
t y p e va lves, con s id e r th ese p oint s : 

• P oppd des ig n s w ith d irer. tl y ope ra ted nc tu
n to r s m ay b e bul ky in large fl ow po r t sizes. 

• It is d iffi c ult to ob tn in p o pp e t va lves in so m e 
fl ow p a th confi g ura ti o n s . 

• Th e pop p e t va lve des ig n a ll ows fl ow fr o m 
th e press ure p o rt to escape to a tl11 os ph!~ re as 
th e va lve s hi f t s. Thi s " r. r ossove r" flo w l11 rlY 
drop th e press ur e a t th e inl!!t port of th e 
va lve b e lo w th e r a te d minil11ul11 ope rn tin g 
press ure, ca u s in g th e va lve to m ;-d fun c ti o n , 
Thi s s hift m a lfun r. ti o n h as b ee n overr.o m e 
b y b uildin g in a n acr. umul a to r (a mini a ture 
air r ece iv e r tank) in the pilot a ir s uppl y , 
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Now let us look at how these movable 
members are positioned. 

directional valve actuators 

We have seen that a movable member can be 
positioned in one extreme position. The member 
is moved to these positions by mec hanic a l, 
electrica l, pneumatic or manual means. Direc
tiona l va lves whose spools are moved by mus
cle power are known as manua ll y operated or 
manua ll y actua ted valves. Various types of 
manua l actuators include levers, push buttons 
a nd pedals. 

A very common type of mechanical act ua tor is 
a plunger. Equipped w ith a ro ller a t its top, the 
plunger is depressed by a cam which is att
ac h ed to a n ac tu ator . Manual ac tuators are 
used on directional valves whose operation 
must be sequenced a nd co ntroll ed at an opera
tor's discretion. Mechanical act uation is us ed 
when the shifting of a directional valve must 
occur at the time an ac tuator reaches a specific 
position. 

Directional valves ca n also be shifted with air. 
In th ese va lv es, pilot pressure is app lied to th e 
spool ends or to separate pilot pistons. 

solenoid operation 

One of the co mmon ways of operat ing a d irec
tional va lve is with a solenoid. A solenoid is an 
electri ca l device which co nsists basically of a 
plunger and a wire coil. The coil is wound on a 
bobbin which is then installed in a magnetic 
frame. The plunger is free to move inside the 
coil. 

When electric curre nt passes through the coi l 
of wire a mag neti c field is ge nera ted. This 
magn etic field attracts the plunger a nd pulls it 
into the coil. As the plunger moves in, it can 
eit her ca us e a spool to move or sea l off a sur
face cha nging the flow cond ition . 

direct acting solenoid valves 

When the motion of the solenoid is direct ly 
coup led to the shifting mecha nism of the 
valve, it is ca ll ed a direct operated so lenoid 
va lve. Two-pos ition valves with s ingle sole
noid ac tuators usu a ll y depend upon a spring 
or a ir pressure to return th e flow-directing 
element to its norma l condition. 

Three -position direct solenoid act uat ed valves 
rely on so lenoid forces to shift the va l ve 
member to either extreme position from cen
ter. Centering is usually ac hi eve d by spring 

Push 
Button 

Manually (]:: , 
Actuat.d , 

r- Hand E..- ", 
I-- Lever ~, " 

F '", ", .... "-,,, 
................ ," 

Foot Pedal .......,' 

or Treadle ............. "~ , 1 I X I 
MecbaD~c:a:d- - ./~1 I , 
Symbol ./ ./ /" / '1 

,. /" // II 
Hydraulic Pilot / 1/ 

/ / I 

~// // 
Air Pilot II / 

/ / 

[[I / 
Solenoid / 

M/ 
Spring 

So lenoid Energized 

Ex' A 

Ex' A 

p B Ex' 

p B Ex' 



forc es or pressure unbala nces. 

Direc t op er a ted s o le n oid valv es offer th es e 
adv a nt ages: 

1. Th e va l ve will a s s um e th e po s ition corres
ponding to th e ac tu a tion si g n a l, r egardl es s 
of th e input press ur e within th e valv e or 
circ uit (provid ed th a t th e m ax imum is no t 
excee d ed]. N o minimum op e ra tin g pressure 
is requi re d . 

2 . Th e v a lv e rem a in s in positi o n e ve n if pres
sure flu c tuat es to lo w va lu es. 

3. Th e va lve will no t te nd to m a lfun c tion d ue 
to r es tri c tion s in s uppl y or ex h a us t. 

pilot actuated valves 

An oth er t y p e of va lv e ac tu a ti o n is th e pil o t 
ac tu a to r . A pil o t ac tu a ted va lve uses a ir p res
s ure to m ove th e va lv e s pool. Thi s a ir pressu re 
m a y co m e from a va ri e ty of sources . 

Pilot ac tu a ted v a lves a r e u se d w here ac tuati o n 
is r equired in r e m o te loca ti on s . Th ey a re a lso 
us e ful to co ntrol low p ressures a nd a re a 
requi re me nt in press ure ce nt e red va lve s . Since 
actu a tin g forces in c rease with in c reasin g 
pressure to the a c tu a tin g p o rt s, hi g h forces ca n 
be ge ne ra ted t o s hift th e va l ve m e mb e r . Pil o t 
ac tu a ted va lves m ay be int e rn a ll y o r ex ter
nall y pil o ted. A v a lve is conside red to be 
ex te rn a ll y piloted if it s a ir pres s ure re cei ve r 
for s hiftin g com es fr o m a n ex t e rn a l sour ce . If 
th e pil o t press ure co m es from a so urce w ithin 
th e va lve, it is said to b e inte r na ll y pilot ed . Let 
us fi rs t exa min e th e int e rnall y pil o ted t y p e of 
v a lv e. 

internally piloted valves 

Int ern a ll y pilot ed va l ves us e pa rt o f th e pn e u 
m a ti c e ne rg y deliv e red to th e press ure port to 
positi o n th e mov a bl e m ember within th e va lve 
bod y. Su c h a va lv e h as a d e finit e minimum 
a nd t yp ica ll y a m ax imum press ure re quire
m e nt. Th e a ppli ca ti o n o f this t y pe of va lve Ill ay 
impo se circ uit r es tri c ti ons on th e d esi g ne r. 
Thi s is du e to th e n ee d to m a int a in the min 
imum s pec ifi ed press ure wh e neve r th e va lve 
elem e nt requires s hiftin g. 

Th e use o f p ro pe rl y s ize d , unres tri c ted pres 
s ure s uppl y lin es t o th e v alv e will norm a ll y 
a void pro bl e ms with va lv e shifting . Conve r 
s e ly, th e u se of a suppl y lin e whi ch is too sm a ll 
or h as built in res tri c tion s m ay ca us e th e 
press ure a t th e va lve to fa ll be low th e min
imum s pec ifi ed op e ra tin g press ure a s th e 
valv e is op e rated. Exa mpl es of su c h restri c -
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tions a re too small an I.D. in fi ttings or hose 
couplings, quick disconnec ts, a nd sha rp bends 
or kink s in conductors, espec ia ll y flexib le 
hos es . Problems ca used b y su ch conditions 
may be elimina ted by pre venting or removing 
the restri c tions , or by se lec ting a va lve t hat is 
no t se nsitiv e to such conditions. 

externally piloted valves 

Co n ve rse ly, ex te rn a ll y pil o ted va lves require 
a p ress u r ize d so u rce w hi ch is derive d ex ter
na ll y to th e va lve. Thi s mea n s th a t a pressu re 
ca n be se lec ted in s uch a way th a t th e va lve 
w ill energ ize a nd de-energize in th e s a me 
a mo unt of tim e. If sl ow s hiftin g tim es a re 
required, a low press ure may be us ed . If ra p id 
s hift ra tes a re necessa r y , w e ca n e mpl oy high 
p ress ures or th e ra pid ex ha us tin g o f one of th e 
p il o t po rt s. Howe ver, w hen us ing hi gh pres 
s ure to s hift th e ma in va lve mem ber, ca uti on 
s ho ul d be exe rc ise d . 

Ex tremely hi gh ve loc iti es m ay ca use hig h 
im pac t forces on th e va lve memb er, lea din g to 
re du ce d life . 

solenoid-controlled 
pilot-operated valves 

However, the forces req uired to s hift la rge 
d irec ti ona l control va lves may be rela ti ve ly 
hi g h, espec ia ll y if fl ow forces a re un b.a la nce d . 
T o d irect ly opera te a va lve of thi s t y pe, la rge 
so lenoids w ith hig h cu r rent de ma nds wo uld be 
necessa r y . T o overco me th is p ro b lem , ma n y 
des ig ns ma ke us e of s olenoid co nt ro ll ed pil o t 
opera ti on. Such des ig ns may prov ide ex tremely 
hig h fl ow ca pa bilit y. 

Pi lo t opera ted va lves have th ese a d va nt age s : 

1. A lt ern a ting cur ren t so lenoids ca n ope ra te 
at low in- r us h a nd hold in g current leve ls . 
T hi s res ult s in g reat ly imp roved co nt ac t life 
a t re lays. 

2. Low tem pe ra ture rise a t th e so lenoid s 
decreases the lik elih ood of so lenoid burn 
out. 

3. S ma ll so lenoid s ca n be used. Thi s dec reases 
th e des tru c ti ve " poun d ing" w hi ch is oft e n 
th e ca use of mec ha n ica l fa ilure in so lenoid s. 

4. So leno ids opera te s ma ll va lve element s, 
w hi ch g rea tl y dec reases th e poss ibilit y of 
fa ilu re d ue to va rni s h , d ir t , e tc. 

sub-base mounting 

For co nveni ence thes e va lves ca n be s ub-b a se 



mounted . Pneumatic directional valves are 
frequently fasten ed to a base to which the sys
tem piping a nd power is connected. This is 
known as sub-base mounting. 

Sub-base mount ed direc tion a l valves afford 
ease in servi cing, since existing piping do es 
not have to be disturbed for valve inst a llati on 
or removal. 

flow coefficient - Cv 
When selecting these valves, a n important 
co nsiderat ion is their ab ilit y to pass the 
required volume of a ir at a n acceptab le pres
sure drop. This is referred to as th e flow rating. 
A com mon method of rating flow is by a Cv 
"(C-Sub-v)" factor. 

The Cv factor is derived from a n express io n 
which giv es th e numb er of ga ll ons of water per 
minute th at will pass thr ough the valve with a 
1 psi differential between the valve's inlet a nd 
outlet. It can be calc ul a ted with a formula th a t 
wi ll be described later. 

Typical capac ity coefficient s for four-way 
directional va lves are : 

Port Pipe Size (NPT) Flow Rating (ev) 

1 / 8 in ch 
1/4 inch 
3 / 8 in ch 
1/ 2 in ch 
3 /4 inch 

1 inch 

0.2 to 0.8 
0.5 to 2.0 
1.5 to 3.5 
2.5 to 5.0 
4.0 to 9.0 
6.0 to 16.0 

In many va lve designs, the variation in capac
it y between d iffere nt flow pat hs may va r y up 
to 50"10. One manufacturer's 1 / 2" port valv e 
may ac tu a ll y pas s less flow than another 1/ 4" 

port valve. Thus, the designer wo uld do well to 
specify valves th a t have a t least th e typi ca l 
flow coefficients shown . 

sizing a valve for flow (for u.s. units) 

There are several Cv for mul as in use tod ay. 
The National Fluid Power Association is cur
rently usin g the following Cv formula: 

Capacity Coefficient Formula 

Cv-~ J TjxG 
- 22.48 L. P x (Pz + Pa l 

Where: 

Cv = ca pa city coefficient (a num era l] 
Q = flow in sta nd ard cubic feet per minute (sefm] 

@ 14.7 psig , 36"10 relative humidity 
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G = specific gravity of the flowing medium 
(G = 1 for air) 

T l = a bsolute t emperature (460 + degrees F) 
P 1 = inlet pressure (psig) 
P z = outlet presure (psig) Pz = P 1 - P 
L. P = pressure drop (psi) static to static 

pressure. 
P a = a tmosph eric pres sure (psi a ) 

NOTES -

1. The eff ec t of rela tiv e humidity (RH) on "G" 
for a ir is 0.6% over the range of 0 to 100% RH 
and may be ig nored for ordinary test 
acc uracy. 

2. Thi s equ a tion is valid for Subsoni c flow 
only. To insure subsonic flow (flo w veloci
ti es be low th e speed of sound -1100 fps), 
limit press ure drop so th a t -

Pz + Pa . 
P P IS be tween 0.85 a nd 1.0 

1 + a 

Although this formula is not difficult to wor k 
with, we can mak e use of tables for some of th e 
basic quantities found in th e equ a tion . It may 
be rewritt en as: 

For U.S . Units 

Cv = Flow rate (CFM) x A 

Where flow rate is th e standard cubi c fee t of 
fr ee a ir per minut e. 

Where A is a consta nt (Fig . 8-1) , which is a fun c
tion of inlet pressure a nd pressure drop. 

The fl ow ra te for a particular rotary system is 
a n easy para meter to obt a in. This is du e to th e 
fact th a t air tool s are t ypi ca ll y rated in term s 
of so many CFM at a pa rti cul ar pressure. For 
cy linder applications, CFM may be calculated 
as shown in Chapter 6. 

Th e "A" fac tor is a variable th a t is a funct ion of 
two parameters, inl e t press ure (p s ig ) a nd pres
s ure drop th ro ugh th e interior of th e valve. 
Three "A" co nst a nts a re given for one prim a r y 
pressure. Press ure drop is give n for three 
va lves. T y pi ca ll y the "A" co n s ta n t a t 5 p s i 
(0 .34 bar) drop is used for most a ppli ca tion s. 
On very c riti ca l a ppli cations w here max imum 
eff iciency is needed, a 2 psi (0 .1 4 bar) drop 
s hould be co nsid ered . In ma n y ca ses , a 10 psi 
(0.69 bar) pressure drop is not detrimental, 
a nd ca n save money a nd s pace. Le t us tr y some 
exa mpl es. 

Example: 8-1 

An impac t tool is being use d in a pa rti cul a r 
circ ui t. The too l us es 10 CFM (4 .72 ) dm 3/ s) at 
90 psi (6 .2 bar ). 

In le t 
Pressure 

(ps ig) 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
DO 
HO 
150 
160 
170 
180 
190 
200 

COMPRESS ION FACTORS AND " A" CONSTANTS 

Compression 
"A" Constants for Various Pressure Drop 

Factor 2 psi 5 ps i 10 psi 
6 P 6 P 6 P 

'1. 6 .'15 5 .102 
2.3 .129 .083 .066 
3.0 .11 3 .072 .055 
3.7 .097 .064 .048 
4.4 .091 .059 .043 
5.1 .OB4 .054 .040 
5.7 .079 .050 .037 
6.4 .075 .048 .035 
7.1 .07 1 .045 .033 
7.8 .068 .043 .031 
0.5 .065 .04 1 .030 
9.2 .062 .039 .0 29 
9.9 .060 .0 38 .02B 

10 .6 .058 .03 7 .027 
11. 2 .056 .036 .026 
1 1.9 .055 .035 .0 26 
12.6 .054 .034 .025 
D.3 .052 .033 .024 
14.0 .051 .032 .024 
14 .7 .050 .031 .0 23 

(Fig. 8-1 ) 



What is the Cv, and what type valve is needed? 

Solution: 

Since the system needed will be used to power 
an impact tool, a simple two-way valve is suf
ficient. The size of the valve is determined by 
its Cv . 

Cv = CFM x "A" 

In this app lication, we have decided to take a 
10 psi drop across the valve to save on initial 
investment. This means that the upstream 
pressure of the valve is: 

Upstream pressure = 
impact tool pressure + pressure drop 

Upstream pressure = 90 + 10 = 100 psi (6.9 bar) 

The " A" factor from the chart for 100 psi inlet 
is 0.031. The Cv will be: 

Cv = 10 x 0 .031 

Cv = .31 

Let us now work a valve sizing problem with a 
cy lind er incorporated into the circuit. 

Example: 8-2 

A cy linder with a 6" (152mm) bore and 25" 
(635 mm) stroke is extended at a pressure of 50 
psi (3.45 bar). It reaches the end of its stroke in 
5 seconds. What size valve should be used? 

Solution: 

First of a ll, the CFM must be found. 

CFM = Volume (in3) x Compression Ratio 
Stroke time (sec) x 28.8 

The volume of the cylinder may be calculated 
first. 

V(in3) = A(in2) x stroke (in) 

V = 28.26 x 25 

V = 706 .5 in3 (11.5 dm3) 

The compression ratio can be found in figure 
8-1. 

It is 4.4 . 

The flow rate becomes 

CFM = Volume (in3) x Compression Ratio 
Stroke time (sec) x 28 .8 

= 706.5 x 4.4 
5 x 28.8 

= 21.6 CFM (10.2 dm3 / s) 

The Cv can now be ca lcul ated. Let us consider 
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that a highly efficient circuit is needed. there
fore. a 2 psi drop is suggested. This m ea ns the 
"A" fa ctor is about 0.091. 

Cv = CFM x "A" 

Cv = 21.6 x 0 .091 

Cv = 1.96 

sizing a valve for flow (for S.I. units) 

There is a not her way to size a valve for flow . It 
is by calculating th e Cv. The equa tion for Cv is 
as fo ll ows: 

Capacity Coefficient Formulas 

Cv - Q !t T1 X G 
- 114.5 /:, P x (P2 + Pal 

Where: 

Cv = capac it y coefficie nt (a numeral) 
Q= flow in standard cubic feet per minute (dm3/s) 

@ 7600 mm Hg. 20°C. 36% relative humi dity 
G = specific gravity of th e flowing medium 

(G = 1 for ai r) 
T1 = absolute temperature (273 + CO) 
P I = inl et pressure (bar) 
Pz = outlet pressure (b ar) 
6P = press lire drop (bar) s ta tic to sta tic pressure 
Pa = absolute pressure 

NOTES -

1. The effect of relative humidit y (RH) on "G" 
fo r air is 0.6% over the ra nge of 0 to 100% RH 
and may be ignored for ordi nary test 
accuracy. 

2. This equation is va lid for Subsonic flow 
only. To insure subsonic flow limit pressure 
d rop so that -

Pz x Pa . 
-P P IS between 0.85 and 1.0 

I X a 
In some applica tion s we must check anot her 
va lve parameter . that of valve response time. 

valve response time 

Many manufacturers provide data on the tim e 
required to pressurize specific volumes . With 
100 psi supply. time req uired to fill from 0 - 90 
psi a nd ex ha ust from 100 psi - 10 psi is 
measured from instant of energizi ng. or de
en erg izing 120 v /60 H z. It stops when a speci
fied perce nt age of the applied pressure is 
a ttained in a lo ad cha mb er. Some typical per-

Cv = 1.96 

For S.I. Units 

Cv- ~ ~ TlxG 
- 114.5 Ii P x (P2 + Pal 



formances for re la tiv e ly fast va lv es a re: 

Time (seconds) to pressurize or exhaust 
fixed volumes* 

Port Pipe 
Size (NPT) 

1/ 4 inch 
3 / 8 inch 
1/ 2 inch 
3 / 4 inch 

1 inch 
'1-1 / 4 inch 

12 
cu. in. 

0.060 
0.040 
0.035 
0.030 

100 
cu. in. 

0.300 
0 .090 
0.075 
0.070 
0.065 
0.060 

1000 
cu. in. 

0.55 
0.40 
0.37 

*Tim es are measured from in sta nt of energiz
ing 01' d£!-e nergizing a 115 v. 60 cps He soleno id. 
Supply pressure is 100 psig. Vulumes are filled 
from 0 psig to 90 psig. or exhilusted I'rom 100 
psig to 10 psig. 

The I'l! s po n set i m e 0 I' co n tr () I v ill ve s is bee () m
ing ll101'l! import a nt i1S pneull1,ltic circui tr y is 
ust~ d to cont rol ra p idl y moving milchinery or 
to pro v id e split-second accuracy or operation. 
A valvl!'s operating speed is important in 
appl iciltions where a command or signa l g iven 
to the valve requires ci/most instilntaneOlls 
(and c()nsis tent) response of the device co n
t roll£!d by the valve. Cener,i/ ly speaking, th{! 
shorter the response time or il va lv{!, the more 
reliable it will be in its actua l application in ,I 
high specd 01' high cyclic circui t. The matching 
of a va l VI! to a specific response nel~ d{!d should 
take into consideration the vo lum e IH!ing pres 
surized and the time available for th£~ actua
tion or the valve its elf. 

Wherl! sma ll volumes are to be prl!ssurized, 
sma ll ported v, i/ ves w ill giv£! faster responSI! 
than larg{! ported valves. This is bec,luse large 
valves ll1ust pressurize sizable intern,lI volumes 
as IVldl ,IS the load s connected to them. Thu s, 
even Ihough Ihey hilVI! largr! flow capacitil!s, 
Ih e time required to prl!ssur iz£! thell1m,IY milke 
larg e vii/ves appeal' 10 have s lolV responSI! 
when us£!d on relativI!ly small loads. 

TYPICAL CURVE FOR FILLING LARGE CHAMBERS 
LINE 
PRESS, r---------------------------~=====----

o~-----------------------------------------
TIME, MILLISECONDS 

TYPICAL CURVE FOR FILLING SMALL CHAMBERS 

LINE 
PRESS. 

o~------------------------------------
TIME, MILLISECONDS 

99 



100 

lesson review 
In this lesson dealing with directiona l control valves we have seen that: 

• Directional valves can perform a 4-way, 3-way, or 2-way funct ion. 

• 4-way d irectiona l va lves cause a reciprocating motion of a cy li nder or motor. 

• 3-way va lves alternately pressurize and drain one actuator port. 

• 2-way valves give an on-off function. 

• Directional valves can be operated by mechanical, manual, electrical, or pilot pressure means. 

• One of the most common ways of operating a directional valve is with an electrical solenoid. 

• Two position directional valves are many times spring offset or spring returned. 

• 2-way and 3-way va lves can be normally open or normally closed. 

• Directional va lves can be equipped with detents which he lp maintain a shifted position. 

• The two extreme positions of a 4-way directional valve are the valve's power positions which are direct ly 
related to actuator motion. 

• Pneumatic 4-way directional valves are many times 5-ported. 

• Pneumatic directional valves are commonly sub-base mounted. 

• Larger size pneumatic directional valves are pilot operated. 

• There are primarily three center conditions of pneumatic directional valves - blocked center, pressure 
center, exhaust center. 

• Spring centering is a common way of centering pneumatic three position directiona l valves. 

• Besides a spool, another very popular movab le part for a pneumatic directiona l valve is a poppet or disc. 

• Size pneumat ic directional controls by using the Cv formula . 
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• exerCIse 
directional control valves 

Instructions: In this exercise, incomplete relationships are set up among directional valve topics which have 
been covered in the preceding lessons. Complete the suggested relationships by choosing the appropriate 
word or phrase from the choices at the end of the exercise. (20 Points) 

1. Off-on is to 2-way, as pressure , exhaust is to _________ _ 

2. Three -position is to spring centered, as tw o- position is to ________ _ 

3. Actuator movement is to extreme positions , as system's needs is to ________ _ 

4. One 4-way is to easy piping configuration, as high cylinder speeds is to ________ _ 

5. Actuator free is to cylinder port's exhaust as actuator held is to ________ _ 

6. Lapped spool is to shear action as poppet is to ________ _ 

7. Solenoid is to electrical operation as hand lever is to ________ _ 

B. Low shifting force is to direct operation as high sh ifting force is to ________ _ 

9. Large forces is to large cylinder sizes as large air flow rates in directional co ntrol valves is to large 

10 . Small va lve is to quick response as large va lve is to high ________ _ 

A. Capacity 
B. Cylinder Ports Blocked 
C. Manua l Operation 
D. Flow Rat es 
E. Two 3-Ways 

Work the fo ll owing problems (30 Points) 

F. Three-Way 
c . Cv 
H. Pilot Operation 
1. Short Stroke-High Flow 
J. Spring Offset 

11. A pneumatic grinder needs 20 CFM (9.42 dm3/ s) a t 125 psi (B.6 bar). What size valve (Cv) is needed if 
initia l investment is of prime consideration? 

12 . A 4" (102mm) bore , 2" (51mm) rod extends its stroke of 12" (306mm) in 0.5 seconds. The eq uivalent lo ad is 
62B pounds (2800N) . The retraction time is unimportant. What size valve (Cv) is needed if efficiency is of 
greatest concern? 

13 . A motor runs at BOOr / min using 60 CFM (28 dm3/ s) at 50 psi (3.45 bar). Considering a 5 psi (0 .345 bar) 
differentia l across the valve, what is the necessary Cv? 
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Lesson 9 

Flow Control Valves, Silencers, Quick Exhausts 

A fl o w co ntr ol va l ve in a pn e u mat ic s y st e m 
r e du ces th e fl ow r a t e in a leg o f a c irc uit a nd 
co n se qu e ntl y s lows ac tu ato r spee d b y ac tin g 
as a r es tri c tion , mu c h as a n orifi ce w ould do . 

orifice 

An orifi ce is a r e la ti ve ly s m a ll o p e nin g in a 
fluid ' s fl ow p a th . Fl ow thr o ug h a n o rifi ce is 
grea tl y a ff ec ted b y : 

1. Si ze of th e orifi ce [di a m e ter o r cross 
sec ti o n ed a rea. ) 

2. Le ng th of th e res tri c tion . 

3 . Press ure diffe r e nti a l ac r oss th e o rifi ce . 

4 . T e m pe r a ture o f th e fluid . 

orifice size affects flow 

Th e s ize o f an or ifi ce a ff ec t s th e flo w ra te 
thro ug h th e o rifi ce. A co mm o n , every d ay 
exa mpl e of thi s is a ga rd(~ n h ose w hi c h h as 
s prun g a lea k. If th e h o le in th e h ose is s m a ll, 
th e lea k w ill b e in th e fo rm o f a d rip or sp ray . 
But if th e h o le is r e la ti ve l y la rge, th e lea k will 
be a s trea m . In e ith e r ca se, th e h o le in th e ho se 
is a n o rifi ce w hi c h res tri c t s th e fl ow o f wa te r 
to th e s urro undin g o ut s id e a r ea . T h e a m o unt o f 
fl ow w h ic h is m e te red d e p e nd s o n th e s ize 
[a rea an d le ng th) o f th e o p e nin g. W e s h a ll see 
th a t so m e o rifi ces ilre fi xed in s ize w hil e o th e r s 
a r e a dju s ta bl e . 

Adjus table Flow Control Valve Symbol 

Orifice 

OrHice Symbol 
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fixed orifice 

A fixed orifice is a reduced opening of a non
adjustable size. Common examples of fixed 
orifices used in pneumatics are a pipe plug or 
check valve with a hole drilled through the 
ce nter. or a commerical. factory preset flow 
co ntrol valve. 

adjustable orifice 

In most circuits a n ad justab le orifice is more 
us eful th a n a fixed orifice. because it permits 
ad justments to be made to match the ne eds of 
th e circuit. Ball valves. g lobe valves and nee
dle valves are examples of variable orifices . A 
short description of each is appropriate at this 
tim e. 

ball valve 

First. a ball valve has a flow path which is 
a lmost straight through its center. The size of 
the orifice is cha nged by turning the handle 
which positions a ball with a cross drilled hol e 
across the air path. 

globe valve 

Next. a globe valve does not have a straight 
through flow path. Generally. the fluid must 
bend several times as it passes through an 
opening. which is the seat of a plug or globe. 
The size of the opening is changed by position
ing the globe. 

needle valve 

Last ly . the fluid going through a needl e valve 
must also turn several times to pass through 
a n opening. which is the seat for a rod with a 
cone-shaped tip . The size of the opening is 
cha nged by positioning the cone in relation to 
its seat. The orifice size can be changed very 
grad uall y because of fine threads on the valve 
stem and the shape of the co ne. 

flow control valve 

The most commo n typ e of flow co ntrol valve 
found in a pneumatic system is the need le 
valve with a bypass chec k. 

Air passing through a needle valve must turn 
several times to pass through an opening 
which is the seat for a rod with a cone shaped 
tip . The s ize of th e opening is changed by posi
tioning the cone in relation to its seat. Orifice 
size can be changed very gradually becaus e of 
fine threads on the valve stem and the shape of 
the cone. The valve may be equipped with a n 

[JO o 0 S I 
:---Drilled 

~~l, Hole oo aw11 
Check Valve 

Ball Valve 

Globe Valve 

Needle Valve 



integra l check valve which offers little restric 
t ion to the rev e rse or free flow direction. This 
valve is v e rsatile enough that it can be made 
into a "sandwich" configura tion. 

"sandw ich" flow controls 

Thi s typ e of de v ic e is m a d e to b e in se rt e d 
be t we e n H v Hl ve and it s s ub-pl a te . It a dd s int e 
g rHI cHpabilit y to a direc ti o n a l control va lve 
fo r controlling cy lind e r sp ee d (SAFETY NOTE: 
Du e to th e compressibilit y o f a ir , sp ee d c o ntrol 
c ir c uits must b e exa min e d v ery c los e ly for a ll 
possibl e failure conditions) , e xt e ntion and 
re trac ti o n . Indi v idu a l Hdju s tm e nt o f ex te nd 
a nd r e tr Hc t s p ee d is obt a in a b le from eac h n ee
dl e v al ve in th e sa nd w ic h . Improve d s p ee d 
co ntr o l ca n b e ac hi eved w h e n thi s va lve is 
Illount e d v er y clo se to th e cy lind e r . 

accuracy of a flow control 

"Sand w ic h " o r inlin e s p ee d contro ls in a ty pi 
ca l pn e um a ti c c irc uit a r e u se d to rest ri c t or 
" m e te r " th e a ir fl ow in g o u t o f a cy lind e r. Thi s 
t y p e o f u sage is term e d " m e te r out " cont ro l. 
U sed in thi s w ay, t h e d l"v ice p r o v id es a degree 
of c ontro l o f cy lindf"r ve loc iti es in mo s t Hir 
cy lind e r a ppli ca t io n s, w h e re s low s p ee d s , o r 
c lOSt! co ntr o l o f s p ee d s und e r vary in g load 
c ond i ti o n s, a r e n o t r equir e d . (S A F ET Y N OT E: 
Du e to t h e comp res sibilit y of a ir, spee d co nt r ol 
c ir c uit s mu s t be t!xCl min e d ve r y c lose ly for a ll 
poss ibl e fHilure conditi o n s. ) For goo d " m e ter 
out " spl"e d con t r o l, th e cy lind e r load mu s t 
r e m a in esse nti Hll y co n s t a nt. Th e lo ad in c lud es 
t h e fo rce n ee d ed to o ve rco m e th e res is tin g fo r
ces as we ll as a ll fri c ti o n forces. Acc ura te co n 
trol o f s p eed in a pn e um a ti c sy st e m depe nd s o n 
m a n y fac to r s. Thi s includes unifo rmit y of t h e 
a ppli e d 10 Hd, f r ic ti o n fo r ces, acce le r at io n fo r
ces a nd a ll o th e r fa ct ors w hi c h a ff ect th e fo rc l! 
b a la n ce of th e cy lind e r. If th e Hp pli cH ti o n i s 
s u c h th a tth e cy lind e r i s pro p e rl y s ized a nd th e 
c h a nges in load an d f ricti o n fo r ces s urri c ie ntl y 
low , th e n lll ' l int a inin g a fa i r l y uniform b Hck 
press ure lll ay b e a n acce pt a bl e m e th od for 
o bt ai n ing cy lind e r c ont ro l. T h e b ac k p reSS UJ"l! 
h e lp s prov id e H r e la ti ve ly unifo rm r l" ta rdin g 
force an d h e lp s d Hlll pe n th e e rrect of "s pr i ng i
ness " o f th e Hir be hind th e pi s to n . Th e refore, 
"' m e te r o ut " contro l CHn b e ade quHt e in n o n
c riti ca l appli ca ti o n s. (SAFETY N OT E: Du e t o 
th e co m p re s s ibilit y of air. s p ee d contro l c ir

c ui t s mu s t be eXH min e d ve r y c lose ly fo r HII 
p oss ib le fa ilure co ndition s.) 

If s t a bl e ve loc it y co nt ro l o ve r th e cy lind e r 
s trok e is re quired, H more sop hi s ti ca te d c irc uit 
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tool is needed. Usually a h ydra uli c dashpot 
(h ydra ulic fee d device) is used. Properl y sized 
for the app li catio n , a nd designed to prevent 
the formation of wear debris and provided 
with adequate filtration to prevent si lking at 
th e co ntrol orifices, this device ca n acc urate ly 
contro l cy linder velocities down to the 1-2 in / 
min. (0.42-0.84 mm/sec.) Our next step is to exam
ine th e differe nt flow cont rol p lacements in the 
typi ca l pn eumatic circuit. 

placement of a flow control 
in a single acting application 

Pictured is a sing le ac ting cy lin der, flo w
co ntro l , a nd three -way directiona l contro l 
valve. The cy lind e r will be able to move at a n 
unrestricted speed in th e upward direction. 
Upon releas ing th e directio nal contro l va lve to 
the a t-res t position, air exhausting from the 
cy linder must pass through the variab le res
tr ic tion (flow con trol) a nd th e retraction ra te 
will be con trolled. A more common speed con
tro l c ircuit wou ld conta in a double acti ng 
cy lind er. 

controlling the speed of a double acting 
cylinder employing a four ported 

four way valve 

Shown are two circuit s controlling the rod 
speed of a doub le act in g cy linder in one direc 
tion onl y. Both systems use a four-port ed four
way va lve for directional control. In circuit 
(9-1) extension speed is con troll ed; in circuit 
(9-2), retra ct ion speed is contro ll ed. In both 
cases the ratio of flow into the cy linder is con
trol led by how fast th e air is allowed to 
ex haust through th e flow co ntrol. 

If ind ependent control in both directions is 
needed, two con tro ls must be used. Here f low 
contro l [1) [Circuit 9-3) co ntrols the speed of 
ex tens ion while flow control [2) controls the 
speed of retraction. Note that fl ow con trols are 
placed between th e cy linder a nd directional 
con trol va lve, preferably as c lose as possible 
to th e cyl in der. Greater versat ilit y ca n be 
achieved through the us e of a fi ve-ported four
way va lve. 

controlling speed of a double acting 
cylinder employing a five ported 

four way valve 

As d iscussed ea rlier, fi ve -ported four-w ay 

Circuit 9-1 

2 

Circuit 9-3 



valv es a re also a va il a bl e. This va lv e provid es 
two ind ependent ex ha ust ports. In circuit (9-4) 
ind epend ent flow controls may be mounted in 
ea ch ex lHlust port to co ntrol cy lind er ex ha ust 
a nd thu s s pee d in both direc ti ons. Wh en th e 
valv e is e nergized (Circuit 9-5), th e s upply is 
dire c ted to c ylind er port (A) a nd th e ex ha ust 
in g a ir is pas sed thro ugh a nee dl e va lve (1). 
During re tra c tion (Circ uit 9-6) s uppl y is 
direc ted to cy lind er po rt (8) a nd need le va lve 
(2) contro ls th e ex ha us tin g a ir. Thi s direc
tional co ntrol va lve has a definit e advantagt!. 
Firs t, it ldiminat es th e nee d of a by pa ss che c k 
va l ve be in g in cor pora ted into th e bod y o f th e 
flo w co ntrol va lve. Second , thi s c irc uit a lso 
offers th e o pp ortunit y of fe w er co nn ection s 
since th e nee dle va lve ca n be fa s te ned into th e 
val ve ex ha us t port s a nd not in thl~ conn ec tin g 
lin es . O n th e o th er ha nel , th e co ntrol of th e 
cy lind e r is not a s goo d as w hen th e co ntro l 
orifi ce is c lo sd y coup led to th e cy lind er. Thi s 
is beca use of the n el~ d to brin g thl~ a ir up to th e 
"co ntroll ed press ure" before co nt rol can be 
ac hi eve d . Th e long lin es (vo lum e of lin e ), as 
comp a n~ d to th e cy lin de r control vo lum l~, w ill 
g rea tl y a llec t w hen th e contro l e ffl!c t ta kes 
plac e. A ls o , it ma y I)(~ more diffi c ult to wrin g 
th e o il ou t of th e ex ha us t a ir. 

multiple speed controls 

But man y tim es tw o s pee ds an~ required a s a 
cy lin de r mo ve s thro ug h it s s troke. For in s ta nce, 
le t us say t ha t we h av~! a cy lindl!r w it h a s t ro k (~ 

of 20 in (50Hmm) . A fus t for war d s pee d of 20 
f ll lllin. (0 .10 m/ s ) is n e(~ d e d for th e fir s t 10 
inch (!s [2 54 mIll) with a s pee d o f 5 ft. / min 
(0 .025 m!s ) fo r th e rema i nd er of t he s tr oke . Tlw 
des ired re turn speed is 25 fl.l min (0 .125 Ill / s ). 
It is ev id e nt that W(! nee d three spe l!d co n trol s 
und a t Il!as t one direction a l co ntrol va lve. By 
us in g a fi ve- port ed , four -way, th e Lis t forw a rd 
a nd re turn s pee ds ca n be ob ta in (! d by in s ta l
ling Iwe dl e va lves in th e two ind epend en t 
ex ha us t po rt s . Thi s is s ho\V n in c irc uit (9-6). 
Thl! s lo w s pee d for wcl rd remaind er mu s t now 
be obt a inl!d. For t hi s sec t ion a vill ve capabl e of 
sen s in g th e cy lind er rod po s il io n mu s l Ill! 
a dd ed. A norm a ll y -o p~! n tw o-way cam o p l~ r 

a ted vctl ve ca n be used . It is pla ced in pa rall e l 
with Ih e s low s pc(!d flo w conlrol s o Ih a l as Ih(! 
fir s t 10 in . (254mll1) of forward s troh is com 
p lr. ted , f1() W is direct ed throu g h Ih e nl~w l y 

pl ace d fl ow control. It ma y bl! il c1il"li cult ta sk 
to pl ac l! Ih eca m in th e colTl!c t pos ilion . Thi s is 
br.c au se th e val ve mll s t be ac tu a ted soon 
enou g h 10 allow for the build up of th e ba ck 

Circuit 9-5 

Circuil 9-6 

II ICJ 

Circuit 9-7 

Circuit 9-4 

n 

y ___ Norm a ll y Open 
2 -Way 

I-;~~i===~ 5 FPM 
Spl! l! c! Control 
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pressure required for the final travers e 
velocity. Let's go through th e c ircuit one step 
at a tim e . 

The d e-e nergized circuit is shown in figure 
(9-7). Wh e n the main valve is e n erg ize d , air is 
direct ed to the "A" port of th e cy lind e r (Circuit 
9-8). Air ex haustin g from th e "8" port flows 
throu g h both cam va lv e "Y" and need le valve 
"Z" , (w hi ch is ind epe nd entl y set to provide a 
motion o f a bout 5 fUmin (0.02 5 m / s). Most of 
th e air trav els throu g h the op e n ca m valve a nd 
th e n passes throu g h need le valve "1", whi c h is 
a djust ed a ft er" Z" h as bee n set, so th a t th e two 
va lves ex h a usting toge th e r prov id e a motion 
of 20 fUmin (0.10 m / s ll .When 10 in (254 mm) of 
forw a rd stroke is sensed, the ca m valve shifts 
to its clo sed position (Circuit 9-9). This ca us es 
a ll th e air ex ha ust ing from th e cy lind er "8" 
port to pass throu g h n eed le va lve "Z". Since 
the valve was indepe nd e ntl y set to provide 
motion o f a bout 5 fUmin (0 .025 m / s), the speed 
of th e cy linde r is g r adu a ll y r edu ce d until th e 
new pressure balance is es tab li s hed. 

Re m ember, th e exact point of th e s troke where 
this occurs is a variable, d e pe ndin g on th e 
volume in the ex h a ust lin es be tween th e 
cy lind er "8" port , th e lin e to th e cam va lve, and 
the lin e to th e "Z" nee dl e va lve. Th e entire 
vo lum e in the se lin es must be brought to th e 
new eq uilibrium press ure before th e r educed 
s pe ed ca n be rea li ze d . For re trac tion (Circuit 
9-10), th e direc ti onal va lve is re leased, thu s 
direc tin g s upply a ir to the cam va lve "Y" 
which is closed, need le valve "Z ," a nd the chec k 
val ve. Since the c hec k h as th e leas t res is ta n ce, 
a nearly unrestri c ted flow is fed into cy lin der 
port "8 ." Air exhausting from "A" is pa ssed 
throu g h th e direc tion a l co ntrol va lv e and into 
need le va lv e (3) w hi c h is set a t 25 fUmin (0.12 5 
m / s), th e r eq uired r e trac tion s peed . 

Once again, since nee dl e valv e (1) is not 
c lo se ly co upled to th e cy lind er, so me problems 
of co ntro l may exist. 

An improve m e nt is ac hi eve d b y placing nee dl e 
va lve "1" clos e to th e cy lind er (Circuit 9-11). 
Now, e ve n thou g h a djustm e nt s a re sti ll inter
ac tiv e, problems with co ntrol m ay be dimin
is h ed because trappe d vo lum es h ave bee n 
r ed uced. 

Anoth e r c h a nge h as bee n mad e in (Circui t 9-
12 .) First of all, the two-way valve has bee n 
rep laced by a thre e-way ca m operated va lve. 
This ena bl es the flow controls to be placed so th a t 
minimum interactions ta ke pl ace. A lso, they are 
closer to the cylinder, providing better con trol. 

Circuit 9-8 

Circuit 9-9 

Circuit 9-11 

Circuit 9-12 
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Finally, Circuit (9-13) will give the best con 
trol of the all pneumatic circuits shown . Th e 
flow controls a re even more closely coupled, 
and the flow control interaction is virtually non
ex ist ent. (SAFETY NOTE : It is extremely dif
ficult to control the speed of a pn eumatic 
cy lind e r . This is du e to th e compressibility of 
a ir . Th ere for e eac h s peed control circuit must 
be exa mined very closely for all possible fail
ure conditions.) 

In con trullin g th e cy lind e r speed th e re are 
other problems th a t mu s t be ov ercom e. One 
s uch p robl em is "jump ." 

pneumatic flow control problems 

In applications, any of th e pneumCltic controls 
discussed Clhove Illa y prese nt Cln obj[~ c tion<l 

hI e " jump" or rapid partial stroking of tlw 
cy lind er. Thi s co ndition IllClY occur w he n 
in i tiatin g cy lind e r Ill o tion Clt Clny position. 
Supply press ur e pu s hes the piston , w hi c h in 
turn must push out th e exhaust a ir. Until th[~ 
ex h a ust a ir ca n build up Cl back pressure th e 
piston w ill accelerille; once b<lIClnced, s tea d y 
mot ion s h 0 ul doc cur. T hi s ca n 0 c c ur i I' t h [~ 
directional control val ve is s hift ed befor e th e 
cy lind[~ r co mpl e tes it s trok e , or if the va lve is 
s hift ed too soon after th e s troh is co mpl e ted. 

quick exhaust valves 

Th ere are seve ral s pe c ia l-purpo se valves th a t 
a re use d in pneumatic c ircuitr y. A qui c k 
ex hau s t va lve is an exa mpl e of one. It is most 
co mlllonl y use d in conjunction with a three- or 
four-wClY dirr~ctional co ntrol va lve to in c r[~asc 

the ex h"lLl s t flow (Cl nd thu s ge ne rClll y in c rease 
th e rod s peed of the cy linder). 

The quick ex hClu s t va lve typicCllly consists of Cl 
res ilient disc in a body . Th e resilient disc 
"shuttles" s id e to sick ch<ln gin g th [~ fr ee flo w 
pa ths throu g h ports in the bod y. 

how a quick exhaust valve works 

Th e quick ex h Cl us t VCl l v[~ is typ ic,!Il y used in 
conjunction w ith thr[·!e- or four- WilY direc
tional control VCl l v [ ~s. Wh en it s inl e t port is 
co nn ec ted tu th e s uppl y pressurr~, it automClti
ca ll y seals its [~xhaust port and allows pres
sure to ent e r th e cylinder. If th e valve is of th e 
"rIoppy di sc" d es ig n , a control v, Il v£-! is s hift ed 
so th,iI it ca n ex h Cl us t th e s uppl y tu th e 
cy linder. The res ili e nt di sc Illo ves away frolll 
th e exhClust port and alluw s th e trClpp ed air in 
th e cylinder to quickly ex haust direc tl y to th e 
atmosphere. Thi s e limin a tes th e nee d for 
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exhaust air from the cylinder to flow through 
long, often somewhat restrictive, lines to a 
main control valve. Quick exhaust devices 
should be connected (in juxtapos ition) to the 
cylinder port to give rapid cylinder velocit ies . 

a quick exhaust valve in a circuit 

One application for a quick exhaust valve is 
using single acting spring return cylinders . 
With a standard circuit, many times the return 
speed may be too slow. This may be due to 
inadequate spring force, high frictional resist
ance due to the load or the restriction of 
exhaust flow or a combination of several of 
these facto rs. Shown (Circuit 9-14) is a single 
acting cylinder with a quick exhaust valve 
closely coup led to the cylinder. This permits 
greater cylinder speeds than wou ld exist if the 
air from the cylinder were exhausted through 
the directional control valve, but without 
increasing its size. During extension of the 
cylinder, the quick exhaust is part of the 
supply system that feeds air to the cylinder 
(Circuit 9-15). However, during the return 
stroke, the quick exhaust shifts as soon as the 
pressure between it and the directional control 
valve drops below the pressure at port C. This 
permits free exhausting of the air from the 
cylinder directly to the atmosphere, bypassing 
the directional control va lve and all the inter
connecting lines. Quick exhaust valves may 
a ls o be added to double act ing cy linder app li
cations . Shown is an application that will 
deliver an impact blow. In this circuit, a quick 
exhaust was incorporated at the cap end for 
high return speed (Circuit 9-16). Note that the 
volume of air under pressure in our example 
will act as an air spring. 

quick exhaust used as shuttles 

Many quick exhaust valves may a lso be used 
as shuttle valves. Shuttle valves are automatic 
flow path selectors which allow the higher of 
two pressures to be directed into a flow path. 
The use of such devices is common in control 
circuits to "select" the higher sources of pres
sure within the circuit. However, when exhaust
ing a large volume of air through a large valve, 
especially through a quick exhaust valve 
directly to the atmosphere, unwanted air noise 
may become a problem . 

noise of expanding air 

Unmuffled exhausting air may generate high 
intensity sound energy, much of it in the fre
quency range of normal conversation. Con-

Circuit 9-14 

Circuit 9-16 
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NOTE: To insure that the cylinder will deliver 
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tinu ed expos ure to high int ens it y nois es ma y 
cause loss of hearing even withou t noticeabl e 
pain or discomfort. Continuous exposure to 
n o ise may a lso cause fatigue, which in turn 
may reduce operator eff ic iency , resulting in 
scrap. Noise may also block o ut warning sig
n a ls, Ihu s leading 10 acciden ts. 

silencers (mufflers) 

Si le ncer d e signs range from "t uned " devices 
s uch as a vo lum e with ,I s e ri e s of b affles, 10 

res t riding de v ices such a s porou s plastic or 
bronze. A good s il encer should: 

1. Have low \'(~sistanc e to l'Iow 
2. Provide sound attenualion 
J . Be corros ion resistant 

selecting a silencer 

A s il e nc e r shou ld be se lect ed so thai the OSHA 
nois e requirements are met. T y pi ca ll y, the 
max. flow is g i ven a particular sound pressure 
level. A typical chart is shown (Figure 9-17). 

For exa mple. with a 1-1 /4" pipe (31.75mm) the 
maximum flow to atmosphere with 90 dbA is 20 
SCFM [9,4 dm:l/s ). But if the 1-114" pipe size 
silencer is used, a max. fl ow of 180 SCFM [84.9 
dm :1 / s ) is obtainable a t the same overall sound 
pressure leve l. It is also necessary to know the 
pressure drop through the silencer. This can be 
es timated from the graph [Fig ure 9-18). Entering 
a t 180 SCFM and moving right. the 1-1 /4" per
formance line is intersected. 

Proj ec tin g this poinl downward, a pressure 
drop of 3 psi [0 .2 b ar) is found. 

II s h ou ld be not ed that th e sound pressure 
le v e l readings were tak e n at a distance of one 
m e te r [3.28 ft.) from the silencer. Should th e 
di s tance be different, a correc l ion factor ca n be 
app li ed. This correction factor is shown via a 
c hart [Figure 9-19). The farther away from the 
s ource , the more th e s ound is attenuated or 
di s pers ed a nd thus less int ens e ; mov in g c loser 
to the s il encer , the sound is more co n centra ted 
and appea r s louder or more int ense. 

EXillllp le : 
For Ih(! sil(!nccr s e l(!ct(!d, wh ill is Ih l! dh rCild
in g HI il disliIIlC(! of J Ill e l(!rs [g.O ft.) il' w(! 
cOll s id(!r I're(~ fi(dd altl!IlUill ion [i .(! . I hl! s ound is 
I'r(!(! 10 rildial(! in <III dir(!clions) '!' 

Solulion: 
lJ sill g I h l! g I' a p h <I ll d e III (! ri 11 g ill J Ill£! It! rs i III d 
Illoving upward 10 Ihe line , il10dh <lttellualion 
is foulld . Thi s lll ea ll S t hill I h e! (!xh<lusl ill g air 

ES SERIES SILENCERS 

Max. Flow for Max. Flow for 
Port Size 90 dB Without 90 dB 

"ES" Silencer' With Silencer 

1/4" 15 SCFM 45SCFM 
3/8" 5 SCFM 70 SCFM 
1/2" 5 SCFM 110 SCFM 
3/4" 15 SC FM 100 SCFM 
1" 15 SC FM 130 SCFM 
1-1 / 4" 20 SC FM 180 SCFM 
1-1 / 2" 46 SCFM 220 SCFM 

'Tested with 6 inch length open pipe nipple for each port size. 

(Fig. 9-17) 
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will h ave a sound level reading of 80 db (90-10) 
at a d ist a nce of 3 m e te rs. 

lesson review 

In this les son dealing wit h fl ow co ntrol s. qui ck ex ha usts. a nd s il e nce r s. we h ave see n th a t: 

• Spee d of a pn e um a tic cy lind e r is affected by h ow qui ck ly it ca n b e fill ed with a ir at its inl et a nd ex haus ted 
of a ir a t its o utl e t. 

• Fl ow co ntrol va lves in pn e um a ti c s ys te ms red uc e fl ow rate out of a n ac tu a tor a nd co nseq ue ntl y r e tard 
act ua tor speed by ac ting as a res tri c tion . 

• "Flow contro l" va lves restrict flow by m ea ns of a n or ifi ce. 

• Flow through an orifice is most ly affected by th e size of th e orifice. a nd th e pressure d ifferent ia l. entrain ed 
moisture or oil drop lets. contaminan ts. temp e rature. a mount of va rni s h deposit ed in the restri c ting area . 

• Th e large r th e size of the orifi ce. th e g rea ter th e flow ra te through th e or ifi ce. 

• M e te r-in flow contro l circ uit s contro l flow into an actua tor . Th ese may be used in co nju c ti on w ith 
me te r-out when jump occurs in some circu it co ndition s. They w ill not provide co ntrol und e r a ll c irc uit 
co nditi o ns. 

• M eter-out flo w co ntrol circ uits co ntrol fl ow discharg in g from an actua tor. 

• In r es tri c tin g a ir ex h a usting from a n act uator. a flow co nt ro l va l ve ca uses a pressure build-up to or.cur 
wh ic h ad ds to th e load resist a nce in order to reg ulat e ac tu a tor spee d . 

• Qui ck ex ha ust va lves shou ld be used for in c rea sing th e speed of a cy lind er. 

• Qui ck ex haust va lves may someti m es be u sed as sh uttl e va lves. 

• Sil e nce r s are d e vi ce s th a t are us ed to comba t excessive n oise due to ex h a ustin g a i r. 
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In s t r uc tions : Id entify th e talking co mpon e nt s by c hoosing th e most a ppropriate answe r from th e se lec tion s a t 
th e end of th e exerc ise. Eac h se lec tion is used o nce (50 points). 

1. I a llo w flo w to bypass a need le va lve. What a m 1 ________ _ 

2. Ball valves, g lobe va lves, and need le va lves a re examp les of me. What a m 1 ________ _ 

3. Because of my co nfigura ti o n, flow co ntrol valves m ay b e placed in my ex ha u s t port to co ntro l for ward 
a nd / or return speed of a cy lind er . What am 1 ________ _ 

4 . In a pneumatic sys te m , a fl ow co ntr ol va lve may be placed in my ex haust port to con trol forward a nd 
return speed o f a cy lind er. What am 1 ________ _ 

5. When ex h aus tin g air m akes too mu ch noise, I ma y be used to qui et th e problem . Wh a t a m 1 _____ _ 

6. In a p neumatic sys te m, I am the best in expens ive co nfig urat io n w hi ch w ill co nt rol th e speed of'a cyli n de r . 
What am 1 _ _______ _ 

7. Whe n a hig h impact speed is n ecessary, I a m ad d ed to th e c irc uit. What a m 1 _ _______ _ 

8. When extreme ly stab le ve loc it y co ntro l is needed, I wil l be u sed. What am 1 ________ _ 

9. I can a ll ow eit h er of t wo sources to be directed int o a s in g le fl ow path. I a m commonly used in control 
c ircu its. What am 1 ______ _ _ _ 

10 . On sta nd a rd pneumatic speed control c irc uits , I g ive better con tro l of cy linder speed. What t ype speed 
co ntrol arrangeme nt am 1 ________ _ 

A. 5-ported-4way Direc ti o na l Control Valve 
8. S huttl e Valve 
C. 
D. 

Silencer 
Adj us tab le Orifi ce 

E. Fixed Orifice 
F. Quick Exhaust Valve 
C. C hec k Valve 
H. 4-Ported 4-Way Direc ti o n a l Contro l Valve 

Meter In 1. 

J. Meter Out 
1<. Load Resista nce 
L. H yd r a uli c Dashpot 
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Lesson 10 

Regulators, Excess Flow Valves, 
Boosters and Sequence Valves 

In thi s lesso n pressure con trol w ill be 
discussed, a nd bas ic circuit s will a lso be 
tou c hed upon. Th e first va lv e th a t we will look 
a t is th e se quenc e valve. 

sequence valve 

A no r m a ll y clo sed pressure co ntrol va lve 
which ca uses on e operation to occur before 
a noth e r is referred to as a sequence valve. 

sequence valve in a circuit 

In a clamp and form circuit, th e cl a mp cylinder 
must ex te nd before th e form cy linder. Th e 
form a nd c lamp cy lin de rs th e n m ay ret ra c t at 
th e same time. T o acco mplish this, a sequence 
va lve is positioned in the leg of th e c irc uit ju st 
ahead of th e form cy lind er . Th e spr in g in th e 
sequence valve is se lec ted or set so it will not 
a llow the va lve to s hift to connect primary to 
seconda r y passages until pressure is high 
enou g h to overcome th e se t spring force. Th e n 
it starts to ope n and a ir is a llow ed to pass fr om 
inlet to out let. In figur e (10-1), th e sequence 
valve se ttin g is 50 psi, which is th e minimum 
pressure n ee ded to perform the job o f form in g 
th e part. 

Wh e n th e directional valve is shifted, flow is 
direc ted to the cl a mp cy lind e r . Air ca nnot flow 
into th e fo rm cy lind e r b eca us e th e sequence 
valve is closed. When 50 psi press ure is 
re ac hed, th e sequence va lve is actuated, ca us
ing prima ry and secondary passages to be 
connected. Flow passes to the form cy linder a t 

(Fig. 10-lJ 

Form 

Clamp 

SAFETY NOTE: Thi s circ uit has bee n s implifi ed for instru c t
tion a I purposes . Additional co mpo ne nts are r equired t o 
insure th e clamp ex te nding a nd in p lace before the form 
cy lind e r ex tends. 
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the pressure needed to perform work. keeping 
a minimum of 50 psi at the clamp. 

If it is important for the form cylinder to 
retract before the clamp. an additional 
sequence valve could be added. This is shown 
in figure (1O-2J . Note that in both casesa bypass 
check has been added around the sequence 
valve to obtain reverse flow. These sequenc
ing functions could be accomplished with pilot 
operated valves. eit her si ngle pilot. spring 
returned or differential pilot. But getting the 
air to the point of work is only part of the 
battle. 

pressure regulator 

The air pressure delivered to the work point is 
often of a pressure higher than needed. There
fore. to control machine forces and to save air. 
it becomes necessary to reduce the pressure 
level supplied to the machine and to prevent 
fluctuation caused by the compressor cycling 
between its high and low pressure setting . 

Depending on the application. a pressure regu
lator may have to meet the requirements of: 

1. Output (secondaryJ air at a constant pres
sure rega'rdless of pressure variation from 
the upstream pressure and independent of 
flow. 

2. Reducing the pressure to a level which 
meets the work requirement and minimiz
ing the amount of wasted air. 

Acting like a flow control valve~ a pressure 
regulator positioned after an air receiver tank 
allows compressed air to expand downstream. 
As pressure downstream rises. it is sensed at 
the control surface of the regulator through an 
internal passage at the underside of a piston or 
diaphragm. This control surface has a large 
area exposed to downstream pressure and is 
therefore sensitive to pressure fluctuations. 
When downstream pressure is high enough to 
overcome the contro l force. the control element 
moves upward. causing the valve to close. The 
valve. once it seats. shuts off flow and does not 
allow pressure to continue building down
stream. In this way. a relatively constant pres
sure is made available to an actuator 
downstream. 

venting type regulator 

A venting type regulator limits downstream 
air pressure to a level lower than in the 
receiver tank. in a manner simi lar to that des
cribed above for a non- vent ing regulator. It 

(Fig. 10-2) 

Regulator Symbol 

Sprlnl 

Body 

Prlmary
Port 

r--c::L._ Adju8tment 

~~~t-Pi8ton 
Pilot Pas .. ge 

::;-.. Secondary Port 

Poppet 

Form 

Regulated 
-- PreS8ure 

Receiver 
Pressure 

Venting Type 
Regulator Symbol ---I ___ ot---,--



has an additiona l function in that it ac ts as a 
small relief valve for its leg of the circuit in 
case of any pressure build up in the down
strea m portion of th e circuit. 

NOTE: Th e venting or relief flow capa bilit y is 
gen erally inadequate for cr iti ca l operations . It 
is suggest ed that full flow relief b e used when
ever large volumes need to be released. 

what the venting type regulator 
consists of 

A t y pi ca l ve nting t ype regulator basically 
co nsists of a body with primary a nd seco nd a r y 
passages, a poppet with a light bias spring, a 
pressure se nsing device with a ve nt hol e, 
and a n a djustabl e co ntrol for ce, usually a 
spring. A regu la tor of this t y p e s ho uld have as 
littl e restr ic tio n t o fl ow as poss ib le in the vent
in g fl ow direction. Thi s t y pe of flow co ndition 
wi ll crea te a minimum pressure drop across 
the regulator . A circuit with thi s t yp e regula 
tor could function without a r e li ef v a lv e. How
ever, this is not recommended, because thi s 
m ay create a n uns afe co nditi on for th e opera
tor and /or the m ac hine. No sys te m s hould be 
opera ted in s uch a n unsafe condition. There 
should be no substitute for a rel ief val ve. 
Beca use of this, savings in labor a nd m a ter ia ls, 
du e to fewer co mp onents a nd co nn ec ti ons, 
would be rea li zed. It s h ould be p oint ed out th a t 
venting, as defined h e re, is n o t th e same as 
rev ers e flow. 

Venting t y pe reg ul a tors w ill m a int a in a set 
se co nd ary pres s ur e . IF for some reason th e 
se co nd ary pres ssure exceed s a valve setting, a 
pressure sensing d e vi ce wi ll op e n a vent hol e 
reducing th e excess seco ndar y pressure to th e 
correct valve. 

Re ve rs e fl ow regu la tors, unlik e ma n y venting 
re g ul a tors, hav e th e capa bilit y of p a ssing flow 
in th e oppos ite direction. This is pass ing all 
flow, not ju::)t e n oug h to maint a in a se t 
pressure. 

how a venting-type regulator works 

A ve nting- t ype reg ul a tor controls downstream 
pressure in th e same m a nn er as a n ordin ary 
reg ul a to r wh il e a ir is being s uppli ed to the 
system. As pressure rises downstrea m of th e 
reg ul a tor , it is s ense d on the und e rside of th e 
piston or diaphragm. Wh e n th e for ce a t th e pis
ton or diaphragm is large enough to mo ve 
against th e force of th e a djust a bl e s prin g, th e 
piston a nd poppet move upw a rd throttling or 
closing th e valve and limiting m ax imum down-
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Adjustable 
Spring 
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stream pressure. The difference in operation 
between a non venting and a venting regulator is 
the venting ac tion taken when a secondary pres
sure rises above the setting of the regulator. 
This higher pressure co uld be the result of a 
pressure buildup caused by leakage, thermal 
expansion of air, or a lo a d pushing externally 
against a cylinder piston. It could also be the 
result of re-setting th e regulator to a lower 
downstream pressure setting. 

When a higher-than-set pressure appears 
downstream in a venting-type regu lator, pres
sure ac ts on the piston or diaphragm pushing it 
u~. At the same time, the poppet is pushed up 
by its li ght bias spring. With th e poppet 
seated, the piston or diaphragm continues to 
move until a vent hol e is opened. Excess pres
sure is thus bled off through this hole to the 
atmosp here. 

When downstream pressure returns to the 
desired leve l, th e piston or diaphragm reseats 
onto the poppet stem and pressure regulation 
resumes. Most pressure regulators found in 
industrial pneumatic systems are of the vent
ing type . 

diaphragm regulator 

As indicated previously, there is anot her very 
co mm on type of pressure regulator. This regu
lator us es a diaphragm in place of a piston. 
Operation of a diaphragm regulator is similar 
to that of a piston type. An examp le of a 
venting-type diaphragm regulator is illus
trated . N ext we should examine a regulator 
ca ll ed a pilot controlled regulator. 

pilot controlled regulator 

A pilot con trolled regu la tor replaces the adj us t
able co ntrol spring for the principal air flow 
with air pilot pressure . One advantage of a 
pilot contro ll ed regulator over a standard reg
ul ato r is that secondary pressure ca n be 
remotely adjusted. Another is that the co ntr ol 
force on th e contro l spring side of the piston or 
diaphragm is almost co nstant, rega rdless of 
th e valve position. Because the "spring rate" of 
the con trolling air pressure is cons ta nt , a pilot 
contro ll ed regulator has a distinct co ntrol 
advantage over a spri ng loaded type which 
has a "steep" spring rate depending on valve 
opening res ulting in a range of co nt ro l pres
sures dependent on flow rates. 

By a lt erna tely app ly in g and remo ving pilot 
pressure , a pilot controlled regul ato r ca n func
tion as a two-way directional control valve. It 
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ca n b e opera ted to respond to a se ri es of pre
selected pilot pressures. 

what a pilot controlled 
regulator consists of 

A pilot con troll ed regulator basi ca ll y co nsist s 
of a valve bod y with primary a nd seconda r y 
passages, piston or diaphragm, and a poppet 
biased closed by a li g ht spring. 

how a pilot controlled 
regulator works 

A pilot controlled regulator opera tes in the 
same basic manner as an o r d in ary regulator. 
The difference is th at pilot air pressure acts 
agai nst th e piston or diaphragm instead of a 
spring . 

As pressure in the downstream circu it of the 
regulator rises, it is se nsed internally to the 
underside of th e piston or diaphragm. When 
the force ge n erated a t the bottom of the piston 
is greater than the force developed o n top of 
th e piston from the pilot pressure, the poppet 
and piston move toward the poppet seat , regu
lating flow and thus pressure . Pilot co ntro ll ed 
regu la to rs, piston or diaphragm type, can be 
of the vent in g or n on ven tin g types and may be 
d esigned for reverse flow. However, before we 
regulate any pressure we must size the 
regu lator . 

sizing a regulator for flow 

A regulator should be sized in such a way that 
it provides the needed flow rate w ith a re la 
tively low pressure drop a t the desired pres
sure setting . 

The equa tion for flow rate for a cy linder app li
cation was given in Chapter 6. 

For U.S . Units 

CFM = V[in :l ) x Compression Ratio 
time to fill cy linder[s) x 28.8 

For S .1. Units 

FI R' (d ·j _ V(OM:l ) x Comp ression Ratio 
ow ate Ill ·/sj-. 1"11 I' d () time to I cy 111 er s 

Once fl ow rates are found, a regulator may be 
selected. Pressure drop, reverse fl ow capac it y. 
ve n ti ng and regulation ch il r acter isti cs m ay 
th e n be ch ecked. 

Example: 10-1 

A cy linder with a 4" [101mm) bore, 2" [51 mm) 

Pilot Port 

~~~~+-- Piston 

Pilot Controlled 
Regulator 

Receiver 
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Pressure 

Regulator 
Pressure 

Pilot 
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rod, and 20" (508mm) stroke, extends in 2 
seconds and retracts in 1 second. The pressure 
for extension is 60 psi (4.14 bar) and 20 psi 
(1.38 bar) for retraction. What size regulator 
should be used for this circuit? 

Solution: 

Since the regulator is contro lling the pressure 
of the air supplied to the directional control 
va lve, both extension and retraction must be 
con-sidered. 

Flow rate for extension 

CFM " V x Compression Ratio 
time x 28 .8 

60 + 14.7 
_ (12 .56 x 20J x 14.7 
- 2 x 28.8 

CFM " 22.2 or (10.5 dmJ/s ) 

Flow rate for retraction 

11'(42 - 22 ) [20 + 14 .7J 
CFM " 4 x 20 x [ 14.7 

1 x 28.8 

CFM" 15.4 or (7.3 dm 3 /s) 

The regul a tor will be sized for at least 22 .2 
CFM. If a basic 1/4" ported body with 114" 

ports is selected, th e followin g characteristics 
can be found from cata log d a ta: Figure (10-3J 
shows the relief and flow characteristics of th e 
reg ulator . From this graph it can be noted a 5 
psi (.34 bar) decrease will occur from the set
point at a flow of 22 CFM. Also, venting 
characters ti cs can be found a t the lef t of th e 
o CFM lin e. 

Figure (lO-4J shows the regulation characteris
ti cs of the regulator. It is sometimes referred to 
as the supply pressure effect. In other words, 
how much will the secondary (output] pres
sure vary, with changes in primary pressure ? 
This regu lator exhibits excellent characteris
tics, as not ed in th e graph. 

a regulator in a circuit 

As stated before, a reg ul a tor has two ma jor 
functions. One is to pas s air at constant secon
dary pressure, regard less of th e flow variation 
or upstream pressue and the other is to reduce 
the pressure to a level that meets with work 
requirements, minimizin g the amount of 
wasted pressurized air. Let 's take a look at th e 
first of th ese two functions. 

FOR EXTENSION 
CFM = 22.2 (10.5 dm3/s) 

FOR RETRACTION 
CFM = 15.4 (7.3 dm3/s) 

Regulators: Performance Characteristics 

~ 6 , 
~ 5 w 
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(Fig. 10-3) 

REGULATION CHARACTERISTICS 
06R113A 

100 ' 4" NPTF PORTS -- - 1 
-- 2 SCFM (.94 dm~/ s) 
~--- 15 SCFM (7.08 dm~/ s) 

I 
6 \2 

'" 0. 80 
;-

60 - - - -~~~~,,-------+---------j 

40 

20 /~ 

2cI~O'-'6~0-'8~0-Wl00'-~,~nO-"14~0-'1~60-W180'-~200 
PRIMARY PRE SSURE PSIG 

0; J~567891011 
PAIMARY PRESSURE bar 

(Fig. 10-4) 



T he force ge nerate d in a p n euma t ic sys tem is 
dire c tly pro porti on a l to the press u re ex ist ing 
a t the ac tuato r . Neg lec ting frict iona l forces, 
the hig her t he p ressure, the hig her t he forces. 
T he regu la to r co n tro ls the pr ess ure . In many 
pn eu ma ti c sys tem s a si ngle reg ul a tor is used. 
Howev er, th e re may exist a lower for ce 
requireme n t for a portion of the cycle. T hi s is 
ill ustra ted here by a cl a mp-pres s a pplication 
w ith th e desired cl a mping fo rce being ad j us
ta bl e du e to t he na ture o r s ize o f th e pa rt bei ng 
cla mped (Fig ure 10-5J . 

By p lac ing an add ition a l reg u la tor down 
s trea m of th e main reg ula to r, independent con
t rol of t he clamping for ce ca n be acc omp li s hed . 
The main reg ul a tor cont r ols t he for ce of th e 
d o ub le act ing pres s cy li nde r. A pro ced ure 
s uch a s th is cou ld be fo ll ow ed for a n y m ultipl e 
force syst em. Le t us now co ns id e r fun c ti on 
tw o, energy cons er va ti on . 

La rge a mo unts of a ir a re was ted w hen us ed a t 
press u res higher th a n are ac tu a ll y required . 
The hi g he r t he pressure of a g iv en volume of 
a i r in a cylind e r , th e g rea te r t he co nsumption 
of a i r. In ma ny app li ca ti on s, th e pr essure used 
for the "non-wo r k" part of th e cycle is th e same 
as th e " w ork " portion. If th e " non-work" pres
s ure w a s less than th e required "w ork " pres 
s u re, energy w ould be s ave d . Th ere are some 
me th od s ava il a bl e to red uce th e a mount of 
co mpressed a ir use d in a circuit , s uch as dif
fere nti a l pressure and d ua l press ure. First le t 
us loo k a t a diffe rentia l press ure c ircuit. 

differential pressure circuit 

Sh o w n is a differenti a l press ure circuit. Th e 
w ork is performed on th e ex te nsi on strok e 
whi le littl e forc e, hence, a low pressure , is 
needed to retrac t the cylin de r . 

A ve nting t y pe reg ul a tor is in s ta ll ed in th e 
head -e nd cy linder line a ll ow ing a co nsid erab le 
sav in gs in a ir co nsumpti o n. Th e cy linder w ith 
thi s a rra nge ment uses redu ce d press ure acting 
as a n a ir spring for re turn ing th e piston a nd 
rod a nd so me ext ern a l loa d . A lso , not ice th a t a 
three -w a y va lve may be use d s in ce the pres 
s ure to t he head end of th e cy lind er cha mb er 
remains cons tant (figure 10-6). 

dual pressure circuit 

Anoth e r confi g ura tion for obt a ining du a l 
p res s ure is s hown here. It uti li ze s the pri ncip le 
tha t ma n y types of five-ported four-w ay va lves 
ma y be used w ith eithe r du a l press u re or dua l 
ex ha ust. Ac tu a ti on of one so lenoid a ll ows one 
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press ure to enter one end of the cylinder. 
Actuation of the other solenoid reverses the 
action as it allows a second pressure to enter 
the other end of the cylinder (Figure 10-7). 

The fo llowing example will show the potential 
savings . 

Example: 10-2 

A cylinder needs a pressure of 65 psi (4.5 bar) 
to do work during extension . The retraction 
stroke needs only 25 psi (1 .7 bar). What is the 
difference in the cost per year between run
ning a single regulator circuit and (10-7). Spec
ifications - 5" (127mm) bore; 2" (51mm) rod; 
18" (457mm) stroke; extend time - 2 sec; retract 
time - 1 sec; circuit runs 7 hours a day. 6 days a 
week. 50 weeks a year. 

Solution: 

First we need to calculate the flow rate into the 
cylinder from Chapter 7. 

CFM = Volume (in3) x Compression Ratio 
time to fill cylinder(s) x 28.8 

The area of the piston is: 

Ap = 11"/4 (SF = 19.63 in2 (126 cm2) 

Ae = 11"/4 (52 - 22) = 16.5 in2 (106 cm2) 

The volumes are: 

V(extension) = 19.63 x 18 = 353 in3 (5 .76 dm3) 

V(retraction) = 16.5 x 18 = 279 in3 (4.85 dm3) 

The compression ratios are: 

C 
. R . 65 + 14.7 

ompresslOn atlO (65) = 14.7 = 5.42 

C 
. R . 25 + 14.7 

ompresslOn atlO (25) = 14.7 = 2.7 

The flow rates for circuit (10-6) are: 

Flow rate Extension = 

353 x 5.42 
2 x 28.8 

Flow retraction = 

33.2 CFM (15.7 dm3 /s) 

DUAL PRESSURE 
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II I 
~~ 
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I 
I 
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I 
1 

(Fig. 10-7) 



Average Flow Rate = 
(33.2 CFM x 2) + (55.9 CFM x 1) 

(2 + 1) 

= 40.8 CFM average (19.3 dm 3/s ) 

The flow rates for circuit (10-7) are; 

Flow rate extension = 

353 x 5.42 _ CFM ( d 3 ) 
2 x 28.8 - 33.2 15.7 m /s 

Flow rate retraction = 

Average flow rate = 

(33.2 x f1: ;~7.8 xl) = 31.4 CFM (14.8 dm 3/ s) 

Flow rate per year for (10-6) = 

40.8 x 60 x 7 x 6 x 50 

= 5,140,800 CFM (2426 kdm3/yr ) 
year 

Cost of air is approximately $0.15 per 1,000 fp 

5,140,800 x 0.15 
Cost of (10-6) = 1000 = $771. 

Flow rate per year for (10-71 = 

31.4 x 60 x 7 x 6 x 50 

= 3,956,400 CFM (1867 kdm3/ yr) 
year 

3,956,400 x 0.15 
Cost of (10-7) = 1000 = $593 

Savings = 771 - 593 = $178 / year 
(per year / per cylinder) 

boosters 

Sometimes the pressure needed for a particu
lar pa rt of a cycle is in excess of the plant's air 
supply pressure . Examples of such conditions 
would be die cushion cylinders, test stands 
and the like. If the volume of air needed is used 
in pulses and the needed volume is not large, a 
reciprocating booster may be th e economical 
answer. Boosters may be of the air-to-air or 
air-to-oil types . They also may be single or 
dual pressure. Single pressure will deliver 
compressed fluid from the intensifier. Dual 
pressure first delivers pressure from the main 
system to pressurize high pressure fluid from 
the intensifier. No matter what type of intensi-

Low Pressure 

Savings Using 
Dual Press ure 

$178/year 

High 
\l Pressure 

I f 
I f-I ~C==::::::~I 
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fier is selected , certain guidlines should be 
followed: 

1. Int ens ifi ers are ge nera ll y faster opera tin g 
when: 

a. There is adequate input press ure. 

b. The ports and piping a re no t ove rsized. 
Consider th e us e of ports a nd co nn ec tin g 
lines that redu ce th e vo lum e necessa r y 
to co mpress. 

c. Th e int ensifi e r draining cy lind e r is pre
ex ha ust ed a nd the hi g h pressure (driven) 
cy linder is a t lin e pressure before th e 
p ower s trok e occurs. 

2. By-pass th e int ensifer with a pre-fill low 
pressure lin e b y direct co nn ec ti on through a 
chec k va lve to th e press ure vesse l a nd sim
il a rl y to a du a l pressure intensifier. 

3. Reg ul a te th e driving press ure to th e int ensi
fi e r to ac hieve th e required hi gh press ure 
output. 

4. Keep a ll piping leng ths beyond th e co ntrol 
va lv e to a minimum by hav in g th e ta nks , 
intens ifier, a nd press ure vessel as close 
toge th er as possibl e. 

5. A s ing le press ure int ensif ier usua ll y pro
vides faster cy linder ac tion because it d oes 
not nee d to change from low to hi gh pres 
sure, but instead imm edi a tely s uppli es th e 
hi g h pressure. 

6. Int ensifi ers are ge nera ll y used in c ircuit s 
wh ere limited qu a ntiti es of hi g h press ure 
fluid a re requried. 

air-oil tanks 

On e t y pe of intensifi er is th e air-oil ta nk. Air
oil tan ks acce pt co mpressed gas a nd tra nsfer 
th e pressure directly to a liquid for use as th e 
co ntr ol medium. Sin ce h yd ra uli c fluid is more 
eas il y co ntroll ed (flow), a smooth a nd acc u
ra te ly co ntroll ed flow ra te can be obtained. 
T y pi ca ll y a ir-oil t a nk s have a sight leve l gage 
to show th e oil level. They also co nt a in a series 
of ba ffl es . The upp er disperses th e in co ming air 
over the s urfac e of th e oil in such a way to 
minimize ag itation and ae ration . 

The lower ba ffle insures a smooth flow pattern 
of th e liquid th a t minimizes oil turbul ence a nd 
e limina tes swirling, funn eling or splashing 
which in turn could ca us e oil aeration or the oil 
to be blown from th e tank into the ex ha ust air . 

Gas 

Liquid 



air-to-air booster circuits 

This is an air-to-air circuit of the single pres
sure type. It consists of a double acting air-to
air booster (1) a high pressure receiver (2) and 
a cycling c ircuit. This type of system is a 
demand type , functioning only to bring th e 
receiver pressure up to th e desired pressure, 
which is controlled by regulator (3). Control 
valve (4) is the device that cycles the booster , 
contro ll ed by the limit valves (5) and (6). Thus 
booster motion continues until a force balance 
exists. After this happens, the rate of recipro
cation is determined by system leakage (Figure 
10-8) . NOTE: to help insure the correct circuit 
operation the cam operated va lv es should be 
snap acting or there should be rapid traverse of 
the intensifier (1) . 

air-to-oil booster circuits 

Now if a relatively low volume of high pres
sure fluid is needed in an air system, an air-to
oil booster can be used. Typical examp les may 
be clamping, pressing, stamping or holding 
molds with high forces for long periods of 
tim e . These may a lso be sing le or dual pressure 
ty pes . 

A single pressure type is shown here (figure 
10-9). It co nsists of an intensifier, air-oil tank, 
flow contro l valve, and single acting cylinuer. 
This configuration is commo nl y ca ll ed a 
closed system because the fluid necessary for 
stroking the cy linder is supplied only from the 
intensifier. The flow contro l determines the 
rate of unclamping. The clamping force is con
trolled by the pressure regulator. 

Figure 10-10 is the basic circuit for a dual pressure 
sy stem supply in g pressure to a double acting 
work system . The input pressure is introduced 
to th e sys t em through s hop elir lines to the 
four-w ay directional contro l va lve " A" . When 
va lve "A" is shifting to position as shown, air 
is directed into air-oil tank "8" and to vrdve 
"e". Oil acted upon by air pressure is forced 
from the air-oil tank through the pressure 
chamber of the retracted intensifier a nd into 
th~! work cyl ind er. The cylinder advances in 
stroke, being driven by this incoming oil. At a 
predetermined point in th e stroke length of the 
work cy lind er, valve "e" is synchronized to 
shift and direct air pressure to th e intensifier 
to driv e it in its power stroke, iso lating tank 
"8" and supplying high pressure to the work 
cylinder for its hi gh thrust stroke. The work 
cy linder a nd intensifier are retracted by shift
in g valves " A" and "e" to ex haust the intensi
fier and tank "8". At the same tim e, air pres-

(Fig. 10-8) 

(Fig. 10-10) 
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sure is directed to tank "D" and to the rod end 
side of the intensifier piston . Oil from tank "D" 
retracts the cylinder at pressure. This is an over 
simplified circuit. Let us now look at a device that 
is requried shou ld one of our air lines break. That 
device is the excess flow va lve and air fus e. 

excess flow valves 

The Occupationa l Safety and Hea lth regu la
tion for Construction Par. 1926.302, dated 
April 6, 1979, requires all air hose systems 
larger than 112" be equipped with a safety 
device to reduce pressure in th e eve nt of hose 
or fitting fai lu re. Th is is intended to minimi ze 
th e probability of hose whipping if th e hose 
breaks. The va lves used in these app li cations are 
called air fuses or excess flow val ves. The va l ve is 
norma ll y open typ e that a utomati ca lly closes 
when the flow rate sudden ly increases past a 
predetermined rate, such as occ urs when a lin e 
breaks. 

One design is shown here. A poppet is held in 
th e open position by a spring. When a line 
breaks causing air flow to sudden ly in crease 
beyond a certain present limit, the surge of a ir 
drives th e poppet to its closed position . When 
the break is repaired a nd pressure equalized, 
the spring returns the poppet to its normal 
position . This valve is required off the air ta nk 
a nd a lways one per hose line of 100 feet (31m) 
or less. Dne additiona l valve is required for 
every 100 feet (31m) after th e initial 100 foot 
run. Also, one safety valve is required per 
outlet on a manifold a nd on eac h branch of a 
"Y" connection of a hose. 

_FlOW 

No-Flow 

~.§D!======~'C' ========~!§"~D~~ 
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lesson review 
In this lesson dea ling with pressure contro ls w e hav e seen that: 

• Simple pressure contro ls us ual ly (typical ly, generally, etc) have th e ir mov ea ble parts biased by spring 
press ure on ly. 

• A sequence va lve is a norma ll y closed pressure va lve which may b e us ed for contro l of one operation to 
occur before anoth er by bl ock in g air passages until a se t pressure is reac h ed. 

• Press ure regu lators , in a n indu s trial pn e um a ti c sys tem , are mo s t often venting type rather th a n 
non-v e nting . 

• A piston t y pe r eg u lator is a co mmon type of pressure reg ulator found in a n indu s tri a l pn e umati c system. 

• One advantage of a pilot contro lled reg ulator over a s imple regu la tor is th a t reg ulation pressure ca n 
readi ly be re mot e ly ad ju s ted and progra mm e d. 

• A p il ot contro ll ed reg ul a tor rep laces the ad just a bl e control spr ing i n t he pow e r stage wi t h air pilot 
press ure. 

• Reg ulat()l's s hould be sized for the ma x imum flow rate in the system . 

• Use dua l regu lat ion for e ne rgy sav ings. 

• Boo s te rs a re used to obtain a hi g h pressure in a c ircuit where the volume neede d is not large. 

• Boosters ma y be a ir -to- a ir or air- to-oil t y pes. 

• Air-o il tanks are provid ed to accept compressed a ir a nd transfer th e pressure to a liquid for u se as th e 
co ntrol medium. 

• Excess flow va lves a re us ed to reduce press ur e in th e eve nt of hose or fitting fa il ure. 
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• exercIse 
regulators, excess flow valves, boosters, 

and sequence valves 
(60)Points 

Complete the following prob lems: 

1. A single acting cylinder extends in 0.5 seconds. Size the regulator (CFM) for the circuit. (Design Criteria: 
8" (203mm) bore; 4" (102mm) rod; 14" (356mm) stroke; pressure to move load, etc. 55 psi (3.8 bar). 

2. What are the yearly cost saving comparing the following two circuits? 

I 
I 
L __ .J 

Design Specifications 6" (152mm) bore , 4" (101mm) rod, 12" (305mm) stroke: extension time 0.5s; retrac
tion time (0.25s); Cost of air is $0.15 / 1000 fp. Machine runs 16 hrs a day , 6 days a week, 50 weeks a year. 
Regulator A is 70 psi (4.7 bar), Regulator B is 20 psi (1.36 bar). 

3. What are the yearly cost savings comparing the two circuits? (Use figures in problem 2 with the following 
design spec .) Design specifications: 14" (355mm) bore; 5" (127mm) rod; 30" (762mm) stroke: Extension 
time 2s; retraction time 2s; Cost of Air is $0.15/1000 fp. Regulator A is 80 psi (5 .5 bar), Regulator B is 20 
(1.36 bar): Machine runs 16 hrs a day, 6 days a week, 50 weeks a year. 



Lesson 11 

Air Preparation 

Pneumatic systems and components discussed 
up to this poi nt require compressed air free of 
contamination . No matter ho w well a system 
is designed or how expe nsi ve or sophisticated 
a part icu lar component may be , contami n ated 
air will interfere with components a nd system 
operation. In general, the more con taminated 
the air, the less dependable a pneumatic sys
tem will be. 

Even the air we breathe may not be approp 
riate for a spec ific pneumatic syst em. Air must 
be conditioned; it must be decontaminated 
before it is us ed in th e pneumatic system. 

contaminants in a pneumatic system 

Conta minants in a pneumatic system come 
from three basic sources : Built-in, Ge nerated 
and Ingested. 

"Built-in" dirt occurs in newly fabricated sys
tems where components or piping are dirty or 
where installation practic e s are below 
standard. 

As a syste m is assemb led, pipes , va lv es and 
s torage tanks become a coll ec tor for rust, paint 
chips, dust, sea lant tape, c igarette butts a nd 
gri t. Many harmful dirt particles are invisible 
to th e unaided eye a nd cannot be removed by 
wiping with a rag or blowing off w ith an air 
ho se. 

The second source of dirt is th at ge nerated 
within the working system it se lf. As a system 
operates, moving parts in contac t with other 
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surfaces nat urally begin to wear, generating 
wear particles. The use of incorrect types of 
fiuiq conductors may cause rust flakes or par
ticles to form. These are eventually carried 
down through lines to tool stations. 

The third source of contaminants are those 
added to the system. If a valve breaks down, 
the maintenance man may replace the compo
nent or r epair it on the spot. In eit her case, he 
will more than lik ely be working in a dirty 
environm ent, which may allow contamination 
of the system as soon as a line is disassembled. 

Dirt ca n also be added to a system by means of 
a cylinder. After a tim e, a cyl inder rod wiper 
wears its outer sealing edge so it can no longer 
wipe off fine particles of dirt. In this condit ion, 
dirt may be drawn into the system each time 
the cylinder is stroked. Quick disconnects are 
another potential source for externally gener
ated contaminants . 

contaminant type 

The co nt aminants found in a system may be 
divided into three groups: abrasive dirt, soft 
dirt and entra in ed liquids . 

Hard dirt may come from inside or outside the 
plant. Hard dust, grinding compo unds, and 
foundry sand are just a few examples. This 
dirt is abras ive, affecti ng the proper operation 
of components. With this type of component, 
dirt can wedge into clearances between mov
ing parts causi ng faulty operation or compo
nent failure. 

Soft dirt includes soft dust, dried paint or 
some types of threaded pipe joint compound. 
This type of contaminant can cause orifices to 
plug or ports to cake, and is usu a ll y larger than 
clearances which could cause faulty operation 
of components. 

Lastly, entrained liquids usually enter the 
pneumatic system through entrainment in the 
a ir . In large quantities, moisture can wash 
away lubrication and, in any quantity, wil l 
cause rust to form. Also, oil carried over from 
top end compressor lubri cation can cause 
resilient seals to deteriorate. This is espe
cially true if synthetic lubri cants are used 
with standard seals. Without effective seals, a 
pneumatic system wastes its stored energy. 
Also, operational problems may occur because 
seals become swollen, making valve shifting 
erratic . 

Now that we know what type of contamina
tion we may be dealing with, what about size? 

Generated 

Ingested 

Contaminant Type 
1) Hard Dirt 
2) Soft Dirt 
3) Entrained Liquids 



To measure contaminants we use the micro
meter scale. 

the micrometer scale 

One micrometer is equal to one millionth of a 
meter or thirty-nine millionths of an in ch. A 
single micrometer is invisible to the n aked eye 
and is so small that it is difficult to imagine. To 
bring the size more down to earth, some every
day objects will be measured using the 
micrometer scale. For example, an ordinary 
grain of table salt measures 100 micrometers 
(um), and the average diameter of human hair 
measures 70 micrometers (um). For compari
son, twenty-five micrometers is approximate ly 
one thousandth of an inch. 

limit of visibility 

The lower limit of visibi lit y for an unaided 
human eye is 40 micrometers. In other words, 
the average person can see individu al particles 
measuring 40 micrometers and larger. 

However many of the harmful dirt particles in 
a pneumatic system are below 40 micrometers . 

air line filter 

As previously discussed in the chapter on 
compressors, the first line of defense for 
industrial compressed air is the compressor 
intake filter and the aftercooler . Proceeding 
from the aftercoo ler the air enters a receiver 
tank where further cooling (therefore a reduc
tion in moisture content) takes place. Addi
tional moisture may be removed as the air 
cools in the distribution system, settling in the 
water legs. The last phase of air preparation 
takes place at the individual pieces of equ ip
ment that are served by the plant's compressed 
air system . An air line filter is a device that is 
placed in the air line at the work station to be 
protected. By doing this, it removes particulate 
matter from a ll of the air to pass through the 
fil ter e lement. 

what an air line filter consists of 

An air lin e filter basically consists of a hous
ing with inlet and outlet ports, deflector, 
shroud, filter element, baffle plate, filter bow 
and drain. 

how an air line filter works 

Filt ration through an air lin e filter takes place 
in two stages. In the first stage, air enters the 
inlet port and flows through the openings in 
the deflector plate (A) which causes a swirling 

131 

Gr.in of saq Humon LY M." 

'00 ."_.,,.. {j 
70 Micrometres 

----------~ 

Filter 

Filter 
Element To Compressor 

Inlet 

Aftercooler 



132 

action. Entrained liquids and large [heavy) 
particles are forced out to the bowl's interior 
wall 'B) by the centrifugal action of th e swir
ling air. They then run down the sides of the 
bowl. Shroud [C) assures that swirling actio n 
occurs at low flow rates a nd uniformly dis
tributes the air flow across the entire lengt h of 
the elements [DJ. It a lso prevents debris from 
concentrat ing at anyone point on the element. 

The baffle [E) separates the lower portion of 
the bowl into a "quite zone" where th e removed 
liquid and particles co ll ec t unaffected by the 
swirling air and are therefore not reentrained 
into the flowing air . 

In the second stage of filtration, air flows 
through the e lement [DJ where smaller parti
cles which are still airborne are filtered out 
and retained. The filtered air then passes 
downstream. 

filter elements 

The function of the mechanical filter element 
in a pneumatic system is to remove particles of 
dirt from the air stream. This is done by forc 
ing air flow to pass through porous materials . 
Typical filter materials include cloth, felt , 
porous sintered metal, wire mesh , ceramics, 
polyethylene, plastics and resin-impregnated 
paper . Some are throwaway types while 
others may be cleaned and reused. Filter ele
ments are genera ll y divided into two types, 
depth and edge. 

depth type elements 

With a depth type element air is forced to pass 
through an appreciable material thickness. 
Dirt is trapped because of the tortuous path 
the air must take. Depth elements in pneu
matic systems are frequently made of porous 
bronze or plastic. 

edge type elements 

Conversely, edge type elements offer an air 
stream, a relatively straight flow path. Dirt is 
caught on th e surface or edge of the e lement 
which faces th e a ir flow. Edge type elements 
in pneumatic systems are often ma de of resin
impregnated paper ribbon. 

pore size air filter elements 

Because of its construction, an air line filter 
element may have many pores of various sizes. 
Many of the pores are small. A few pores are 
relatively large. If it has no consistent hole or 
pore size, an air line filter elemen t is given a 

Depth Filter Element 

Edge Filter Element 



no min a l ra ti ng. 

nominal rating 

A no min a l ra tin g is a n e le ment ra tin g g ive n b y 
th e filt e r m a nufac tur e r , in d ica tin g th e ex 
pec ted ave r ag e hol e s ize in th e e lement. For 
ex ampl e, a de pth e le me nt w ith a no min a l 
ra tin g of 40 mi c rom e te rs indi ca tes th a t th e 
ma jorit y of th e po res in th!! e lement a re 40 
microm e te rs in s ize a nd th a t a la rgp. pe rce nt age 
o f th e 40 mi c rometer pa rti c les w ill be tra p ped. 

filter ratings in practice 

A ir lin p. fil ter e leme n ts fo u nd in in d us tri a l 
p n e u ma t i c s y s t ems g e n e I' <I II Y h iI V!, nom in a I 
ratin gs ra ng in g fr o m 50 tu [) mi c rume te rs. 
Sin r.e dirt in a pn eum a ti c sys tem cu mes in a ll 
s izes, s ha pes a nd ma te ri Cl ls, no g ua ra nt ee is 
m i-!( I!, as to w ha t s ize pa rt ic les w ill be re moved 
from rl co mpressed a ir s tn,a m. Now th a t we 
h ilv!! re move d th e cont Cl minHnt s Wf! mu s t 
re mo ve th e li q uid s. Thi s can be do np. with a n 
oil remova l filt er . 

oil removal filter 

O il re mova l filt ers are a re la ti ve ly rece nt 
d ev!, lop ment a nd a re des ig ned to mee t th e need 
fo r de li ve rin g oil-fr ee a ir for iI nu m ber of 
indu s tri es . A par ti a l li s t of th e in d ust ri es 
requirin g thi s t y pe of filtr a tio n wo uld in c lu de: 

'1. Dent ed a nd medi cal 
2. C hemic Cl I 
3 . Ph a rm ace uti ca l 
4 . Bo ttlin g and pac kag in g 
5. Fo od process in g 
6. Ma n y t ypes of indu s tri a l p ilint s pr ay in g 

S pec ifi c a p p li cCl tion s in c luei !! p n!! um a tic co n
t ro l in s trum en ta ti on , p neum a ti c meas urin g 
a nd gag in g, pro tec tion of ai r bea r ings, pa int 
spray in g, bl ow mold in g mar. hin er y, mov in g 
pa rt log ic d ev ices, printin g processes, p rlp e r 
se parati on , produ c ti on a nd pclckag in g of fin e 
chemi ca ls, phot og ra phic pro cesses , a bsorp
tion a ir d rye rs, or a n y pl ace wh ere oil type 
co mpress ors a re used but oil fr ee a ir is 
required. Th e fea tures of s uch a d ev ice a re th a t 
it r emoves liquid aeros ol s a nd s ubmi croni c 
pa rticl es do w n to a pprox im a te ly 0.3 mi c ro
me te rs. Th e e ffi ciency o f remov in g s uch liquid 
aeroso ls is a s hi g h a s 99.9%. Us ua ll y a pre filt er 
is added to in crease life a nd e ffi c iency. 

how an oil removal filter works 

Th e cont a min a ted a ir ent e rs th e e le ment int e-
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, rior and is forced through a membrane thick
ness of borosilicate glass fibers, sometimes 
coated with epoxy. The flow then passes 
through an outer structural support, and at 
this state most of the sub-micrometer oil parti
cles carried by the air have been removed. The 
droplets coalesce and are blotted from the 
filter surface by layers of non-woven glass felt 
a nd rayon cloth. The drops can gravitate to the 
filter sump where they may be drained 
periodically. 

draining a filter 
The liquids and particles collected in the quiet 
zone must be drained before their lev el reaches 
a height where they would be reentrained into 
the air. This can be accomplished manually or 
with an automatic drain. 

The manual drain is standard on most filters. 
This type requires maintenance personnel to 
periodically check each unit and open the 
drain if contaminant level is high. These 
drains may cons ist of a petcock type, similar to 
a car radiator drain cock, or other manually 
operated types which are of a spring loaded 
design which must be pressed to open. 

automatic drain 

Another type of drain, the automatic drain, is a 
device placed in the quiet zone of the filter's 
bowl. It typically has a float that when raised, 
directly or through a pilot actio n , causes a 
drain port to open, expelling liquid and 
entra in ed contaminants. 

how automatic drain works 
When system pressure is applied, it enters 
under the diaphragm and lifts it and the spool 
upward, sealing the spool nose to the bleed 
seal. The bleed seal and pin continue to rise, 
lifting the float and float gasket from the top 
body or ifi ce. Pressure begins to enter above 
the diaphragm causing it to reverse and move 
down. At some point in the downward motion, 
the bleed seal and nose separate after the float! 
float gasket have sealed the top body orifice . 
Thus , air trapped in the chamber above the 
diaphragm can vent through the spoo l and 
become slightly decreased in pressure. 

When the forces above and below the diaph
ragm come into balance, the diaphragm, spool, 
and pin have moved to a position allow in g the 
float gasket to form a seal at the top body 
orifice and the spool nose has closed the bleed 
seal. Pressure above the diaphragm remains 
slightly less than below. 
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drain in open position 

However, as the liquid level in the bowl rises, 
the float moves upward, lifting its gasket off 
the top of the body orifice, a ll owing system 
pressure to enter above the diaphragm. This 
forces the diaphragm / spoo l downward , open
ing the discharge passage past the lower seal 
a nd discharging the liqui d . After discharge, 
the float/float gasket drops and seals the top 
body orifice . As pressure above the diaphragm 
bleeds out through the c learance between the 
bleed seal pin and the spool nose, the spool / 
diaphragm continues to rise until the spool 
nose seals against the bleed seal. The cycle is 
ready to repeal. 

Both types of drains are found at the bottom of 
the filter bowl. These bowls can be made of 
many different materials. 

metal bowls and bowl guards 

Many of the filters manufactured mHke use of 
polycarbonate for bowl materials. This is gen
erally a good material for filters and lubrica
tors because it is transparent and tough. Pro
perly designed , fabricated and maintained, it 
is suitab le for use in normrJ! industrial work
place environments , but should not bE! located 
in areas where it could be subject to impact 
blows or temperatures outside of the rated 
ra nge. 

As with most plastics, exposure to certa in 
chemicals can cause damage. For example , 
polycarbonate bow ls should not be exposed to 
chlorinated hydrocarbons, ketones, phosphate 
esters and certain alcohols. They should not be 
used in air systems where compressors Clre 
lubricated with fire-resistClnt fluids such as 
phosphate I~ ster or di-ester types. Metal bowls 
resist the action of most solvents but should 
not be used where strong acids or bases are 
pre sent or in sa lt-I Hden atmosph eres. 

For most applications suitable for polycarbo
nClte bowls , a bowl guard is recommended. 
This perforated meted shield fits Hround the 
bowl exterior to protect the bowl from 
mechanical damagl~ as we ll as to cont<lin the 
bowl parts in CHse of bowl rupture. 

selecting a filter 

Let us now select a filter. Wh e n se ll"cting a 
fil tel' these t hrel" steps shou ld be followed: 

1. Determine the maximulll f1uw requirements 
where the filter w ill be used. This wil l be in 
terms of CFM (dm '/ s) . 

Automatic Filter Drain (Open Position) 

Melal Bowl 

Of\, 1'. C' '0 "--J 

0000 
00 0 0 0 
0000 

Bowl Guard 

Size on 
CFM 
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2. Determine the allowable pressure drop at 
the needed flow. 

3. Refer to the flow curves on the filter to find 
one th a t offers the particular flow rate at 
the predetermined pressure drop. 

Rem em ber, if an element is sized too small, the 
result will typically be a high initial pressure 
drop at the rated flow. Also, the element will 
"load up" quickly at the start of operations 
with a resulting increase in pressure drop. 
This can lead to possible air starvation down 
stream. When the pressure drop reaches 10 psi, 
the filter element should be changed in order to 
prevent its rupture. If the filter is too large, the 
low swirl velocity generated may result in 
poor contaminant and condensate separation. 

Example: 11-1 

The XYZ Machinery Company is using a 
radial type piston motor which develops a 
maximum output of 10.0 HP (7.5 kw) at 800 
RPM. Its air consumption, as read directly 
from catalog data, is 200 CFM (95 dm3 /s). 
Select a filter that will work with a maximum 
pressure drop of 2 psi (0.14 bar) . The data 
given for the motor is at 85 psi (6 bar). 

Solution: 

From motor catalog data it is evident that we 
need a filter th a t will pass 200 CFM at 85 psi, 
with a 2 psi pressure drop. 
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As we go through a filter catalog we come upon 
these two graphs showing the flow character
istics of a basic 1" port body with 1" pipe a nd 
1-112" pipe ports. Since the primary pressure 
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of 85 psi (6 bar ) is not given. it must be esti 
mated as s how n : 

Filters: PRIMARY PRESSURE - bar 
3.4 6.9 10.3 

PRIMARY PRESSURE - PSIG 
50 85 100 150 

Performance 7 

Characteristics 6 
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rJ a. 

ri. 3 I 
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0 04 
a: a: 
0 0 
w w 
a: a: 
512 

:::> 3 
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w w 
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a. a. 2 
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Working with the 08F53A graph. we find a 2 
psi (0.14 bar) drop for 200 CFM if 1 inch 
plumbing is used. A 1.5 psi (0 .1 bar) drop is 
evident for the 08F73A if 1- 1 / 2" plumbing is 
used. Either may be selected but the former 
has better water removal efficiency . 

Example: 11-2 

A 6" (152mm) bore. 3" (76 .2mm) rod . 10" 
(254mm) stroke cylinder extends in 4 seconds 
and retracts in 3 seconds. The working pres
sure required at the cylinder is 50 psi (3.45 
bar). T he fi lters prima ry pressure is 100 psi 
(6.9 bar) . What filter is needed? 

Solution : 
The CFM must be ca lcu lated first from Chap
ter 6. 

CFM = 
V(in3) x Compression Ratio 

time to fi ll cy linder x 28 .8 

For extension 

[
50 + 14.7J 

(28 .27 x 10) x 14 7 
CFM = . 

4 x 28 .8 

CFM = 10.8 or (5 .09 dm 3 / s) 

For Retraction 

!I. (62 _ 32 ) X 10 x [50 + 14.7J = 10.8 
CFM=4 14 .7 

3 x 28.8 

CFM = 10.8 or (5 .09 dm 3 / s ) 
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The fil t er m ust be ab le to pass 10. 8 CFM (or 
5.09 dm3/s ). 

For either d irectio n of cylinder motio n , w ith a 
primary pressure of 100 psi (6.9 bar ). 

Let us say the a llowab le press ure drop is 1.5 
psi (0.1 bar ). Looking thro ugh the catalog, we 
find the fo ll owi ng graphs: 

Filters: 
7. 

Performance 
Characteristics .4 
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'" w w 
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.1 
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0 

The filter selected will be the 04FllB with 114" 
ports which will deliver 10.8 SCFM (5 dm3/s) 
with 1.2 psi (0.08 bar) pressure drop. 

However, it is common practice to select a 
larger filter to facilitate ease of piping. A six 
(6") inch bore cylinder typica ll y would have 1" 
ports. If this larger filter is selected then it is a 
must that the component's contaminant removal 
efficiency be examined. 

Now that we have filtered the air we must add 
a lubricant to the system . This can be done 
with an in line lubricator. 

lubrication 

Some forms of lubrication found in a pneu
matic system are accidental. They are caused 
by condensed moisture and oil picked up dur
ing compression being carried dow nstream to 
the working components. This type of lubr ica 
tion is very crude and usuall y causes more 
problems then it cures. Deliberate lubrication 
can be provided by periodic injection of oil 
through an extra port or grease through a fit
ti ng, by drip type oilers or by automated pres 
sure injection of the lubricant. 

Most common today is the introduction of oi l 
droplets into the air supply by devices ca ll ed 
a ir line lubricators. When in jected into the 
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flowing air stream the oil in the lubri cator can 
take on several forms - drops, spray, or mist. 

pulse type lubricators 

Drops inj ec ted into an a ir line are oft e n done 
by a puls e typ e lub ricator. This method inj ec ts 
a give n minut e a mount of lubrication direc tl y 
into th e pn e umatic co mpon e nt. Oil inj ec tion is 
d irectly proportion a l to cy cle r a te. This type 
may require a n additiona l line to be run to eac h 
pneumatic co mpon e nt requiring lubri ca tion. 

standard air line mist lubricator 

Another m e thod is to spray the oil into th e 
flowin g a ir s tream. Thi s spray of o il may b e 
obtained in a n a ir lin e by app l y in g a s ta nd a rd 
a ir line mist type lubri ca tor. This type de li ve r s 
o il parti c les r a ngin g in s ize from 0.01 to 500 
microm e te r s in diam e ter. 

how a standard air line 
mist lubricator works 

Air flowin g through th e unit goes thr o ug h two 
paths. At low air flo w rates, th e m a jo rit y o f Cl ir 
flo ws throug h ve nturi s ec tion (A). Th e res t o f 
th e air s li g hll y defl ects a nd flows past the re
s trictoI' (j) . Th e ve locit y of air flowin g throu g h 
the ventur i section c r ea tes a low er pressure at 
th e thro Cl t sec tion [8). This lo wer press ure 
a ll ows oil to be forced from th e r ese r v oir 
throu g h th e pick up tube (C), pa s t th e c hec k 
ball (D). to th e m e te rin g blo c k ass e mbl y (E) . 
This is where th e oil flow rate is contro ll ed by 
th e m e ter in g sc rew (F). Rotation of th e m e ter
in g screw in a co unt e rc loc k vv ise di rec ti on 
in c re ase th e o il flow r a te; co nv e rse ly, r o tati o n 
in a c lo c kwis e direc tion decreases it. Oil then 
flows throu g h the cle a r a n ce betw ee n inn e r and 
outer s ig ht domes (G). where drops are form ed 
a nd drip int o the th roa t sec tion [8) . Here it is 
broken int o fin e pilrticles a nd mi xed w ith th e 
sw irlin g a i r to be carr ied to the outlet when! it 
jo ins air byp ilss in g th (~ res trictor disc (J). 

As air flow in c r e a s(~s. th e r es tri c to r eli se [J) 
deflects. a ll ow in g th e additionil l ilir to b y p ass 
th e ve nturi s{~ c tion . This a lso genera tes a n 
in c reHsed pressure drop across t h e vent uri Hnd 
w ill in crease th e oil deliv e r y rat e proportional 
to th e in c r ease d air n ow rat e . Th e ch eck ball 
(D) assures t hat w h e n t lwre is n o a ir n ow. oil 
in th e passHgeways is h(~ ld in plHce s hort e nin g 
th e tim e r equir ed to r esu m(! o il d e li v(! r y w hen 
flow is rees t ab li shed. 
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filling the standard air line 
mist lubricator 

For the standard lubricator, t h e bowl can be 
filled wh ile the lubricator is at pre ssure in a 
working system. This is made possible by the 
action of the check ba ll (K). When the fill cap is 
partially opened, a ir in the bowl escapes and 
pressure forces the check ball to nearly seal a t 
(L). Only then may the cap be removed and oil 
poured into the lubri ca tor. when the fill cap is 
rep laced, a small amount of a ir ble ed past the 
check ball (K) causes pressure to build up in 
the bowl a llowing the system to repressurize. 

recirculating type lubricator 

There is a nother t ype of lubri cator, the recirc u
lat ing or micromist, flow in-line lubricator. 
This typ e mists th e oil very finely for us e 
downstream. The oil particles coming from th e 
outlet range in size from 0.01 micrometers to 2 

m icrometers in diameter. These smaller drop
le ts (as compared to the standard lubricator) 
will stay in suspension over a mu ch greater 
distance allowing longer lines . Also, elbows 
and vertical runs will not wet (co a lesce ) out 
the droplets as quickly as the standard unit. 
This is because th e larger droplets are returned 
to the bowl by rec ircu lating the air flow into 
th e bowl. 

how a recirculating type 
lubricator w orks 

Air flowin g through the unit goes through two 
paths. At low air flow rates , the majorit y of 
the air flows throug h th e venturi section (A) . 
The rest of the air slight ly deflects a nd flows 
past th e restrictor disc (J) . Th e velocity of th e 
air flowing throu gh the venturi section (AJ 
creates a lower pressure which allows oil to be 
for ced from the r eser voir through the pick up 
tub e (C) past the check b a ll (DJ, to th e metering 
block assembly (E) . It is at this point that th e 
oi l delivery rate is controlled by a metering 
screw (FJ. 

Rot a tion of the m e tering screw in the co unt er
clockwise dire c tion increases oil flow rat e 
while clo ckwis e rotation dec reas es it. Oil 
flows through th e clearance betwee n the inner 
a nd outer sight domes (G) where drops are 
formed and drip into the nozzle tube (M). Here 
it is broken into fin e particles as it expands 
into the low pressure venturi. From there, the 
atomized oil flows through the curved baffle 
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plate (K) and is deflected against the interior 
wall of the reservoir. This action causes larger 
oil particles to coalesce and fall back into the 
reservoir where it can recirculate through the 
system. The remaining mist of fine particles 
(typically less than 2 micrometers) is carried 
through the opening (I) where it joins and 
mixes with air that bypassed the restrictor 
disc. As air flow increases, the restrictor disc 
deflects, allowing more of the inlet air to 
bypass the venturi section. This also generates 
an increased pressure drop across the venturi 
a nd will increase the oil delivery rate propor
tionate to the increased air flow rate. 

The check ball (D) prevents reverse oil flow 
down the pick up tube when air flow stops . 
Thus, oil delivery can resume virtually immed
iately when air flow restarts . 

It should be not ed th a t this type of lubric ator, 
as described, ca n only be filled with the supply 
pressure SHUT OFF. If this is unacceptable, 
options for re-filling with auxiliary pressure 
supply equ ipment are usu a lly obtainable 
(refill check valve & au to fill accessory) . 

sizing a lubricator 

The lubricator, like the filter, is sized on air 
flow rate. Once again, the maximum flow 
requirements of the system must be deter
mined and the pressure drop (usually in the 
range of 1 to 5 psi [0 .07 to 0.35 barl] for various 
body sizes and plumbing must be determined. 
Then catalog data is checked and a lubricator 
is selected. 

Example: 11-3 

A die grinder employs a vane motor. At maxi
mum output the motor needs 16.3 CFM 
(7 .7 dm3 /s] at 50 psi (3.4 5 bar]. What lubri ca tor 
should be used? 

Solution: 

Th e lubricator selected must be able to pass 
16.3 CFM (7.7 dm:l/ s] at a reasonable pres
sure drop. The press ure drop selected will be 5 
psig (0.34 bar) . The following grap hs are those 
typically found in a catalog for micro-mist 
lubricators: 

Size on 
CFM 
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Lubricators: Performance Characteristics 
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The pressure drop for a 1 / 2" body size lubrica-
tor is 2.3 psi, 1.5 psi, and 1.3 psi for 1/4", 3 / 8", 
112" ported respectively. All lubricators have 
a reasonable pressure drop. they all fall in the 
range of 1 to 5 psi [0.07 to 0.35 bar]. Since the 
plant engineer prefers to buy a lubricator with 
the same size ports as the motor, the 114" 
model is selected. 

the lubricator in a system 

It should be pointed out that all the lubrication 
devices discussed were necessary in order that 
oil is carried through the circuit with the com
pressed air. Proper lu brication is necessary 
because it is needed to coat resilient seals to 
reduce friction, significantly extending their 
life. Most pneumatic cylinders and motors 
also require lubrication to decrease friction 
and prevent scoring, thus decreasing oper
ating temperature and preventing scoring. 
This will increase the life of the motor or 
cylinder. 

However, just because a little oil is good 
doesn't mean a lot of oil is better. Many times, 
lubricators are adjusted so that too much oi l is 
injected into the stream. Puddles of oil develop 
in the piping and cause problems. Also, air 
exhausting with large amounts of entrained oil 
may cause enough oi l to become airborn in the 
plant that the air in working areas wi ll not 
meet federal standards. Remember the oil put 
into the air system must be taken out before 
the air is returned to the atmosp here. The 
OSHA regu lation states that air must not con
tain more than 5mg of oil mist particles per 
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cubic meter of air. This is equal to approxi
mately a n ounce (wt.] of oil in 200,000 cubic 
feet which is equivalent to a building 10 x 100 
x 200 feet in size. If a plant us es dozens of 
lubrica to rs it may take a very lon g tim e for th e 
oil to settle out. The limit of Smg p e r cubic 
met er m ay qui ckly be excee d ed when the plant 
is operating. This OSHA requirement mak es it 
necessary th at you use so me kind o f device to 
recl assi fy th e oil before the a ir carry ing it is 
exhausted into th e a tmo s phere. Typical in lin e 
air filters do a rel a tive ly good job of reclassify
ing oil. But if a lm os t to ta l reclassification is 
necessary, a coa lesc in g typ e filter ca n be 
emp loyed . It is common to pl ace a ll of th ese 
uni ts toget her to form a n FRL. 

FRL units 

FRL s t a nd s for filter-regulator-lubricator. An 
FRL unit com bin es the three compo nents int o a 
pr e- pip ed pack age for easy in s t a llation . 
Bra nches of a pneumatic system are ge ner a ll y 
eq uipp ed w ith FRL's so that individu a l actua
tors a n d work stations receive filtered, regu
lat ed a nd lubri ca ted a ir meeting th eir specific 
requirements. 

filters and lubricators 
must be maintained 

A pneumatic syst em m ay be equipped with the 
best filters and lub r icators available a nd th ey 
may be positioned in the syste m where the y do 
the most good, but if filters are not drai n ed and 
c h a nged at reasonable inter va ls for suc h ser
vices, or lubricator reservoirs re-filled, th e 
mon ey spe nt for th eir use may have been 
wasted. 

FRL design considerations 

Th e following is a set of definite r ules th a t 
should be followed when d es ig ning systems 
protected w ith FRLs. 

1. Make s u re they are sized for the maximum 
flow rate in the portion of the circ uit they 
service. 

2. Pl acemen t of these devices s h ou ld be as 
close as practical to the compo nent bei ng 
serviced. 

3. Their placement should also be in a n a r ea of 
easy access ibility. This is espec iall y tru e 
for units requiring regular m a int e n a nce, 
s uch as fillin g, ad jus ting or c leani ng . 

4. Inst a ll a shut off v a lv e [poss ibl y a lock out 
typ e, s hutoff ex h a ust] ahead of th e unit to 

I 
I 
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facilitate maintenance of the unit. 

5. Whenever possible. locate lubricators at an 
elevation higher than or equa l to the points 
being lubricated . 

lesson review 
In this lesson dealing with air preparation . we have seen that: 

• Pneumatic systems and components require compressed air free of contamination for dependable 
operation. 

• Dirt in an industrial pneumatic system is any solid particle in an air stream. 

• Dirt in a pneumatic system does harm by causing resilient seals and closely fitted moving surfaces to 
wear. 

• Dirt wedges into clearances between moving parts of components. 

• Dirt in a pneumatic system is pollution which is measured on the micrometer scale . 

• Industrial air is a carrier of dust and water vapor. 

• A compressor intake filter is the first line of defense against industrial air. 

• Entrained water and large dirt particles are removed by a swirling action set up within the filter bowl. 

• The function of a mechanical filter element in a pneumatic system is to remove dirt particles from a 
compressed air stream by forcing flow to pass through a porous material. 

• Filter elements used in air line filters are divided into depth and edge types. 

• Since it has no single consistent hole or pore size, an air line filter element is given a nominal rating which 
is designed to indicate an element's average pore size . 

• No guarantee is made by an air line filter nominal rating as to what size particles will be removed from a 
compressed air stream . 

• Instead of discharging air from a compressor out let into an air receiver for storage. the air is passed 
through an aftercooler. 

• Besides being the point where air cools. an aftercooler is also the place where some dirt and oil vapor fall 
out of suspension. and a good portion of entrained water vapor condenses. 

• If the demands of a system require that very dry air be made available. compressed air can be passed 
through a refrigerant or chemical type air dryer. 

• Moisture can affect the operation of a pneumatic system in several ways. 

• After compressed air passes through an air line filter. it is clean and relatively free of entrained water. but 
is usually required to be lubricated. 

• Lubrication of compressed air may be necessary to provide seal lubrication. prevent sticking of moving 
parts. and control wear. 

• An FRL unit combines filter. regulator. and lubricator into a pre-piped package for ease in installation. 

• If filters and lubricators are not serviced when required. the money spent for their use has been wasted. 
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Instructions: Fi ll in the b lanks wit h a word from the list at the end of the exercise. Words may be used more 
than once. 

1. Entrained water and large dirt are removed by an air line filter by means of a (n) ________ _ _ 
action set up within the filter bowl. 

2. A (n) is a component in which air cools, some dirt and oi l vapor fallout of suspen-
sion , and a good portion of entrained water vapor condenses. 

3. A nominal rating indicates an air line filter's __________ pore size. 

4 . i n a pneumatic system can wash away lubricant from components, resulting in 
faulty operation, corrosion, and wear . 

5. As air leaves a compressor, it has more potentia l energy, but it is a lso __________ and contains 
water vapor. 

6. To prevent sticking of moving parts and to control wear, compressed air requires _________ _ 

7. Air line filter elements are given a __________ rating since they have no one, consistent hole or 

pore size . 

8. The more contaminated the air of a pneumatic system, the less __________ that system will be. 

9. Water vapor and __________ are two undesirable elements carried by industrial air. 

10 . In a pneumatic system , dirt particles are meHsured using the ____________ scale . 

a bsol u te depth 
aftercooler dust 
average edge 
ba ffle F-R-L 
chemical grain of salt 
compressor hot 
condensation industrial HiI' 
dependab le intake filter 

intercooler 
largest 
lubrication 
mHintenance 
micrometer 
mist chamber 
moisture 
nominal 

porous bronze 
quiet zone 
rain 
refrigerant 
salt 
swirling 
vane 
wedges 
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a 

absolute 
pressure sca le ......... . .. . . . 10, 12, 17 
temperature .. .. . .. . ........ . ..... . . 17 

absorption .. ..... . .. . .. . .. ..... . .. . .. . . 50 
accuracy of a flow control .............. 105 
actuators ........... . ............ 7,92,93 
adjustable orifice .... ... ... ....... . .... 104 
aftercooler . ...... . ....... . . . .. . . ... .... 48 
air 

compression ....................... 17 
cy linder . . ................ . .. ....... 70 
expansion .... . .. ................... 18 
fuses ............................. 126 
lea ks .. ...... . .... . . ........ ... .... 55 
line fil ter ........ . .. .. .. . .. ....... . 131 
motors ... . ... ...... ... . . ..... ...... 76 
se lection .............. ........ . 76, 77 
oil tanks . .. . .... . ............... .. 124 
to air booster circuits 125 
to oil booster circuits ....... . ...... 125 

altitude . ...... . ...... ... .. ........... . . 41 
ambient .... ....... .... .. . . ........ ... .. 17 
atmospheric pressure .... . ......... . .. ... 9 
automatic drain . .. . .. . . ............... 134 
axial compressor ....................... 37 

b 

baffle plate . ......... ............. 131, 132 
ball valve . .. ...... . .................. . 104 
barometer . ... .... . ...... . .... .... . . .. . . 10 
bias spring . . ... .... ..... . ..... .... ... . . 11 
blocked center. . . . . . . . . . . . . . . . . . . . .. 85, 86 
boosters . . ....... . . . .......... . .. 123, 124 

circuits ........................... 125 
bourdon tube gage . . ... .. ...... .... .. . . . 12 
bowls . ........................... 132, 135 

guards .. . .. . . . ................. . .. 135 

c 

CFM ................................... 21 
Cv ..... .. ........ . .................. 95 -9 9 
center condition ... .... ..... . . . .... . .... 85 

blocked ................ .. ...... 85, 86 
exhaust . ... .... .. .. .... . . .. . ....... 85 
pressure .... . ...... .. ...... .. ..... . 85 

centrifugal compressor . .... . .. . ...... . . 38 
check valve ........................... . 59 
circle, area of . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6 
circuits 

air-to-air booster ..... ... .... .. . . .. 125 
a ir-to-oil booster .................. 125 
differential pressure .... ........ . .. 121 
dual pressure ....... . ... .. . . .. . .. . 121 

four-way valve in ........ . . .. ... . .. . . 83 

quick exhaust valve in ............. 109 
regulator in . ...................... 120 
sequence va lve in .................. 115 
three-way valve in . .. .......... 82,83 

compressed air, industrial applications . ... 3 
compression factor .... . ...... . ...... . .. 96 

heat of ............................. 20 
of a ir ............. . . . ............. . 16 

compressor ................. . .......... 28 
axia l ...... .. . .... . ..... .. .... ...... 39 
centrifugal ......................... 38 
displacement ............... ........ 47 
dynamic ............ . .............. 47 
helica l . . .... .... ........ .. ... ...... 37 
installation ........................ 45 
lobed-rotor ......................... 38 
multi-stage . . .... .. .... .. ........... 39 
radial . .... . .. .. . ..... .. ... ....... . . 39 
reciprocating piston . ....... . .. . . ... 37 
selection ........................... 44 
single screw ........................ 38 
two-stage piston . . ............. . ... 40 
vane ....... . ......... ..... .. ..... . . 37 

contaminants .. .... .......... .. ... . .. . 129 
built-in ........................... 129 
entrained dirt ... . ........ .. . .... .. 130 
generated .............. .... .. 129, 130 
hard dirt .. .......... .. . . .... .. .... 130 
ingested ........ . ..... . . ... . .. . ... 130 
soft dirt ........................... 130 

critical velocity ........................ 22 
cushions ............. .. .. .... ...... .... 66 
cylinders . ....................... , .... 7,57 

buckling ........................... 64 
mechanical motions ................ 59 
mounting sty les .................... 59 
sea ls ... .. ....... .. ...... ......... .. 58 
sizing ..... ... .... .... ...... . .... 60-72 
stroke ad ju s tors .................... 58 
vo lum e of ........................... 9 

d 

dash pot , hydraulic .... . ........ . .... . . 106 
deflector plate ......................... 131 
depth filter elements . .................. 132 
detents ... . ........................ 84, 85 
diaphragm regulator ........... ... ..... 118 
differential pressure circuit ............ 121 
directional control valves ......... 30,81-101 
displacement compressor ............. . . 47 
double acting cylinder ....... . ... .... ... 30 
drain 

automatic ....... .. .. .. .. ... .... .. . 134 
filter .............................. 134 
open position . . .. . . ...... .. .. . ..... 135 

dual pressure circuit .. . .. . .... ... ...... 121 
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dynamic compressor ......... ... ... . .... 4 7 industrial applications of 
compressed air . . ...... . ...... .. . . . .. .. .. 3 

e intensifiers . .. . .. . . .. .. . . ....... 8 , 123 , 124 
internally piloted valves ... ....... . . . .. . 9 3 

edge filter elements . .. .... . . . . .... . .... 132 
excess flow valves . . .. .. ...... . .. . ... . . 12 6 k 
exhaust center ..... ... . .. . .......... . . . 85 
externally piloted valves . . . . . . . . . . .. 93, 94 kinetic energy 5, 18 

f 

FRL units . . . .. . .... .. . ... . . . . . . .. . . . .. 143 lapped spool valves. . . . . . . . . . . . . . . .. 8 9, 90 
filter levers ............ . ..... . ............... 92 

a ir lin e . ....... . ...... ........ . .. . . 13 1 limit of visibility ........ .. ...... . .. ... 131 
e le me nt ...... . .... . ...... . ... 13 1,132 liquid molecules .. ... . .. .... . . . .. . . . .... 16 
d e pth typ e . ........ . .... . . . ... . . . . 132 lobed-rotor compressor .. .. . . . .. . ....... 38 
edge type ... . .. .. .. . . . .... . . . . .. .. 132 lubrication .. .. ... .. .... . ...... ... .. .. . 138 
pore s ize . . ... . .. . .. . ............. . 132 lubricators 
oil re m ova l . .. .... .. .. . . . . . .. . . . ... 133 FRL unit s . .. ... . . ... . ....... .. .. . . 143 
ra tin g ............................. 1 33 pul se t yp e ............ . ... . .. . ..... 139 
se lec tin g .. . ..... . ... . . . . . . . .. . 1 35 -1 38 rec irc ul a tin g . . . .. .. . .. . . . ... . .. . .. 14 0 
fi xe d ()rifi ce .. .. . ..... . ... ......... 104 s izing . . .... . ....... .. ........ . .. . . 14 1 

flow s ta nd a rd a ir lin(~ mi s t ... . . .. . . 1 39 , 140 

coe rri c i ~! nt .. . . .. . . ....... .. . . . . . 95 -9 9 
c() ntr ol vH lves . ............ 3 1,1 0 3-10 9 
rHte ..... . ......... . ... ... .. .... 2 1,70 

m 

ra tin g .. . . . . . ...... . . . .. .. .. . .... 95 -99 
fluid direction . .. . ..... . ...... . ..... . .. . 2 1 
force ... . . .. . .. . .. . . .. .. . . .. . . . .. . . . . . 8, 60 
four-way directional valve . .... . ..... . .. 83 

in a circ uit ..... . .. . .. . . . .... . . . .. . . 83 
fi ve-po rt ed ..... .. .... .... ... ....... 83 
f() ur- p ort ed .. ..... . ..... . ... . . .. . .. 83 

free air . .... . .. ..... . . . .. . .. . ...... . .... 22 
friction . ... . .. . . .. . . ................... 21 

manually actuated valves ...... . ..... . .. 92 
manually operated valves . .. . . ..... .. . .. 92 
mechanical force . . ... . ........ .... .. . .. . 7 

mercury . .. . . . . .. .. . . ... ..... .. . . ... ... 10 
meter out control .. ..... . . . . .. ... . .. . . . 10 5 
micrometer scale .. . .... . ... . .. . . . . . .. . 1 3 1 
molecular energy ... .. .. . .. .. .. . ........ 1 5 
motors ... . ........... . . . ..... . . . .. ... . . 74 

pi s ton . ..... . .... . ...... . .. . . . . .. .. 75 
turbin e .. . . ... .. ..... ... .... .. . ... . 76 

g VHne . . ...... . ..... . . . . ...... . . ... . . 75 
mufflers .. . . . . . ..... . .. . .. . . . .. ..... . .. 11 

gage pressure scale . ... . . .. ..... . .. . .. . . . 9 
gaseous fluid . . . .... .. . .... ... . .. . . .... . . 5 

multi-state compressor . . . . .. ... . ....... 39 

gases . ..... . ... . ..... . .... .. ..... . .. . . . 15 n 
p ress ure ... . .. . ................ 16, 1 7 
tempe ra ture .. . . .. ..... . . . . . . . .. 16, 17 needle valve . . . . .. . ... ... . .. . .. .. . . 31 , 104 

globe valve . .... .. .. . . .. . .. .......... . . 104 nOise . . ... .. . .... . . ... . . . . . .. .. .. . 4 2 , 110 
nominal rating ..... . ... . ... . ... . ...... 133 

h normally closed valves . ............. .. . 8 4 
normally opened valves .. . .... . . . ... .. .. 84 

heat 
e ne rgy .. .. .. .. ... .. .. . .. .. .. .... .. . 16 
o f compress i()n . ................. . .. 20 

o 

helical compressor . . . ... ... . ... . ...... .. 37 
hydraulic dashpot .... . ......... . .. . . . . 106 

oil flooded compressor . . .. . .... . .... .... 38 
oil removal filter . ....... . . . . .. . . ... . .. 133 
orifice 

a dju s ta bl e . . . . .... . ....... . . . .... . 104 
fi xe d . .. . . . . .... . .... . .... ... . . .... 104 

ideal gas law . . . ...... . .. .. . . .. .. . . .. . . . 1 7 s ize . . .... . ... . ..... .. ... . . . ..... .. 10 3 
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output control . ....... .. . ..... .... ...... 41 receiver tank . .. .. . . .. .. . . .. ... . .... .. . . 51 
overcompression . . ............ ... .... . . 49 reciprocating piston compressor .. . ...... 36 

recirculating lubricator . .. ... ........ . . 14 0 

p refrigeration . . . .... .. . . . ... . .. ... . ..... 50 
regulators 

PSI .. . . .. . ........ . .. .. .. . .. .... . ...... 10 
PSIA ................. . .. .. . .... ... .. .. 10 
PSIG .. . .. . . .. .. .... .. . . . . . . .. . . . . . .... 10 
packed bore valve ... ... .. ... . . .. . . . 88, 89 
packed spool valve ..... . . . .. . .. . . .. 87, 88 
Pascal's Law . . .. ... .... . . ... . . ... .. . .... 6 

pedals ......... . .. . . ... . . .. . . .... . ..... 92 

percussive . .. .. .... . ..... . ... . .. .... . ... 72 
pilot actuators .. . ........ .... . ......... 93 

d iap hragm ...... . ... . . ... . .. . . . . .. 118 
FRL unit s . .. .... . . ....... ......... 14 3 
in a circ uit . . . . .. . ... ... . ... . . . . . .. 120 
p il ot con tro ll ed ........... . ... 118, 119 
press u re ...... . ........ . .. . . ... . .. 116 
s izing ............. . . . .. . . ...... . . . 119 
venti ng .. . .... . ...... . ... . . . . 116, 117 

response time of directional valves .. 98, 99 
rotary motors . .. .. . . .. . .. ... ... ...... . . 74 

so lenoid co n tro ll ed . . .. . ....... ..... 94 
pilot controlled regulators . . .. . . . . 118, 119 s 
piping systems . ... . . . . . ...... . . . . . ... . . 53 

dead end or grid . . ...... .. ..... . .. . . 54 safety relief valve . . .. ... ... . .. . . . . ..... 28 
insta llat ion ....... . . . .. .... . .. . 54,55 sandwich flow controls . .. .... . ........ 10 5 
loop ... . ......... .. . .. .. ..... .. . .. . 54 seals . .. ....... .... .... . . ..... . .. . ...... 58 
un it or dece nt ra li zed ..... . .. .... . ... 54 selecting a filter ................ .. . 135-138 

piston motor . . . . . . . . . . . ... .... . . . ...... 75 sequence valve .. .. . .. ... . .. . ........ . . 115 
plunger pressure gage .. . ...... . . . .. .... 11 shear action valves .. ... .. .. .. . .. ... . . .. 86 
plungers . . .. . .. . . .. .. ........ . ... . ..... 92 lapped spoo l ......... . .. . . . . . .. 89, 90 
pneumatic packed bore .. .. .. .. . . ... . .... .. 88, 89 

sy m bo ls .. . .. . ........ . .... . . ... . .. 32 pac ked spoo l ................ 87, 88,89 
sys tem des ign .. . . . . . . . . . . .. . . .. . .. . 23 s lid ing p la te ..... . .... . ... . . . . . . 86,87 
system inefficiency ........ . ... . . .. . 20 shroud . . .. . . . ... . . . ........ . . ..... ... . 132 
too ls ............. . .. . ... . . .... . .. . . 72 shuttle valves .. . .. . ... . . . . . . . ......... 111 
t ra ns mi ss ion of energy .. . . . . . .. . .. . . 18 silencers . . . .... .. ... . . . .. ....... . .. .. . 111 
va lve ....... . ... . ..... . ..... . .. .... 22 single screw compressor .... . . . ......... 38 

potential energy .. ... . . ... .... . . . .. . .. 5, 19 sizing 
pore size filter elements .. ......... . .... 132 compressors ... . ....... . . .. . .. .. 60-72 
port pipe size . . .. .. ............. .. ... . .. 9 5 I ubrica tors .. . . .. . .. . .... .. . . ...... 141 
positive displacement compressor . .. 19, 20 reg ulators ... .... . .. ...... . . . . . . .. . 119 
power positions of a valve ..... . .... .. .. 85 va l ves ..... . ... . ..... . .. . . . .... . 9 5-98 
pressure sliding plate valve. . . . . .. . . . . . . . . . . . 86,87 

app ly ing .. . . ... ... . ............ .. .. . 6 solenoids .............................. 92 
a tmosp heric ...... .. . . .. . . ... . . ...... 9 co n tro ll ed p il ot operatipn . .. . . .. . ... 94 
ce n ter . ... ... ........ , ... , . . . . .. 85,93 d irect operati ng ... . . .. .. .. .. ... 92,93 
d iffere n tia l gage . ... . .. .. . . ... . . .... 46 solids .... . .... . . . ... ... . . ... .. ......... 16 
gages . .. . . .. .. . . .. . . .. ... . . ........ 11 speed control 
of a gas . . .. . .... . .. ... .... . ........ 16 doub le ac ting cy li nder .... . .... . .. . 106 
reg ul ator . . .. . ... ... . .......... 29, 116 m ul tiple ... ... .. . . . . . . .. ... ... . .. . 107 
sca les ......... .. ........ . . .. . .. . .. . . 9 spring offset valve . .... . .. . .... . ...... . . 84 
swit ch .. . ..... . .. .. .. ..... .. .. . . ... 28 spring returned valve . . .. . ...... . . . ... . . 84 

pulse lubricator .. ... .. . .. . .... ... .. ... 139 standard air .. .. .... . .......... ... .. . .. . 22 
push buttons .. .. .............. .. .. . . ... 92 standard airline mist lubricator . . . 139, 140 

stop tube . . . . . . . . . . . . . . . . . . . . . . . . . . . 62, 63 

q stroke adjustors . . . . .. . .......... .. ..... 58 
sub-base mounted valves . .. .. . ..... 94, 95 

quick exhaust valves . ............. 109-111 
subsonic flow . . ... . ...... . ......... . . . 114 

quiet zone .......... . ... .... . .. .. ..... . 132 
t 

r 
temperature, absolute .. . .. . .... . . . ...... 17 

radial compressor . ....... . .. . . . . .... : . . 39 temperature of a gas ........ . ..... . . . . .. 16 
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three-position valves .. . .. .... . . . 84, 85, 92 sizing .. ..... . .. ....... ..... ... . . 94-98 
three-way directional valve . . .. . . ... 82, 83 soleno id ... ... .. ... . .... .... 92, 93, 94 

in a ci rc ui t . .. . .... . .. ...... .... .. . . 82 spr ing off set ...... . .... . .. . . . .. .... 84 
p a i red .. ... .. ..... . .. ....... . . .. .. . 82 spr ing re tu r ned . '" ........ . .... .. " 84 

torque ............... .. . . .... ... . . .. . .. 76 su b -base mo un ted . . .... ........ 94,95 
turbine motor . .. .. . ....... . . ... .. . .. ... 76 th ree -pos iti on .. . .. . .. . .. . . .. 84,85,92 
two-position valves .... . .. . . ... ... . 84, 92 th ree -way. . . . . . . . . . . . . . . . . . . ... 82,84 
two-stage piston compressor ........ . ... 40 two -pos it ion .. . ........... .. ... 8 4 ,92 
two-way directional valve ...... . . . . . .. . 81 t wo - way .. . .. . ... . . . ... ... ... ... ... 81 

valves , excess flow . . .. . ... .. ... .. . . . . . 126 

v valves , flow control .. . .. . ... . . . .. . . .. . 103 
acc uracy . .. . . ... .. ............... . 105 

vacuum . . . .. .... ..... . .. ... ... . ..... . .. 11 
gage .. . .... . . . . . ........ . . . ... .. ... 12 
pressure sca le . ... . .... .. . . ... . ..... 10 

v alves , directional . .. . . ..... . .. . . .. . . . . . 81 
act uators .. .............. .. .. . . 92,93 
C v .. . . . ......... . ... .... .. ....... .. 95 
ce n ter co ndit ion of .. . . . .. . .. . . .. 85,86 
de ten ted .... . .. ... . . . . . ... .. . . . 84, 85 
externa ll y p il oted ... . .. . ... . .. . 93,94 
fl ow rati ng . . ... . . .. ..... . .. . ....... 95 
four -way ... .. . ..... .. . . .. . .. . . . . 83, 85 

interna ll y pil oted .. . . ............ .. . 93 
ma n ua ll y act ua ted . .... . .. . .... . . ... 92 
manua ll y operated . ..... . ........ . .. 92 
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