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Prerequisite knowledge

Fluid Mechanics — Bernoulli's Theorem, Pascal’s
law, friction Losses, Pumps, efficiencies

Gas Laws-



Hydraulics- Fluid Power Application
Look around and recollect components where
oil/ air used for force manipulation!

* Hydraulic lift in automobile service station and lorries
to unload.

*Shock absorbers of automobiles

*Door closer in office and in bus/train
*Brakes, ABS Braking

*Power Steering

*Hydraulic Press, Injection moulding etc

* Concrete Breakers............

Difference between hydraulic machine in Fluid Machinery and Fluid
Power based on oil and gas? Work done is Not based on kinetic energy,
rather pressure !



Pascal: “Pressure applied on a confined fluid is

transmitted in all directions with equal force on equal
areas’.
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Advantages and disadvantages of Fhud Power Transmussion over Mechamical and Electnical Power
Transmissions are bnefly as follows.

Advantage

1. Matenal medium - heat dissipation,
2. Inertia to hurque ratio

3. Mechamically Suff
4 (Onl hydraulic)
4. High attamable speed response.
5. The same medium can be used for
both drive as well as control.



Disadvantages of fluid power

Leaks!
Fire hazard (flash point approx. 220 F) ————"> Water hydraulics

Ditficulty in precise control

* Electrohvdraulics
* Advanced control

+ inherently nonlinear >

«  flud compressibility
« control accuracy and efficiency

Prone fo contamination (reliability)

Efficiency (compared to purely mechanical) New
* Poor efficiency using current control methods > control
principles

Noise C[——> noise cancellation. better hose design



Table 1.3 Companson of different power systems</table=

Property Mechamnical Electrical Pneumatic Hydrauhlic
Input energy I C engines I C engines IC engines I C engines
SOUICce

Electric motor

Water/zas turbines

Pressure tank

Electnic motor

Agr turbine

Energy transfer

Levers, gears,

Electrical cables

Pipes and hoses

Pipes and hoses

element shafts and magnetic field
Energy camer | BEigd and elashe Flow of Alr Hydrauhe
phiacts alactrons honds
Power-to-weight Poor Famr Best Best
ratio
Torqueinertia Poor Famr Good Best
Stiffness Good Poor Fawr Best
Response speed Fair Best Fawr Good
Dhrt sensitivity Best Best Far Fair
Eelative cost Best Best Good Fair
Control Fair Best Good Good
Motion type Mamly rotary Mamly rotary Linear or rotarv] Linear or rotarvi
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Figure 1.3 Components of a ppeumatic system.



Table 1.2 Companson between a hydraulic and a poeumatic system=/table>-

5 No. Hydrauhe System Poeumatic Svstem
It emplovs a pressunzed hogmd It emplovs a compressed gas, usually
L amr, as a fluad
as a flmd
¥ An o1l hydraulic system operates at | A pneumatic system usually operates
pressures up to 700 bar at 5-10 bar
3. Generally designed as closed system Uszually designed as open system
The system slows downm when leakage | Leakage does not affect the svstem
4
OCCUrs much
3. Valve operations are difficult Valve operatons are easy
6. Heawvier m weight Lighter in weight
Pumps are used to provide Compressors are used to provide
T .
- compressed gases
pressunzed hgmds
8. The system 15 unsafe to fire hazards The system 1= free from fire hazards
Auntomatic lnbncation 15 provided Special amrangements for lubrnication
9.

are needed




Advantages of a Fluid Power System

»Fluid power systems are simple, easy to operate
and can be controlled accurately

»Multiplication and variation of forces

» Multifunction control

»Low-speed torque

»Constant force or torque

»Economical

»Low weight to power ratio

»Infinite Speed control

» Instant reversal of direction of rotation

» System can be halted



Fluid Power Fundamental

« Pressure =2 force or torque

« Flow =2 velocity

Needle Valve

| = Q=CdAo,/%(a _p)

Nees

Needle Valve



Fluid Power Fundamental

* Pressure =2 force or torque

a | Apressure control valve is

| used to reduce the amount of
BN pressure In a tank or system
¢ ll— 9 of pipes.

l Spring adjustment
screw




Directional control valves
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COURSE OUTCOMES

Upon completion of this course, the students will be
able to:

* |dentify hydraulic and pneumatic components and its
symbol and usage.

* Ability to design hydraulic and pneumatic circuits.
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1. Fluid Power Control
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The piston overlap deternunes the o1l leakage rate. Overlapping 15 significant for all types of valve. The
most favorable overlap 1s selected 1n accordance with the application.

1. Positive switching overlap: During the reversing procedure, all parts are briefly closed against
one another. Hence, switching imparts “pressure peaks™ and make hard advance.

2. Negative switching overlap: During the reversing procedure, all ports are briefly interconnected.
Pressure collapses briefly (load drops down).

3. Zero overlap: Edges meet. Important for fast switching, short switching paths.

4. Pressure advanced opening: The pump 1s first of all connected to the power componentand then
the power component 1s discharged mnto the reservorr.

5. Outlet advanced opening:The outlet of the power component 1s first discharged to the reservour

before the mlet 1s connected to the pump.
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Figure 1.27Valve overlap: (a) Positive overlap; (b) negative overlap; (c) zero overlap.



1.8 Cartridge Valves

Cartridge valves consist of a valve shell that can be mounted in a standard recess in a valve block or
manifold. The machine manufacturer does not have to worry about tolerances of moving spools and
poppets because these are taken care by the hydraulic valve manufacturer. This is very advantageous for

batch production and modularized packages or integrated circuits. Cartridge valves eliminate expensive
and potentially leaking pipework and connectors.Cartridge valves can be used as follows:

1. Leak-proof direction control valve.

2. Check valve to obtain unidirectional flow.

3. Throttle valve to control and limit the rate of flow.
1.8.1 Poppet-Type Cartridge Valves
In some designs, a poppet fits into cavity and is held in position by a cover or a top plate that contains all
pilot connections. Others are designed to fit the standard cavities used by some conventional cartridge
valves. Logic elements that have a balanced poppet or spools can be modulated and are largely used as
pressure controls. Those with unbalanced poppets are primarily used for switching functions such as
directional controls or where the poppet movement can be limited as flow controls.

The principal advantages of poppet-type valves are as follows:

A very high flow rate for a relatively small physical size.
A positive seal can be obtained.
May be extremely rapid acting but can also be easily adopted for soft switching.

The shape of the poppet or spool together with its seat can be varied to give different operating
characteristics to the valve assembly.

B e



Figure 1.23 shows how a large double-acting cylinder can be controlled using cartridge valves. A small
double-solenoid-operated directioncontrol valve feeds pilot pressure signals to four cartridge walves that
are coupled in pairs to each end of the double-acting cylinder. One cartridge valve from each pair is
permanently connected to the tank drain line and the other to the pump pressure line. In the position
drawn, all the four valves are held closed by the pilot pressure signals and the cylinder position is locked.
When solenoid A is energized. pilot pressure is maintained on valves 1 and 3 which remain closed. But
valves 2 and 4 are released and open under the influence of fluid pressure in the main system. The fluid
under pressure, therefore., flows from the pump through the cartridge valve to the piston side of the
cylinder and the cylinder extends. The fluid from the rod end of the cylinder flows through valve 4 back
to the tank. When solenoid B is energized, cartridge valves 2 and 4 are closed under pilot pressure and
valves 1 and 2 are released. causing the cylinder to retract.

Figure 1.23 Confrol of a double-acting cylinder using cartridge logic valves.



PROPORTIONAL CONTROL VALVES

1.4.1 Force Position Control

The electrical control to the proportional valve normally uses a variable current rather than a
variable voltage. If a voltage control system 1s adopted, any variation 1n coil resistance caused by
temperature change will result mn a change in current. This problem 1s elininated by using a
current control system. It 15 possible to control a force electrically. By applying the force to a
compression spring, its deflection can be controlled. If the spool in a valve (as in Fig. 1.8) 1s acted
on by a spring at one end and a proportional solenoid on the other, the onifice size can be varied
along with the control current.
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Figure 1.8 Dhagrammatic section of a proportional control valve.
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Figure 1.10 Notched spool proportional valve.(a) Valve construction;(b) electrical control
diagram.
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Figure 1.11 The symbols of a proportional directional control valve: (a) Five position;(b) three
position

1.4.2 Spool Positional Control

In order to increase the accuracy and extend the range of applications of proportional control
valves, a linear transducer may be fitted fo measure the spool position. The output from the
transducer 1s a voltage that 1s proportional to the spool displacement and 1t continuously varies
through the total spool movement. The actual position of the spool 15 fed back wvia the transducer
to the electrical control system and then compared with the required position, the control current
being adjusted accordingly. Such a system 1s shown mn Fig. 1.12.

Current feedback

[

- / Input
Position O \ - signal
transuder T
Nl
= <,
Poszition feedback
signal
PH’ o

Figure 1.12 The symbols of a proportional directional control valve.



1.4.3 Proportional Pressure Control

In a conventional pressure control valve, a spring 1s used to control the pressure at which the
valve operates. The spring 1s replaced by a DC solenoid mn the case of proportional valves; the
force set up by the solenoid 1s controlled by being dependent on the current flowing through it.

1.4.3.1 Single-Stage ProportionalRelief Valves

Direct-acting proportional relief valves are shown in Fig. 1.14. The proportional solenoid exerts a
force on the poppet keeping the valve closed, until the hydraulic pressure at port P overcomes this
force and opens the valve. In the design of the relief valve, the proportional solenoid acts directly
on the valve poppet.

T o] +— Solenoid
R RIRIATAINA i
RONUNINENINININON, coil

. ﬁ . OO0 O 0 }T
Armature ’
7 -+
j 000 O0 —*
o T ......... L
-
r \H- '-\..I '-.
. :‘i%*:/;‘ E@f & {{:: )
Light  pJOdRd0dRdRINIRIRAL
return RO NININENINININGNY

spring

Figure 1.14 Direct-acting proportional reier valve.
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Figure 1.15 Proportional pressure-reducing valve.




1.4.4 Two-Stage Proportional Valves

The valves already discussed have a maximum flow capacity of 5 LPM; to obtain highe
rates 1 valves, two-stage versions are available. A single-stage proportional pressure «
valve 15 used to pilot the main valve. These operate i a manner sumilar to conventional twi
valves.

1.4.5 Two-5tage Proportional Directional Control Valves

The pressure output from a proportional pressure-reducing valve 1s directed to move the sj
the main valve against a control spring. Energizing solenoid 1 causes pressure to be app
pilot port X and hence to current in solenoid 1. As the main spool lands are notched, a moy
to the right pmg;resmveljr opens the flow paths from P to B and A to T. De-energizing sole
de-pressurizes spring chamber C and the control spring centralizes the spool.
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SERVO VALVES

A servomechanism 15 defined as an automatic device for controlling a large amount of power by
means of a very small amount of power and automatically correcting the performance of a
mechanism. The automatic and confimuous correction requires return of mformation from the
mechanism- feedback, m other words. Therefore, a servo valve 1s operated without feedback and 1t 15
not a true servomechanism. In Chapter 17 we have studied about proportional valves and Table 1.1
gives comparison between servo valve and electrohydraulic proportional control valves (EHPV).

Table 1.1 Comparison of servo valves and electrohydraulic proportional valves

Feature Servo Valve EHPV

Electrical operator Torque motor Proportional solenoid

Manufacturing precision Extremely high Moderately high

Feedback circuitry Mam system as well as | Valve (depending on type).
valve main system (seldom)

Cost (compared with a solenoid | Very expensive Moderately expensive

valve)




Operator Control Proportional Valve Hydraulic Load
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Figure 1.2Proportional valve block diagram.
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Figure 1.3Servo control provides automatic and continuous corrections for any changes in motor
rpm.



1.4 Servo Valves
Servo valves can be used in virtually any aspect of fluid power system operations. including the
following:

Positioming of cylinders and rotary actuators.
Speed of cylinders and motors.

Cylinder force and motor torque.
Acceleration and deceleration.

System pressure.

Flow rate.

N



Coils Armature

1.4.1 Turqu:e Motor

N""
Permanent

Magnets Feedback
Spring
Figure 1.4 Servo valve torque motor.

Figure 1.5Servo torque motor operation.
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Figure 1.8Single-stage spool-type servo valve.



2. In neutral, large pilot end is blocked at
pilot valve in the static condition. This

1
pressure is =P
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1.5.5Two-Stage Servo Valve
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Figure 1.9Two-stage spool-type servo valve.
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Figure 1.10Two-stage spool-type servo valve.



1.5.7Jet Pipe Servo Valve

Jet Pipe Nozzle Torque motor Feedback Arm

Feedback Spring
Receiver
Control
Electrical 53 .
Connector i) "'.'.-.- .........
: Sl s ™~ Orifice
S | oo B s b R
el Filter
System Pressure —»
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Figure 1.11Two-stage spool-type servo valve.
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Figure 1.13Servo symbols: (a) Line-to-line and overlapped spool; (b) underlapped spool.
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Figure 1.14 Valve performance.

Figure 1.15 Hysteresis for a servo valve and a typical proportional valwvi
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A second important valve characteristic 1s the valve dead band. Dead band occurs only at the null
position, as shown m Fig. 1.16. It 15 defined as the current required to move the spool from the exact
centered position to the position where the first flow output 15 seen. It 1s usually expressed

mulliamps or percent-rated current. Dead band 15 the result of the spool inertia, overlap, static friction
and any other forces that mught impede the 1mutial motion

+Flow

Deadband

—Flow

Figure 1.16 Dead band of a valve.

A similar phenomenon 1s threshold. Threshold current i1s the smallest mput current reqmred to
overcome spool mertia and other umpending forces to cause the spool to move. The primary
difference between threshold and dead band 1s that threshold occurs throughout the spool stroke,
whereas dead band occurs only at the null position. Threshold contributes to the dead band rating.



Control of Actuators

Speed Control of Cylinders

(a) (b)

Figure 1.21 (a) Meter-out speed control. (b) Cam-operated speed control.
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Figure 1.22 Pressure-compensated pump with proportional pressure control.



HYDEAULIC CIRCTIT DESICGN AND ANAT ¥SIS

1. Safety of machine and personnel in the event of power failures.
2. Performance of given operation with mimimum losses.

3. Cost of the component used in the circuit.

Figure 1.9 Locked cylinders with pilot check valves.
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Figure 1.8Sequencing circuit.

L)

Figure 1.12 Speed control of a motor.



Figure 1.13 Fail-safe circuits — inadvertent cylinder extension.



Figure 1.14 Fail-safe circmits —overload protection.
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For the circuit of Fig 1.19, give the saquence of operation of cylnders 1 and J when the punmp 15 turmed
O, Assume that both cylnders are mitially fully refracied
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Solntion: Cyimder | extends, cvimder J exfends. Cyhnder [ refracts, cylingder J retracts.



‘ii.'hat:nf-!l.'fearm does Fig ljﬂpnsﬂzmaduﬂ]u-:-nmapraane-rah&fwhre If thie boad on Cylinder 1
is reater than the load on cylinder 2, how will the cylinder move when DCV is shifted into the extending
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Solntion: Both solepoid-acnaated DOCWs nmast be actoated in order o extend or retract the Epdranlic
cylinder.

Cylinder 2 will extend through its complete stroke receiving full pump flow while cylinder 1 will not
move. The moment cylinder 1 will extend throogh it conmlete stroke, Cylinder [ will recerve foll pamp
flow and extend dwough os complete stroke. This is becanse the system pressure budlds up undd lead
Iesistance is overcome to move cylinder 2 with the smaller load Then the pressure confimies to IDCrsase
until the load on cylinder 1 is overcome. This then causes cylinder 1 to extend In retraction mode, the

cylinders move in the same sequence.
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Hydraulic power () = Pressure = Flow
=p (N/m’)x O (nm’'/s)
=pxQ(Nm/s)=pxQ (W)

It 1s usual to express flow rate in liters/munute (LPM) and pressure in bars. To calculate hydraulic
power using these units. a conversion has to be made. Thus.

O (L/min) = Q/60 (L/s)

jg(Lng(g]z 0 (m'
min) 60\ s) 60x10’ s
N

= p(bar) = px10° —
m-

Hydraulic power 1s

1 1x10° (m® N
pes ar) x o —
Q(min} p (ban 60x10° ( s 111‘]
1x10° O(LPM) x p(bar)
W)= cW
600 (W) 600 (W)

— O x p(bar) x

Thus. hydraulic power (kW) 1s
Flow (LPM) = Pressure (bar)
600
In the SI metric system. all forms of power are expressed in watt. The pump head Hp in units of

meters can be related to pump power in units of watt by using £ ~ 7 so



Example 1.15

A cylinder with a piston of diameter 8§ cm and a rod of diameter 3 cm receives fluid at 30 LPM. If the
cylinder has a stroke of 35 cm. what 1s the maximum cycle rate that can be accomplished?

Solution:We know that

Volume of oil displaced per minute (m’/min) = Area = Stroke length » No. of cycles per

minute
So
0.08")m’ 35 o 0.08° —0.03")m* [ 35 o
o= 7( ym- (m) x N (cycles/min) + 7( ym (m) x V (cycles / min)
4 100 4 100

=0.03m° / min
= 0.030=0.00176+0.0015=xN

— N = 9.2 cycles/min



Example 1.16
A hydraulic pump delivers a fluud at 50 LPM and 10000 kPa. How much hydraulic power does the
pump produce?

Solution: We have

S —0.833x107m’/s
b4

O=50LPM=

Now
1L=1000cc=1000 x10° m’ = 107 m’
So
Power (kW) = p (kPa) xQ (m’/s)
= 10000 % 0.833 x 107
=833 kW =8330W
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Non-positive displacement pump

Flow does not depend on kinematics only - pressure important
« Also called hydro-dynamic pump (pressure dependent)

Smooth flow
Examples: centrifugal (1impeller) pump. axial (propeller) pump
Does not have positive internal seal against leakage

It outlet blocks. Q = 0 while shaft can still turn

«  Volumetric efficiency = actual flow / flow estimated from shaft speed

= 0%



1.3Pumping Theory

A positive displacement hydraulic pump is a device used for converting mechanical energy
mto hydraulic energy.It is driven by a prime mover such as an electric motor. It basically
performs twofunctions First, it creates a partial vacuum at thepump inlet port. This vacunm
enables atmospheric pressure to force the fluid from the reservoir into the pump.Second. the
mechanical action of the pump traps this flmd within the pumping cavities transports it
through the pump and forces it into the hydraulic system. If 15 important to note that pumps
create flow not pressure. Pressure 1s created by the resistance to flow.

Cutlet Outlet

Low pressure Outlet valve is :
ngh pressure Outlet valwve is

i d -
Rod moves outward e Rod moves inward 23 open
-+ A 7 g
| r -:-Z-I‘-‘-: % —ll'* E’;‘g’fﬁf:‘fff;’fﬁfﬁf[. Jff?’%
- S TR ) 7
7 AN % .
Only all the components N e i)
mUSt be : Inlet
. . valve is
(i) able to withstand at that o

pressure and (ii) the energy  eresther
source must be apply to Cd ==
supply the energytomove | 'l
the piston. In such energy OIS 3 SIS

transfer there is no S R strainer
hydrodynamic or hydrokinetic |-
effect. That is why

such a pump is called

hydrostatic pump.

Suction stroke Delivery stroke

Figure 1.2Nlustration of pumping theory



Positive vs. non-positive displacement pumps

« Positive displacement pumps

+  most hydraulic pumps are positive displacement

*  lugh pressure | 700 bar
* high volumetric efficiency (leakage 1s small)

+ large ranges of pressure and speed available

» ¢can be stalled !

«  Non-positive displacement pumps
*  many pneumatic pumps are non-positive displacement

+ used for transporting fluid rather than transmitting power

*  low pressure [ 20 bar | high volume flow

+  blood pump (less mechanical damage to cells)
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Figure 1.1 Performance curves for posifive and non-positive displacement pumps



The function of a pump 1s to convert mechanical energy into hydraulic energy. It 1s the heart
of any hydraulic system because i1t generates the force necessary to move the load.
Mechanical energy i1s delivered to the pump using a prime mover such as an electric
motor.Partial vacuum 1s created at the inlet due to the mechanical rotation of pump shatt.
Vacuum permits atmospheric pressure to force the fluid through the inlet line and into the
pump. The pump then pushes the fluid mechanically into the tfluid power actuated devices
such as a motor or a cylinder.

Pumps are classified into three different ways and must be considered 1 any discussion of
fluid power equipment.

1. Classification based on displacement:
¢ Non-positive displacement pumps (hydrodynamic pumps).
e Positive displacement pumps (hydrostatic pumps).

2. Classification based on delivery:
Constant delivery pumps.
e Variable delivery pumps.

3. Classification based on motion:
e Rotary pump.
¢ Reciprocating pump.



Types of positive displacement pumps

«  Gear pump (fixed displacement)
= nternal gear (gerotor)

+  external gear

« Vane pump
« tfixed or variable displacement

¢ prossurc comp ensated

«  Piston pump
+ axial design

+ radial design



External gear pump

Driving gear and driven gear
Inlet fluid flow 1s trapped

between the rotating gear teeth
and the housing

The fhud 1s carried around the
outside of the gears to the outlet
side of the pump

As the fluid can not seep back
along the path it came nor
between the engaged gear teeth
(they create a seal.) it must exit
the outlet port.




Advantages and disadvantages of gear pumps

The advantages are as follows:

1. Thev are self-priming.
2. Thev give constant delivery for a given speed.

3. They are compact and light 1n weight.
4. Volumetnc efficiency is high

Fluid carried

The disadvantages are as follows: SR el W
low pressure
1. The liquid to be pumped must be clean, otherwis Pagare 421 Gear pamp

2. Vanable speed dnives are required to change the delivery.
3. If they mun dry, parts can be damaged because the fluid to be pumped 15 used as lubricant.

Generally gear pumps are used to pump:

* Petrochemuicals: Pure or filled bitumen, pitch, diesel oil, crude o1l, lube o1l efc.

¢ Chemicals: Sodium silicate, acids, plastics, mixed chemicals, 1socyanates efc.

e Paint and ink

 Resins and adhesives

« Pulp and paper: acid, soap, lve, black liquor, kaolin, lime, latex, sludge etfc.

« Food: Chocolate, cacao butter, fillers, sugar, vegetable fats and oils. molasses.
animal food etc.



Force generated

o shaft from
putlet pressure

D, =the outside diameter of gear teeth

D= the inside diameter of gear teeth pheset
L =the width of gear teeth
N=the speed of pump in RPM AW ahY
Vo=the displacement of pump in m/rev 2 “\ /N
M= module of gear (N A
r=mumber of gear teeth D, v k | 0 e D,
o= pressure angle \ '
VI
- \7
Idlergear
il carried around Inlet Partial vacuum generated
spaces between as teeth unmesh. il enters
housing and teath

) ) from resenvoir
Volume displacement 15 :

7 =5 (D7 -D)L

D = D —2{Addendm + Dendenchmm)
Theoretical discharge is

£ (m' /mun} = I}, (m’ frev) = N (rev/min}

If the gear is specified by its module and number of teeth, then the theoretical discharge can
be found by

F 2oy
Er =1.‘|T'Lm:3'~r|:z+[1—rm 20 |] m /mmn

12



OUTLET

ﬁ 6. Owt through this
1. Qil enters here port...
VY » 5. To this point, where

canstant meshing of

2. Due to the vacuum ; b two gears forces oil...
cavsed by the un 4 —— :
meshing of the teeth | > f

of these gears Crescent seal

INLET

4. And these spaces.,

Internal gear
3. 0il is carried in
these spaces
Figure 1.50peration of an mternal cear oumn

Applications
Some common internal gear pump applications are:

All varieties of fuel oil and lube oil

Resins and Polymers

Alcohols and solvents

Asphalt, Bitumen, and Tar

Polyurethane foam (Isocyanate and polyol)

Food products such as corn syrup, chocolate, and peanut butter
Paint, inks, and pigments

Soaps and surfactants

Glycol



Inlet port

Gerotor pump

Outlet port

« Inner gerotor 1s slightly offset from external gear
» Gerotor has 1 fewer teeth than outer gear
» Gerotor rotates slightly faster than outer gear
* Displacement = (roughly) volume of missing tooth
» Pockets increase and decrease in volume corresponding

to filling and pumping

» Lower pressure application;

<138 bar

* Displacements (determuned by length* 0.002to 0.2 L

T




center. Dunng the second half of the revolution, the spaces collapse, displacing the flmd to

the outlet port formed at the side plate. The geometric volume of the gerotor pump is given as
Vo=bi(4,, —4.)

where b 15 the tooth height, £ 1s the number of rotor teeth, A g,y 15 the maximum area between

male and female gears (unmeshed — occurs at inlet) and A is the minimum area between

male and female gears (meshed — occurs at outlet).

Applications

Gerotors are widely used in industries and are produced in vanety of shapes and sizes by
a mumber of different methods. These pumps are primarily suitable for low pressure
applications such as lubnication systems or hot oil filtration systems. but can also be
found in low to moderate pressure hydraulic applications. However common applications
are as follows:

Light fuel otls

Lube o1l

Cooking oils

Hydraulic flud

*® & & &



Stages of operation of Lobe pump

<

Because of superb sanitary qualities, high efficiency, reliability, comrosion resistance and
good clean-in-place and steam-in-place (CIP/SIP) characteristics. Lobe pumps are widely
used in industries such as pulp and paper, chemucal. food, beverage, pharmaceutical and
biotechnology etc. These pumps can handle solids (e.g.. chernes and olives), slumies.
pastes, and a vanety of iquids. A gentle pumping action mininizes product degradation.
They also offer continuous and infternumttent reversible flows. Flow is relatively
independent of changes in process pressure and therefore, the output is constant and
continmious.

Fizure 523 Lobe pump



1.5.1Advantages

The advantages of lobe pumps are as follows:

=

Lobe pumps can handle solids, slumries. pastes and many liquad.

No metal-to-metal contact.

Supernior CIP(Cleaning in Place) /SIP(Sterlization in Place) capabilities.
Long-term dry run (with lubrication to seals).

Non-pulsating discharge.

[

o

1.5.2Disadvantages
The disadvantages of lobe pumps are as follows:

=

Require tining gears.

2. Requre two seals.

Reduced lift with thin liquds.

1.5.3Applications

Commeon rotary lobe pump applications include, but are not limited fo, the following:

g

=

Polvmers.

Paper coatings.

Soaps and surfactants.
Pamts and dyes.
Rubber and adhesives.
Pharmaceuticals.
Food applications.

LB

o

-
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Figure 1.11Volumetric displacement of a screw pump



Here the fluid does not rotate but moves linearly as a nut on threads. Thus,
there are no pulsations at a higher speed; it is a very quiet operating

Advantages and disadvantages of screw pump

Theadvantages are as follows:

1. They are self-primung and more reliable.

2. They are quiet due to rolling action of screw spindles.
3.They can handle liquds contamming gases and vapor.
4. They have long service life.

The disadvantages are as follows:

1. They are bulky and heavy.
2 Thevy are sensifive to viscosity changes of the flmd.
3. They have low volumetric and mechamcal efficiencies.

4. Mamufacturing cost of precision screw 15 high
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Vane Pumps

1. Unbalanced vane pump: Unbalanced vane pumps are of two varieties:

e Unbalanced vane pump with fixed delivery.
e Unbalanced vane pump with pressure-compensated variable delivery:.

2. Balanced vane pump.

CamRing _» Vanes

applications for the pumping of following flmds:

Aerosol and Propellants

Aviathion Service - Fuel Transfer, Deicing

Auto Industry - Fuels, Lubes, Fefngeration Coolants
Bulk Transfer of LPG and NH3

1PG Cylinder Filling

Alcohols

Fefngeration - Freons, Ammonia IN LET

Solvents Figure 1.12Simple vane pump
Agqueous solutions

Rotor
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1.7.4 Expression for the Theoretical Discharge of Vane Pumps

Let D¢ be the diameter ofa cam ring in m. Dgthe diameter of rotor in m. L the width of rotor
in m. e the eccentricity in m. Vpthe pump volume displacement in m’/rev and ep,y the
maximum possible eccentricity in m.

From geometry (Fig.1.13) the maximum possible eccentricity,

D.—-D
e . = —c TR (1.1)
2
Themaximum value of eccentricity produces the maximum volumetric displacement
T 2 2
VD (eax) = 7 (D-—-Dg)L (1.2)

Using Equation (1.1). Equation (1.2) can be simplified as

Ve :E(Dc -D,)D,+D,)L

Vo =§{D€ +D,)(2e,.)L

The actual volumetric displacement occurs whene_  =e. Hence.
2 %(DC + Dy )e Lm*/rev

When the pump rotates at N rev/min (RPM).the quality of discharge by the vane pump is
given by
— 1» T T L
Op =vp x NN O. ==(D.+D,)e L m’/min
Theoretical discharee 2
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Figure 1.14 Operation of a variable displacement vane pump



Pressure Compensated Vane Pump

1. Whan prassure is grest
enough to overcome
compensator spring force,
the ring shifts to
decrease eccentricity.

=—ECCENTRICITY

Tl XL - . B ‘. QM&&!G
| 4_:_ -
V*’ﬁ =

PR gerl "’I. . . . . .1

=TT

P
""°.°'°°'

Drejeleleleiell Tl T Gess i s

ey o3

AN 1 T S A STOP
2. Adjustment of compensator —_. NS SCREW
spring determines pressure at
which ring shifts. CENTERLINE CENTERLINE
OF ROTOR OF RING

Figure 17-10. Unbalanced variable displacement vane pump (pressure compensated).
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FIGURE 4.9
Pressure-compensated vane pump.
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The advantages of vane pumps are as follows:

1. Vane pumps are self-priming. robust and supply constant delivery at a given
speed.

They provide uniform discharge with negligible pulsations.

Their vanes are self-compensating for wear and vanes can be replaced easily.
These pumps do not require check valves.

They are light in weight and compact.

They can handle liquids containing vapors and gases.

Volumetric and overall efficiencies are high.

Discharge 1s less sensitive to changes in viscosity and pressure variations.

Gk

00~

The disadvantages of vane pumps are as follows:

Relief valves are required to protect the pump in case of sudden closure of delivery.
They are not suitable for abrasive liquids.

They require good seals.

They require good filtration systems and foreign particle can severely damage pump.

b el S



2. Balanced vane pump.
INLET

Outlet l l |

&\\ Rotor

Jp— [
1 |
YVanes

» Hotor

N \\ Track
N

| Inlet

Fig. 5.18-2 : Balanced Vane type pump or motor
With Double Eccentric Rotor. OUTLET

Figure 1.15 Operation of a balanced vane pump



Advantages and disadvantagesofbalancedvane pumps

The advantages of balanced vane pumps are as follows:

1. The balanced pump eliminates the bearing side loads and therefore high operating pressure
can be used.

2.The service life 1s high compared to unbalanced type due to less wear and tear.
The disadvantages of balanced vane pumps are as follows:

1. They are fixed displacement pumps.
2. Design is more complicated.

3. Manufacturing cost 1s high compared to unbalanced type.



1.8Piston Pumps
Piston pumps are of the following two types:

1. Axial piston pump:These pumps are of two designs:

e Bent-axis-type piston pump.
e Swash-plate-type piston pump.

2. Radial piston pump.



Axial Piston Pumps -

Fig_5.18-4 shows schematic view of an axial piston hydrostatic unit. In pump version the ba
with pistons, equispaced on a pitch circle, rotates on a central shaft housed in a casing. while
piston ends slides on a staticnary inclined plate, called as swash plate. With a mechanism the
ends are always kept in touch with the swash plate. As a result the pistons reciprocate generat
suction and compression of volumes. The oil in and oil out are executed through the kidney p
plate, fixed to the housing with a force contact to the barrel in opposite side of the swash plat
unit can be made variable displacement by varying the swash plate angle o . As the radial rea
load acts on piston at piston-barrel interface o 13 nspally kept within 25 degree

- i
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Fig. 2.18-4 : Axial Piston Pump/Motor (Schematic View).



Axial Piston Pump

Pistons rotate with cylinder
block

Pistons translate against swash
plate

Displacement determined by
swash plate angle

Fluid enters/exits through valve
plate




The swept volume D, (Geometric Displacement per revolution) can be expressed as:

Sl — 5184

Dy =n
where 4, the pitch circle diameter on which the piston are laid
d = diameter of the piston.
o

= swash plate tilt angle
n =number of piston



Maximum Piston stroke

_ (Maximum displacemen

3] -
Reduced stroke
>
Enlarged View o
= (Partial displacement)
o -

(No stroke) (No displacement)

(b)

Figure 1.19Stroke changes with offset angle



From a right-angled triangle ABC [Fig. 1.19(b)]
(a1 6 — BC_S
AB D
—S=Dxtané

The displacement volume of one piston = ASm’
Total displacement volume of Ynumber of pistons = ¥4Sm’

V, =YAS
From Eqs. (1.3) and (1.4). we have
V, =YADtan 6 m’ /rev
Theoretical flow rate 1s
O, = DANY tan 8 m’ /min

(1.3)

(1.4)

(1.5)



Bend Axis Pumps

In bend axis units (pump or motor) the axis of the (rotating) barrel can be bent from the rotating
shaft axis as shown i Fig. 5.18-8. Contrary to the swash plate type the angle o can be made as
high as 45 degree. as no radial load acts on piston at piston barrel interface. Therefore. much more
swept volume 1s available in comparison to axial swash plate type pump. However, valve plate and

barrel bending arrangement needs more engineering complicacy. particularly to make this variety
as a vanable displacement unit.

Fig. 5.18-8 - Bend Axis Pump ( Schematic View).



Bent Axis Pump

» Drive shaft coupled to cylinder block
o Stationary valve plate
* Low piston side load

o High efficiency — s




Radial Piston Pump / Motor

Referring to the Fig. 5.18-9, in radial piston unit a eylindrical block having equispaced cylmdrical
pistons in radial direction 1s placed 1n a circular housing eccentrically. While the shaft (placed
centrally to the housing and eccentric to the cylindrical block) rotates the piston reciprocate as the
ends always touch the casing due to centrifugal force. pressure force and or the spring force. In the
cyhindrical block valve 1s placed close to the shaft. Usually such a unit 1s used as a motor. The
piston diameter can be made relatively large in comparison the inline axial piston unit, and the
eccentricity 15 made small. The motor unit can discharge high torques at low speeds. Combining an
axial piston pump and a radial piston motor an output of low speed high torque (LSHT) 1s available
for the HST system with high speed low torque mput.

Inlet port Fixed block

REACTION
RING

PISTON
(Diameter d)

Pinle

CYLINDER
Outlet port BLOCK

Figure 5.3.7 Radial pizton pump

Fig. 5.18-9 : Radial Piston Pump/Motor



Radial Piston Pump AT

p : N
« Cam moves pistons radially /. © -~
e« I © S
« Displacement determined by %j}
cam profile % &7 NS
 Displacement variation can be .,

achieved by moving the cam
(not common)

« High pressure capable, and
efficient

» Pancake profile




INLET VALVE

PISTON

DISCHARGE

HOUSING 15
STATIONARY

PISTONS

ROTATING CAM

OUTLET

FIGURE 4.16
Schematic of radial piston pump.



Ball Piston type Hydrostatic unit

Ball pistons

N\ Pressurized oil

Fig. 5.18-10 : Axial Ball Piston Motor
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Fig. 5.18-7 : Lucas axial piston pump
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FIGURE 4.14

Implementation of axial piston pump design. (Reprinted with permission from Eaton Hydrau-
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Instantaneous flow per piston
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Fig. 5.18-5 : Plot of flow rate of 7 piston pump
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Fig. 5.18-6 : Development of the pitch circle along with all pistons showing the
functions of valve plate and swash plate cam.



Comparison of Hydraulic Pumps

Pressure Discharge(LPM) | MaximumSpeed Overall
(Bar) (RPM) Efficiency
(ear pump 20-175 7-570 1800—7000 75-90
Vane pump 20-175 2-950 2000-4000 75-90
Axial pistonpump | 54 35 2-1700 6006000 85-95
Radial piston
50-250 20-700 600—1800 80-92

pump
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Fig. 5.17-1 : Practical pressure range in different
model of pump & motor



Pump Performance

Actual flow rate of the pump

Volumetric efficiency (7,) = _
Theoretical flow rate of the pump

_o
Or

Volumetric efficiency (7, ) indicates the amount of leakage that takes place within the

pump.This is due to manufacture tolerances and flexing of the pump casing under designed
pressure operating conditions.

For gear pumps. n, = 80%—90%.

For vane pumps, n.= 92%.

For piston pumps, 77, = 90%—98%.



2. Mechanical efficiency (7, ): Itis the ratio of the pump output power assuming no leakage
to actual power delivered to the pump:

Pump output power assuming no leakages
Actual power delivered to the pump

Mechanical efficiency (77,) =

Mechanicalefficiency(rn_ ) indicates the amount of energy losses that occur for reasons other

than leakage. This includes friction in bearings and between mating parts. This includes the
energy losses due to fluid turbulence. Mechanical efficiencies are about 90%—95%. We also
have the relation

_pY;
I,N

Men

wherep 1s the pump discharge pressure in Pa or N/m”. 0. is the theoretical flow rate of the
pump in m’/s. T, is the actual torque delivered to the pump in Nm and N is the speed of the
pump in rad/s.



It (77 ) can also be computed in terms of torque as follows:

_ Theoretical torque required to operate the pump
Actual torque delivered to the pump

M
I

S

T

A
The theoretical torque (77 ) required to operate the pump is the torque that would be required

if there were no leakage.
The theoretical torque (77 ) 1s determined as follows

7.(Nm)= "Dy m’ x h} =Nm
! 27 m-

The actual torque (7, ) 1s determined as follows

| .
Actual torque 7, (Nm) = P [ Nm/s

wl rad/s
wherew = 2zN/60. HereNis the speed in RPM.

]:Nm



3. Overall efficiency (7, ):It 1s defined as the ratio of actual power delivered by the pump to
actual power delivered to the pump

Actual power delivered by the pump

Overall efficiency (77,) = _
Actual power delivered to the pump

Overall efficiency (7, ) considers all energy losses and can be represented mathematically as
follows:

Overall efficiency (77,) = 1.7,

A « y4%)

— '.'?D = .
Or I,N




C::-mparisu:m of Power Losses in Three Pump Designs

Power Loss as a Percentage of Input Power®

Pump Design  Due to Friction Due to Leakage  Total

Gerotor — 15.0 15.0
fane 11.0 7.6 18.6
Piston 5.0 1.7 6.7

a. Comparison made at 1200 rpm operating speed and 1500 psi
pressures
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1.13.1 Factors Causing Cavitation
Cavitation 1s caused by the following factors:

1. Undersized plumbing.

2. Clogged lines or suction filters.

3. High fhud viscosity.

4. Too much elevation head between the reservoir and the pump inlet.

1.13.2 Rules to Eliminate (Control) Cavitation
Following are the rules to control cavitation:

. Keep suction line velocities below 1.2 m/s,

. Keep the pump inlet lines as short as possible.

Minimize the number of fittings in the inlet line.

Mount the pump as close as possible to the reservorr.

Use low-pressure drop mlet filters.

Use proper o1l as recommended by the pump manufacturer.

s



1.14Pump Selection
The main parameters atfecting the selection of a particular type of pump are as follows:

Maximum operating pressure.
Maximum delivery.

Tvpe of control.

Pump drive speed.

Tvpe of thud.

Pump contamination tolerance.

Pump noise.

Size and weight of a pump.

. Pump etficiency.

10. Cost.

11. Availability and interchangeability.
12. Maintenance and spares.

el Il ol ol o



Table 1.40perating pressure and size ranges for hydraulic pump types

Alaximum

Maximum . _ MAin. Noise
Pump Tvpe Pressure ?{1:;]::[; Speed(RPM) Filtratio | Pulsation | Level( | # (%)
From | To | From To From To n(pm) dB)
External gear 40 300 0.25 760 500 3000 100 High 90 70-90
Internal gear 100 210 0.6 740 3000 | 4000 100 Low 85 75-90
Vane 50 140 6 360 500 3000 50 Low 80 65-30
Balanced vane 140 175 2 620 500 300 50 Low 85 70-90
Axalpiston |0, | 559 1 1450 | 200 | 2000 25 High 9o | 3090
(swash plate)
Axalpiston | 55, | 350 | 17 | 3500 | 200 | 2000 25 High 90 |°%°
(bent-axis)
Radial piston 350 | 1720 0.3 1000 200 2000 50 High 90 80-90




Example 1.6

A vane pump has a rotor diameter of 63.5 mm. a cam ring diameter of 88.9 mm and a vane
width of 50.8 mm. What must be eccenfricity for it to have a volumetric displacement of
115cm™

Solution: Volumetric displacement 1s
D.+D
VD _ E{M]L e

.j

a—

whereD.1s the diameter of the cam ring. Dg 1s the diameter of the rotor, e i1s the eccentricity
and L 1s the width of the vane pump. So we have

| 0635
115107 =7 x 0889;“{] 0635 . ex0.0508

Therefore eccentricity
e=9.456x10" m = 9.456 mm



Example 1.9
A pump having a volumetric efficiency of 96% delivers 29 LPM of oil at 1000 RPM. What 1s

the volumetric displacement of the pump?

Solution:

Volumetric efficiency of the pump n_ = 96%
Discharge of the pump = 29 LPM
Speed of pump N = 1000 rpm
Now
Actual flow rate of the pump O,

T " Theoritical flow rate of the pump O

— [].96:E

T

— O =30.208 LPM

Volumetric displacement
Or 30.208x107 x 60

N 60 x 1000
=30.208%x10° m’ /rev=0.0302 L /tev

T J—
ID_



Example 1.13

A pump has a displacement volume of 98.4 cm”. It delivers 0.0152 m”/s of oil at 1000 RPN
and 70 bar. If the prime mover input torque is 124.3 Nm. What 1s the overall efficiency o
pump? What 1s the theoretical torque required to operate the pump?

Solution:
Volumetric discharge =98.4 cm’
Theoretical discharge 1s

7 1000
=J_.x— = 98 4 x
Or =l 60 60

—1.64%x107° m’ /s

Volumetric efficiency is
5 -
ne =221 100=92.68 %
1.64 %10
Overall efficiency is
O, xpressure _ 1.52x107 x70x10° x 60

7
o T'xw 124.3 x 2x1000x
The mechanical efficiency 1s

x 100=81.74%

= Nowert _ S1.74
mechanical 92.78

volumetric

88.2



Now
Theoretical torque = Actual torque * 7,4 = 124.3 ¥ 0.882=109.6 Nm
Note: Mechanical efficiency can also be calculated as
_P Or
Tw
~ 70x10° N/m’ x0.00164 m” /s

124.3 (N m)x 1000
60

M

x 2 rad/s

=(.882=88.2%
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¢ maximum discharge pressure for continuous operation
e maximum intermittent operating pressure;
e maximum peak pressure for short peaks only (fig. 53).
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FIGURE 4.13
Schematic illustrating the motion of one piston during a single rotation of the cylinder block.

Axis of rotation is in the plane of paper.
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Schematic of axial piston pump.
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Typical flow vs. pressure performance curve for a pressure-compensated variable displacement
vane pump.



Pump i HpRed CQmex Pressure Noise Efficiency | Filtration
Principle P max .(RPM) (Vmin) Fluctuations Lave] tot min
from to nmin  n max dBa

Gear 40 100 500 3000 300 pulsating 90 50-80 100
Gear, hydrost. bal. 100 200 500 | 6000 200 pulsating 90 80-90 50
Internal Gear (gerotor) 50 70 500 2000 100 low pulsation 85 60-80 100
Internal Gear, (crescent) 150 300 500 2000 50 low pulsation 65 70-90 50
Screw 50 140 500 3000 100 | free of pulsation 75 60-80 50
Vane 50 | 100 | 500 [ 3000 | 100 | lowpulsaon | 80 | 65-80 50
Vane, hydrost. bal. 140 175 500 3000 300 low pulsation 85 70-90 50
Variable Vane 40 100 1000 2000 200 low pulsation 80 70-80 50
Fixed Vane 100 140 500 2000 100 low pulsation 80 - 70-85 50
Cam 30 50 — — 200 low pulsation — - —
Axial Piston, swashplate 200 250 200 2000 3000 pulsating 90 80-90 25
Axial Piston, bent axis 250 350 200 2000 500 pulsating 90 80-90 25
Radial Piston 350 650 200 2000 100 pulsating 90 80-90 50
In-Line-Piston 350 500 50 1000 300 pulsating - - 50
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Fig. 60 Crescent type internal gear pump.
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Fig. 61 Gerotor type internal gear pump
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Fig. 63 Function principle of a balanced vane pump.



Fig. 64 Function principle of a variable displacement vane pump.
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£
-

i

A

Fig. 67 Bent axis, fixed displacement piston pump.




1 SN

777777,
N\
e 7
= x \\
——
y

Fig 68 Bent Axis, variable displacement piston pump.



Slipper pad Body ,
Stroke ring i Thread pitch 1 mm
u{..l Piston Actuating piston
Control journal
Cylinder block X
7 \ ;
oo NN
¢ e
| §
»' ‘\-\
[ |
) |
| \
Compression I
spring | \
|: I i -
_ / Seal Adjuster slipper pad %
Counter piston : g
Linear scale Circular scale,{/ /.
100 divisions
Fig 71 Radial piston pump, variable displacement with hand wheel
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Vane pump with step type pressure controller

Fig 78
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pressure adjustment



"STEP" CUT-0FF PUMP CONTROL
@

| |

@ 1 L

FLOW ~RATE ~ |/

_L'_._ -t Tl

7=
@ prER-’];“_{
o Vr k'W

7

2 .

il I _L
i{ L- 1

—o kPO —4:6‘ T@

1 Maximum flowrate prior 10 cut-off

2 Mauomum adjusted system pressure

3 Spring constant

4 Mirsrmum required fowrate 10 hold system pressure

5 Adjustment range

€ Decline in volumetric efciency with increasing pressure

=ig 77 Pressure flow diagram for
step type pump control.
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Fig 76 Pressure flow diagram for ramp
type pump control.
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HYDRAULIC MOTORS

Motors convert fluid energy back into mechanical
energy and thus are the mirror image of pumps.
It is not surprising that the same mechanisms are

used for both.
The typical motor designs are gear, vane, and

piston.

Motor torque 1s divided into three separate groups:

|, Starting torque: The starting torque 1s the furmung force the motor exerts from a dead stop.

). Running torque; Running torque 1 exerted when the motor 1s running and changes whenever there
152 change 1 flusd pressure,

3, Stalling torque: Stalling torque is the torque necessary to stop the motor.



Electric Motor

Hydraulic Motor

Electric motors cannot be stopped instantly. Their
direction of rotation cannot be reversed instantly.
This 15 because of air gap between the rotor and
stator and the weak magnetic field.

Hydraulic motors can be stalled for any length of
time. Their direction of rotation can be mstantly
reversed and thewr rotational speed can be
mfinitely varied without affectmng their torque.
They can be braked mstantly and have immense
torque capacities.

Electric motors are heavy and bulky.

Hydraulic motors are very compact compared to
electric motors. For the same power, they occupy
about 25% of the space requied by electric
motors and weigh about 10% of electric motors.

Moment of mertia-to-torque ratio 15 nearly 100.

Moment of mertia-to-torque ratio 1s nearly 1.




3. Pressure between teeth in this segment

2. Segments of two meshing pushes both ways and does not affect
teeth tend to oppose rotation, torque as oil is carried around to outlet
making net torque available a N 4. These two teeth have only
function of one tooth. il Yal . .
, . tank lne pressure opposing
;, =% e Y them.
; jl \},H Kt

rotate gears I direchion of m

AI'T0W3s.

1. These two teeth are subject i T
to higch pressure and tend to . W 74- OUTLET
T

3. Pressure between teeth in this segment
pushes both wavs and does not affect
torque as oil is carried around to outlet

Figure 1.1Gear motor
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FIGURE 5.7
Geroler motor design. (Source: courtesy of Eaton Corp., Hydraulic Div.)
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Figurel.8Radial piston motor
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Diagram of a variable displacement, bent axis motor. (Reprinted with permission from Sauer-



FULL DISPLACEMENT

Center cylindsr stationary

Distributer vakve Half the number of the pistons are always in 2 working stroks, fed

detail not shown by high pressure from the pump. The remaining group of pestons is
(detail n :I m a retracting stroke, feeding oil cut from the motor and back 1o the

pamip.

y

\

Housifig
Raotates

HALF DNSPLACEMENT

Piston

Here, 25% of the pisions are working, forcing the cam ring o rotate, and
S0¢ of the pistons ars on the retum stroke, feeding oil back 1o the

pump. Hence, the motor is operating with half its nomal rated
displacement and thas performing at twice the normal speed and half
the nommal torgus compared to full displacemeant operation.

RECIRCULATICN
Disengagement can be achieved in two different ways:

In the RECIRCULATION mode, all motor ports are connected to
charge pressure. The motor can rodate freely within the rated speed

In the FREEWHEELING mode, all the main connections of the
miotor are cornected to the drain-line. The pistons are forced to ther
mner position by the case pressure and the motor casing rotates fresly.

FIGURE 5.18
Radial piston motor. {Source: courtesy of Reidville Hydraulics & Manufacturing.)
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FIGURE 5.21
Sinele vane motor used for limited-rotation aneclications.
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FIGURE 5.23
Skotch yoke rotary actuator.

FIGURE 5.24
Rack-and-pinion rotary actuator. (Source: courtesy of PHD, Inc., Ft. Wayne, IN.)
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1.11Hydraulic Motor:Theoretical Torque, Power and Flow Rate
The torque generated by aftictionless hydraulic motor 15 known as a theoretical torque. Theoretical torque
can be calculated by the following formula:

2t
where/p1s the volumetric displacement in m’/rev and p 15 the pressure in N/m".The power developed by a
frictionless motor 15 known as theoretical power.It can be calculated by the following formula:

B=Txw
(W) =(Nm) rad/s =W
where T is the theoretical torque in Nm. @ is the speed of the motor in rad/s and w= 27N / 60. where

N 1s the speed of the motor 1n rev/mun.The flow ratea hydraulic motor would consume if there were no
leakage 15 known as the theoretical flow rate O, Mathematically, theoretical flow rate is given by

O. =V
where 7, 15 the volumetric discharge in m’/rev, 7 is the speed of motor in rev/s = N/60 and N is the speed
of motor 1 rpm.



1. Volumetric efficiency: The volumetric efficiency of a hydraulic motor 1s the ratio of theoretical flow
rate to actual flow rate required to achieve a particular speed. The motor uses more flow than the
theoretical due to leakage:

) = Theoretical flow rate the motor should be supplied with ¢y
= _

Actual flow rate supplied to the motor 0,

'

2. Mechanical efficiency: The mechanical efficiency of a hydraulic motor 15 the ratio of actual work
done to the theoretical work done per revolution. The output torque of a hydraulic motor 15 less than
theoretical torque due to mechanical friction between the mating parts:

Actual torque delivered by the motor I,

™ Torque the motor should theoretically deliver i ?T

Here theoretical torque and actual torque are given by
_hpxp
2
r_ Actual wattage delivered by the motor

A
N

I




3. Overall efficiency: The overall efficiency of a motor 1s the ratio of output power to mput power of the
motor. Output power 1s mechanical power output at the shaft and mput power 1s fhud energy supplied to
the mnlet of the hydraulic motor:

_ Actual power delivered by the motor (mechanical)

Lh Actual power delivered to the motor (hydraulic)
TN
" px0,
B I, xI.xN
) I; xpx0y
I, xVpxpxN
T TXPx0, x2w
T, <O
%0,
=1, =TTy

Overall efficiency = Volumetric efficiency x Mechanical efficiency



Stall torque is of critical importance for mobile applications. Because of

inertia, a high torque is required to start a stationary vehicle. Sometimes
hydraulic motors must be sized on the basis of stall torque rather than operat-
ing torque characteristics.

1200 -

1000 - ———
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400 -

Output Torque ( Ibf-in )

200 -

n L] I L] L] L] L] L] ] ] ||

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Motor Speed ( rpm )

FIGURE 5.1
Torque output vs. motor output speed for typical high-speed hydraulic motor.



Performance Data for Gerotor-Type Motor Supplied with 10 GPM Flow

Efficiency (")

Pressure drop across motor (psi)  Volumetric, ¢, Torque, ¢,, Owerall, ¢

[elL]

1000 99.7 B6.5 86.0
2000 90.5 57.0 /8.7
3000 73.5 85.5 62.8
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FIGURE 5.2

Performance data for gerotor-type motor (Vickers Model CR-04).



Torque loss 1s defined by
Ty=Tuw-T

where T, = theoretical torque (lb-in)
T = measured torque (Ibg-in)

TAELE 5.2

Torque Loss Data for Gerotor-Type Motor Supplied with 10
GPM Flow

Pressure drop across motor (psi) Torque loss T, (Ibg-in)
1000 83.8
2000 161.4

3000 270.0
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Efficiencies for gear motor with 36 GPM input flow.
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Efficiencies for vane motor with 35 GPM input flow.



FIGURE 5.5
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Efficiencies for piston motor with 36 GPM input flow.
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FIGURE 5.6
Comparison of overall efficiencies for gear, vane, and piston high-speed motor at a constant

input flow of 35 GPM (nominal).
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Efficiency for vane motor (low-speed, high-torque) with 35 GPM input flow.
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at a constant flow of 35 GPM (nominal).
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Manufacturer’s test data for low-speed, high-torque motor (Vickers Model CR-08).
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FIGURE 5.15
Dlagram of bent axis motor (Dimension A is the area of the individual piston, and h is the
stroke.)



100 -

95 -
&=
o 90 -
a
i
5
iE -~ Volumetric
- -& Torque
80 - —&- Overall
?5 | I I | I 1

0 1000 2000 3000 4000 5000 6000

Pressure ( psi )

FIGURE 5.16
Efficiencies for bent axis motor operated at 1800 rpm.
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Figure 1.17gives the curves of overall and volumetric efficiencies as a function of motor speed{RPM) for
pressure levels of 34.5 and 20.7 MPa.
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Examplel.3
A hydraulic motor receives a flow rate of 72 LPM at a pressure of 12000 kPa. If the motor speed 1s

800 RPM. determune the actual torque delivered by the motor assuming the efficiency 100%?

Solution
Method I
Actual flow rate
72%107° a3,
0, =72 LPM=————=12x10 /s

Speed of motor V= 800 RPM. So

@ =800x2m/60 =83.78 rad/s
Pressure = 12000 = 10° Pa.
Overall efficiency can be calculated using

T, xN

- PxQ,
Substituting the values we get

s

T, x83.78

1=
12000x10° x1.2x107°
=7, =171.88 Nm

So the actual torque 7, =171.88 N m.



Method IT

Hydranlic power =pQ = 12000 = % x 107 =144 KW

T (Nm) * c{rad/s) = 14400 W

Example 1.4
A hydraunlic motor has a 100 e volumetric displacement. If it has a pressure rating of 140 bar and

receives oil from a 0.001 m' /s theoretical flow rate pump, find the motor (a) speed. (b) theoretical
torque, (c) theoretical KW power.

Solution:

(a) Speed: We have the theoretical flow rate grven by
Op =T =n
=0001=100=10° xn
= n =10 RP5{revolutions per second)
and N=600 RFM
(b) Theoretical torgque

- _F”F =14ﬂx1ﬂﬁxlﬂ{l:{l{}4
T o 2

=22282Nm

(c) Theoretical KW power
P=0;=p =0001 o' /s=140=10° N/m" =14000 W =14 kW
Alternately,
Power= I_.@ =222.82 = 10 x2x= 14000 W= 14 kW



Example 1.10
A bydranlic motor recerves a flow rate of 72 LPM at a pressure of 12000 kPa. If the motor speed 1s
800 FPM and ifthe motor has a power loss of 3 KW, find the motor actual output torque and overall

efficiency.

Solution: We have
T2LPM=0.0012 m’/s
Now we calculate the hydraulic power given to motor nsing
Hydraulic power =pQ= 00012 m’ /s x 12000 = 14400 W= 144 kW

Actual power 15 obtained by subtracting the losses,
Actual power =T =144-3=114kW
11400

2T
800 = —
60

=TI= =136 Nm

The overall efficiency is

Owverall efficiency = E= 0.792=702"%



Example 1.9
A hydraulic motor has a displacement of 164 cm® and operates with a pressure of 70 bar and a speed
of 2000 rpm If the actmal flow rate consumed by the motor 13 0.006 m'/s and the actual torque

delivered by the motor 15 170 Nm. find (a)n,, (b)#,,(c)n, and (d) actoal power delivered by the
motor?

Solution:
(a) We have
n = Theoretical flow rate the motor should consume _ (n
N Actual flow rate consumed by the motor o,

Now @, =0.006 m’ /= . Theoretical flow rate iz

2
O, =V, xN=164=10" (o’ / rev)x —— (rev/s) = 0.0055m’ /s
S0 volumetric efficiency 1s
- 2.99° 100 =01.67%
" o006 "
(b) Mechanical efficiency is given by
y o= Actual torque delivered by the motor  _ I,
. Theoretical torque motor should deliver T
Theocretical torque,
3 5
T, - pxl; _ 70x107x164=10" _ 180 71N m
2n 2x
So mechanical efficiency,
N, = 10 _ 03.04%

= 18271



(c) We have

T =M™ o304 <0.9167 =0.853 =85.3%

S0 overall efficiency 1s 853 %0
(d) Actual power 13

L

T,00=170x] 2000 —

]=355E'E' W=356kW



Example 1.11
A hydrostatic transmission operating at 105 bar pressure has the following characteristics:

Pomp Motor

V, =100 co’ V=1

1, =85% n, =94%
7. =90% n, =92%
N = 1000rpm N= 600 rpm

Find the (a) displacement of motor and (b) motor cutput torgque.

Solution:
(a) Pomp theoretical flow rate

Oy =V # N =
Actoal flow rate
O e =ty % =1.667 <107 = 0.85 =142 107 m' /s
Actual flow from the pump 15 the actoal flow to the motor. So for the motor
Qe =142 %107 m'/5
Q.. . = *x0,=142 x107 =094 =1.332 %107
So the theoretical flow rate, @ =1332x 107 m’/s. Now

100 =107 = 1000
60

=1.667 x107 7 m'/s

gT—mnt-:r = FI-:Imu:r =N
1332x107
=T, = QT,“""‘ = .
N e G600 /60
So for the motor, the displacement 15 133 cm’ /rev.

=1.332%10™ = 133 cnt’frev



(b) Torque delivered by the motor
To calculate torque delivered by the motor, let us first calenlate the actual power to motor
Power_ . =pQ=105x10"=x000142=14900 W

MNow

Power, . e =Power__ % Mechanical efficiency x volumetricefficiency
Power__, . =14900x0.94x=0.92 =12000 W

129000
Tﬂfqﬂ-ﬂmﬂ — = m = 205 Nm

60
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1.2 Types of Hydraulic Cylinders

Hydraulic cylinders are of the following types:

Single-acting cylinders.
Double-acting cylinders.
Telescopic cylinders.

Tandem cylinders.

L

Y

i Haturn
f spring

Input

Single-acting cylinder
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Figure 1.2 Gravity-return single-acting cylinder: (a) Push type: (b) pull type
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Actuator types
Single-acting actuators permit the application of hydraulic force in one direction only.
These actuators are normally mounted in vertical direction, thus permitting the load to

return the piston to its initial position Where the actuator must be mounted horizontally,
an built in spring is used to cause retraction (fig 89).
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Piston rod Rod wiper Guide bush - Mounting flange
5 Rod seal 6 Bush seal 7 Oil port 8 Cylinder head
9 Tube seal 10 | Tube (barrel) 11 | Guide ring 12 | Piston
13 | Piston seal 14 | Lock nut 15 | Cylinder gap 16 | Tie rod

Fig. 84 Typical tie-rod type actuator (cylinder).



Seals in linear actuators

Seals are grouped into static and dynamic applications. Static seals are fitted between
two rigidly connected components. The seals between the piston rod and the piston in
fig. 87A and C are static seals, and so are the seals that prevent external leakage past
the joint where the tube is mounted onto the cap in fig. 8713, C, and D.

Dynamic seals prevent leakage between components which move relative to each other.
Therefore, dynamic seals are subject to wear, whereas static seals are essentially wear
free. The seals between the moving piston and the stationary actuator tube (fig. 87A and
C) are typically dynamic seals, and so are the seals that stop hydraulic fluid from
escaping past the clearance gap between the moving piston rod and the end cap (head)

(fig. 87B and C). The rod-wiper nng may also be regarded as a dynamic seal. It prevents
contaminants from being drawn into the actuator when the rod retracts (fig. 878 and D).

0-ring type seals are generally used as static seals whereas dynamic seals may range
from simple Chevron type compression packings to complex moulded cup or lip seals.
Chevron seals (fig. 87A and B) are less suitable for smooth piston movement at low
pressures and low speed, but are an excellent seal for high system pressure and high
stroking speeds. Lip-ring seals (fig. 57C and D) provide good sealing even under
stationary piston conditions. Lip-ring and glide-ring seals are used for applications with
exceptionally low friction requirements. For glide-ring seal applications, the piston is
fitted with guide nings (Fig 86)



Actuator Construction

The actuator tube is usually of cold-drawn seamless steel with a microfinish honed bore
of a surface quality of R, < 1.3,um. Piston rods may be made from highgrade heat-
treated steel, surface hardened and hard chrome-plated for some applications. Surface
quality of the rod is about 0.2 um. Induction hardening of the surface provides greater
protection against mechanical damage and results in a longer life of the dynamic seals.
Where the actuator is to be used in an aggressive environment, high tensile stainless
may be specified for the piston rod, and sometimes also hard chrome-plating to provide
a wear-resistant surface. Tube and heads are either screwed or welded to each other or
tie-rods or wire retainers may be used (fig. 87).

4% \

]

Fig 87 Various types of seals and tube to head connecting methods



The earliest synthetic seal material was neoprene, but this has a
limited temperature range (below 65°C). The most common
present-day material is nitrile (buna-N) which has a wider tempera-
ture range (-50°C to 100°C) and is currently the cheapest seal
material. Silicon has the highest temperature range (-100°C to
+250°C) but 1s expensive and tends to tear.

(@) Simple static seal

T Static seals

Craep

(a) Unsecurad seal creeps into gap

Figure 5.20 Anti-extrusion ring

(b) O ring seal

Anti extrusion
ring
\\\\\%\Hpk\xxx\\x\hx

{b) Backup ring pravents creep

Pressure &

The U ring seal

3 /\\\3‘\

AN

The nrnmnosite seal



CYLINDER BODY SEALS FLOATING CUSHION BUSHIMG

PISTOM ROD-

CASE HARDEMED AND FLOATING CUSHION SLEEVE
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CUSHIOM SPEAR STEEL CAP
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REMOVABLE GLAMD 7
[CAP EMD)
PREVAILING
TORCQUE TYPE
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\\"\t\ %
ROD SEALS.
']
CAST IROMN . -
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ADJUSTING
MEEDLE WALVE
HIGH STRENGH STEEL OME PIECE
STEEL TIE RODS CYLIMDER BODY PISTOMN
PERMAMEMNTLY
LOCKED TO ROD
FIGURE 7.18

Typical cylinder construction for cylinders used for industrial applications. (Reprinted with permission from Parker Hannifin Corp.)



1.4Cylinder Force, Velocity and Power
The output force (F) and piston velocity (v) of double-acting cylinders are not the same for extension and
refraction strokes.

| Extension stroke

j,a-jf SHLATLA LI TLETLL LA TLTTLT AT i
/f — ] ——
ﬁ - ___.-"" I'rl:l.‘.:n:lun
# — "'-.-"'F; R
O N Fomion
During extension, entire piston I l
area Ag is subjected to fluid ':"11: Return flow
pressure
f—
’ (—— Return stroke
1T TE -
- % * -Fn-lrlrl.lun
A = —
/ lﬁfﬁmﬁﬁ;fzﬁ A
During retraction, annulus area Return flow T'.-Eln
A_- A, is subjected to fluid
pressura

Figure 1.11Effective area during (a) extension strokes and (bjretraction strokes



During the extension stroke, the fluid presswre acts on the enfire piston area (4), while dunng the
retraction stroke, the fluid pressure acts on the anmular area (4;—4,). This difference in area accounts for
the difference in output forces during extension and retraction strokes. Because A4, 15 greater than 4—4,),
the extension force 15 greater than the retraction force for the same operating pressure.

Force and velocity during extension stroke

Velocity y L=

==

Force
Foo = Px 4,
Force and velocity during retraction stroke
Velocity
.PI:“ _ Qil'l
4-4
Force,



Power developed by a hydraunlic cylinder (both in extension and refraction) 1s
Power =Force *Velocity = F = T7

In metric units, the KW power developed for either extension or refraction strole 13
Power (kW) =v, (m/s) = F (kN)

=0 (m’/s)= p(kPa)

Power dunng extension 1s

e
P =F =v_= ~ = 1.1
=11 exl h:1F|:l|l FK‘{p = ..'iF .P:H:En { :}
Power dunng retraction 15
P =F_ =xv_
=Fh:|:"{ —_.-_]_I:];-{A
F Ap_‘{-
=p=Q, (1.2)

Comparing Equation. (1.1) and (1.2), we can conclude that the powers dunng extension and retraction
strokes are the same.
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Fressure applied to both sides of piston



1.2.2.2 Double-Acting Cylinder with a Piston Rod on Both Sides

Pislion
f ;;’?Wf% Extension stroke
ﬁ >
\
\ ?’ ”’
<

Rod Return stroke

port Piston seal T Port Rod

Figure 1.5Double-acting cylinder with a piston rod on one side
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(b} Typical application

Double rod cylinder (with equal extend/retract force)
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Figure 1.6 Telescopic cylinder
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Figure 5.12 Two-stage telescopic piston



1.2.4 Tandem Cylinder
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Figure 1.7TTandem cylinder
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Bleed screw Biston

Check valve
Tube seal

End-position cushioning

Cushioning, or end-position cushioning, refers
to braking and deceleration of the final stroke

portion until standstill occurs. Cushioning ' < <
becomes essential above a certain stroke

speed. The Kinetic energy released on impact ;._ L
at the stroke end must be absorbed by the 14 e ——
stroke limit-stops, which are built into the end 3?%’3:;., R — ] i
caps. Their capacity to absorb this energy PG e

depends on the elasticity of their material. g ' b;‘f" ‘f\‘éa i

A hydraulic braking function (end-position wf g;f‘% /

cushioning) must therefore be applied where ”"‘* N — | —

piston speeds (v) exceed 0.1 m/sec. Figure o —

82 shows a cross-section of the end-position ; 777
cushioning mechanism of the end cap. The

cushioning of the rod end cap is similar

Cushioning valve / Piston seal
Guide ring

Cushioning bush
Fig 86 Typical end position cushioning position.



Cushion Spear Cushion Sleeve

\ /

Needle Valve
Cushion Adjustment

FIGURE 7.6
Schematic showing a technique for cushioning a hydraulic cylinder.



1. Exhaust flow passes freely out of the
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Fizure 1. 28 Operation of cylinder cushions



Fig 83 Linkages and loads attached to linear actuators



- |l Single acting,
T load returns
- the piston
Single acting
spring returns
I the piston
Single acting
ram, load returns
the ram
r | Double acting,
I= power stroke
I ] in both directions
. | | l Double acting
T T with rods on
| I both ends

Telescopic acting,
load returns
the pistons

Cﬁ\b Double acting
' ; with cushioning
Fig. 85 Graphic symbols for the
more commonly used linear

actuators.
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Figure 5.14 Basic mounting types
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Figure 5.15 Methods of cylinder mounting
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Hectangular flange  Rectangular flange Square flange
mount—rod en mount—blind end mount—Dblind end

Solid flange Solid flange Side lug mount Centerline
mount—rod end mount—blind end (foot mount) lug mount

Trunnion mount— Trunnion mount—  Trunnion mount— Extended tie rod
rod end intermediate blind end mount—rod end

Extended tie rod Extended tie rod Clevis mount Clevis mount with
mount—blind end  mount—both ends spherical bearings
FIGURE 7.15

Partial listing of cylinder mounting methods.
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Actuator sizing

The main criteria on which the size of the actuator is based are:
« force output for extension and retraction;
e piston speed for extension and retraction;
e mechanical stability of the actuator.

Piston rod buckling

Column failure, or buckling of the piston rod, will occur if the actuator stroke in relation to
the piston rod diameter is, at a required force output, out of (safe) proportion. Piston rod
buckling is calculated according to the "Euler formula”, where the piston rod is regarded
as the buckling member (fig. 93).

Euler formula: K = “T_K—W

Sg’

Mote: Under this condition the piston rod buckles! The maximum safe operating load (in
MNewtons) is:

K = critical load (N)

Sk = free buckling length (m) (fig. 93)

S = safety factor (usually 2.5-3.5)

E = elasticity modulus (Pa) - for steel: 2.1 x 10" ® x 9.80665
F = force

D = rod diameter (m)

4
Txd

64

| = moment of inertia (m*) -



PISTON ROD BUCKLING LOAD EXAMPLES [EULER)
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Fig.93 Piston rod buckling load examples (Euler).




1. 7.1 First-Class Lever System

___Fixed
hinge pin

Cylinder
rod pin

Feyi

Cylinder

Suppose the centerline of the hydraubic cvlmder filts by an offset angle ¢ from the verhcal; the
relafionship becomes
F  cosgx(L Neost)=F__ % L, cosd

F=—L F (1.4)

(L)eosd ™




1. 7.2 Second-Clas: Lever System
In this lever system, the loading point 15 1n between the cyhnder and the hinge point as shown m Fig 1.

X2

PRI

Fixed
hinge pin

Fiaad

Cylinder

F cosgx(L +L Yeos@)=F__ =L cos&

= 'E:
Ty e D)
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Fixed hinge
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Figure 1. 13 Third-class lever system

Equating moments about the hinge point, we can wnte
F_,cosgx(L, costf) =

F

F_ %(L +L)cos8
_L+L
M Lcosd

F

lemndl



Example 1.5

An 8 cm diameter hydraulic cylinder has a 4 cm diameter rod. If the cylinder receives flow at 100 LPM
and 12 MPa, find the (a) extension and retraction speeds and (b) extension and retraction load camrying

capacities.

Solution:

Let us first convert the flow in LPM to m’/s before we calculate forward velocityQu=100

LPM = 100/{1000 = 60)=1/600 m'/s

Now

D¢ = Diameter of cylinder =8 cm =8 x 10~ m
d, = Diameter of pistonrod =4 cm=4 x 10~ m
p=12MPa=12 x 10° N/m" or Pa

(a) Forward velocity 15 given by

Veg— G : fﬂﬂ =0.3315m/s
4, xd" /4
Return velocity 1s given by
1
Ve —Zn 600 _ 44 s
(4, —4) nld;—d;)
4

(b) Force during extension 1s given by

F., =pxa,=12x10° ”I(SKF ) _60318.57N

F =px(4,-4)

10° x 2[(8x107°)" — (4x107)*]
4

=42238.9 N=4524kN

=12x




Example 1.12

A 10000 N weight 1s to be lowered by a vertical cylinder as shown 1n Fig. 1.18. The cylinder has a 75 mun
diameter piston and 50 mm diameter rod. The weight 1s to decelerate from 100 m/mn to a stop n 0.5 s.
Determune the required pressure m the rod end of the cylinder during the deceleration motion.

w
Solution: As per Newton’s law of motion, we have

dF=ma o
where
1002 20 1.67m/s
a= min__ 60s _ ~- =3.34m/s’
0.3s 0.5s
Summung forces on the 10000 N weight. we have
10000N g
—A)—10000N =——x3.34 m/'s
P4 —4) 9.81m/s’
= p (N/m’) % g (0.075% —0.050") m” —10000N = 3408 N 10000 N

Solving we get

p =5450000 (N/m*) = 5450000 Pa = 5450kPa
Figure 1.18



Example 1.13

A 27000 N weight 15 bemng pushed up on an mchined surface at a constant speed by a cylinder, as shown
m Fig. 1.19. The coefficient of friction between the weight and the inclined surface equals 0.15.
(a) Deternune the required cylinder piston diameter for the pressure of 6894 kPa,

(b) Deternune the requured cylinder piston diameter, if the weight 15 to accelerate from a 0 mm/s toa 1524
mm/'s n 0.5 s.

60°
.'-ﬂf.-
T Wsin30° /\ 30°

Wec
30°

os30°
30° 27000 N \9 7
60°
w

Figure 1.19




Therefore, the frictional force facting along the axis of the cylinder 1s
= u=Wcos30®

=0.15x 27000 = cos30°
=3507TN

Total force on the cylinder is frictional force and vertical component:

Fopge = +Wsmn30°
= 3507+ 27000 %51 30°
=17007 N
Fl s = A, =17007 N
Dhiameter to resist 17007 N 1s given by
Frar = ﬁEQﬂIUDD:-:%BE =17007 N

= D=0.05605m= 56 mm



(b) Cylinder piston diameter if the weight 15 to accelerate froma 0 mm/s toa 1524 mm/sin 0.5 s

As per Newton’s law of motion, we have calculate the acceleration
EF =m a

where

_ 1524 mm/'s

0.5s
Sumnung forces on the 27000 N weight usmg values determined in (a), we have
pA, —17007 = 27000 = 3.048

981

a = 3048 mm/s” =3.048 m/s’

27000 = 3048
981

= 54145350 —17007 = 8389
= D =0.0685m =685 mm

= 5594{1{1{}:.{%52 _17007 =



Example 1.15

A mass of 2000 kg 1s to be accelerated horizontally up to a velocity of 1 m/s from the rest over a distance
of 50 mm (Fig. 1.20). The coefficient of friction between the load and guide 1s 0.15. Calculate the bore of
the cylinder required to accelerate thus load if the maximum allowable pressure at the full bore end 1s 100

bar (take seal friction to be equvalent to a pressure drop of 5 bar). Assume that the back pressure at the
annulus end of the cylinder 1s zero.

P,=100 bar P,=0
Figure 1.20

Solution: In thus case, =0, v=1m/s, s = 0.05 m and a 1s unknown. Using the equation
v = w +2as
We have,
I’ = 0°+2ax0.05= a=10m/s"
The force to accelerate the load 1s given by
o V_‘l . Z{"zn::m:: x9.81)
g 981
The force P to overcome the load friction 1s given by
P=pyW =0.15x2000x9.81=2943 N
The total force to accelerate the load and overcome friction 15
F+P=20000+2943 =22943 N

10 =20000N



The cylinder area requured for a given thrust 1s calculated from
Thrust = Force x Area
The pressure available 15 pressure at the full bore end of the cylinder nunus the equivalent seal break-out
pressure.
Pressure available = 100—5 = 95 bar = 95 x10’ bar
Area 1s given by
22943
2a = — =
195=10
=0.002415m" = 2415 mm’

Now area 15 also given by

D’
.Area=T
4

where IJ 15 the diameter. Comparing the two equations | we get D =554 mm
The cylinder diameter 15 thus 55 4 mm. This neglects the effect of any back pressure. The nearest standard
cylinder above has a 63 mm diameter bore.



Example 1.2

A ﬂ:reg—amge displacement-tvpe telescopic cylinder 1s used to tilt the body of a lomry (Fizg. 1.10). When
the lorry 15 fully laden the cylinder has to exert a force equivalent to 4000 kg at all ponts in its stroke.
The outside diameters of the tubes formuing the three stages are 60, 80 and 100 mm  If the pump powering
the cylinder delivers 10 LPM, calculate the extend speed and pressure required for each stage of the
cylinder when tilting a fully laden lomry.

| Load
First-stage pressure =
- H000%9 8] \im? =5%10° (Nim®) = 50 bar
(w/ H=(0.1)°
cia. 100
" din 60,
First-stage I
First stage speed = 2uanity flowmg 7
Area ﬁx
zm | E
T e ifj
| i L] h ﬁ : ﬁ ﬁ
- 1 H
= lﬂ}ilﬂ - - o | = i =11? :ul'llmjﬂ ﬁ \ i]H ?
Cr/4)=(0.1)" | min*m" | T ? : B ﬁ
N -
Z]a 11
= N
Z -
rvrers i =




Second-stage:
Second-stage diameter = 80 mm

Second-stage speed = Q“ﬂﬂtgeﬂmﬁmg
Area

_ 10=107 | m'
(! 4)%(0.08)° | minxm® |
Load

Area
__ 4000=9.81 _Nm'=7.81 = 10°(N/m*)=T78.1bar
(r/ 4) % (0.08)°
Third-stage:
Third-stage diameter = 60 mm

Third stage speed = 2oy fowing

Area
_ lo=10™ |f’ m'
(! 4)=(0.06)° knﬁn}im: |

Second-stage pressure =

=354 m/omn

Third-stage pressure =
1

4000=9 81

- _Nim® =13.9 x 10° =130 bar
(x / 4) = (0.06)°

Telescopic cylinders are made mn a standard range for vehicle applications. Alth-:mgh non-standard
cylinders can be obtained, they tend to be very expensive if ordered as a single piece.



Example 1. 19
Figure 1. 27 shows a toggle mechamism. Find the output load force for a byvdranlic evlinder force of 1
H.

Solution: Setting the sum of the forces on pm C equal to zero (from Newton's law of motion), force (F)
=ma = because a = for constant velocity motion, vields the followme for the 1- and y-axes:
)5 Fosm0-Fsmbl=l=F_=F,

v-ams: F - F cosfl”-F cos60°=0
F-1F, cosfl?=0

F
SF ==

o Doashl”

Sumlarly, settng the sum of forces on pin C equal to zero for the y-axs direchion yields

Figure 1. 27

F,im6lF-F_ =0
Therefore_ we have
Foy = Fy s60°
sm 60°
- N
Joos6°
tan 60°

F

ol

%1000 = 866N




Example 1. 20

A cylinder has a bore of 125 mm diameter and a rod of 70 mm diameter. It diives a load of 2000 kg
vertically up and dowm at a maximmm velocity of 3 m's. The hft speed 15 set by adjusting the pump
displacement and the retract speed by a flow confrol valve. The load 1= slowed dowmn to rest mn the cushion
length of 50 mm. If the rehef valre 1= set at 140 bar, determune the average pressure in the cushions on
extend and retract. (Meglect pressure drops 1n pipe work and valves.)

Solution: Emetic energy of load
Einetic energy = (1/2) Mass = Velocity”

=(1/2) (2000) = 3*=9000 N m
Average force to retard load over 50 mmn 1=
Finetic energy _ 9000=10°
Diistasnce 30
The force aching on the load 15
Load=2000kg=2000 = 981 =196 kN

Annulns area = E(ﬂ.lzf —0.07%) = 0.0084 m’

= 180 kN

"
Full bore area = | E % (0.125%) = 0.0123 m’
L

The kinetic energy of the load 15 opposed by the cushoon force and the action of granaty on the load.
Cushion pressure to absorb the kinetic energy of load when extending 15

F 1
(180=10") - (19.6x10") (MN/m*)=19.1 = 10* =191 bar
(B.4=10™)
When the piston enters the cushion, the pressure on the full bore mde of the mston nses to rehef valve
pressure. This pressure on the full bore side dmves the paston into the cushions, and so increases the
cushion pressure needed to retard the load. The cushion pressure to overcome the hydraulbic pressure on
the full bore end 15

Full bore area 140 * 123=10-°

Pressure = =

Anmalas area 8.4x10"

=205 bar




Thus, the average pressure n the cushion on the extend stroke 15 (190 + 203) = 395 bar.
Dhunng cushioning, the effective annular area 15 reduced as the cushion sleeve enters the cushion. Thas has
been neglected m the calculation, and 1n practice, the cushion pressure 15 even greater.
When the load 15 retracted, forces act on the load The back pressure owing to the flow control valve m
the circwrt 15 pumimal once the piston enters the cushion and 15 neglected m thas caleulation
The force in the cushion has to overcome the kinetic enerzy of the load, the weight of the load and the
force due to the hydraulic pressure. The force owing to the hydraulic pressure 15

Force = Pressure » Annulus area

=(140 =10°) = (B4 =107 YN

= 1176 kN

Alzo

Cushion force =180+ 19.6 + 1176 =317.2 kN

After knowing the force, we can find cuslhion pressuwre =
Force _ 3172

Cushion pressure = res  DOL

N/ m’) = 25800 =258 bar

The average pressure in the cushion retracting 1= 238 bar. Agam this value 15 somewhat higher as the
cushion spike reduces the effective cushion area below that used.



Example 1. 21
A pump delivers o1l at a rate of 1.15 LPS into the blank end of the 76.2 mm diameter hydranlic evlinder

shown mm Fiz. 1. 30. The pistons decelerate over a distance of 19.05 pum at the end of its extension stroke.
The cvlnder dnves a 6672 N weizght which shdes on a flat honzontal swface having a coefficient of

fnchon (CF) equal to .12, The pressure rehief valve sethng equals 51.7125 bar. Therefore, the maximum

pressure (p,) at the blank end of the cvhnder equals 51.7125 bar while the cushion decelerates the piston.
Find the maxmwum pressure {p,) developed by the cushion.

Cushion plunger

TN

- —  * | |W=6672ZN
ol el | —m0m— 13_ l
o . a
2 L G
—
F=pnpW
. I

‘Qm:l.lELPS l 2 sut

Figure 1. 20



Solution:

Step 1: Calculate the steady piston velocity v prior to deceleration:
1.15
&

yoZmem 1000 11550
A ~0.0767) 3

|

Step 1: Calculate the deceleration a of the piston durng the 19.05 mm displacement 5 using the constant
accelerahon or deceleration equation:

v =2as
Substtuting the values and solving for deceleration we get
v 0.255°

= — = =1'II'-H .'52
T T 2a9.05x107) =

Step 3: Using Mewton's laws of motion, the net force achng on the system 15 equated as

EF= T |

Consider the forces that tend to slow down the svstem as posifive forces as we are solving for
deceleration. The mass under consideration m 1= equal to the sum of all the maszes of moving members
(piston, road and load). Because the weight of the piston and road 15 small compared to the weight of the
load, the weight of the piston and rod 15 1znored. The fnctional forces aching between the weight W and
the honzontal support swrface equal cogfficienr of friction (CF) tmes W. This fnchonal force 15 the
external force achng on the cyhnder while 1t moves the weight.

Substtuting mto Newton's equations yields

Po( A — A JHCFXTF — un.m}%



i " |
[{Eﬁ’."z:]| 1708 t]+51.?125| Z |76.2%107 —(0.12)(6672)
p, = - 9'3-1;; o — - =59.0212bar
| 762x107) -7 (25.4x107) ]

Thus, the hydraulic cvlinder pmst be designed to withstand an operating pressure of 59.0212bar rather
than the pressure relief sethng of 51.7125bar.



Example

Calculate the force output for a linear actuator and the required pump flow rate for
the following specifications:

Piston diameter = 50 mm

Rod diameter =25 mm

Stroke = 600 mm

Piston speed = [2 mm/s

Efficiency (npm,) = 95%

Pressure = 4000 kPa

4000 x 10° x 0.05° x 0.7854 x 95

Force =
( Ext) 10° x 100
= 7.46 kN
4000 x 10° x (0.05" - 0.025°) x 0.7854 x 95
Foree o, = 3
| 10° x 100
= 5.6kN

_0.012 x 0.05° x 0.7854

(Ext)

Flow rate
5

= 0.000024m’/s
=0.24L/s

_ 0.012 x (0.05 - 0.0257) x 0.7854
Ret)
5

= 0.0000177m’/s
=0.0177L/s

Flow rate |'



Regenerative actuator control

Regeneration is achieved by using suitable valving which connects the exhaust flow
from the extending piston rod with the in-rushing fluid on the piston end. In this way, the
exhaust fluid, which would normally return to tank, joins the fluid flow from the pump,
thus causing the piston rod to extend with increased speed.

If the full piston area (A1) has a ratio of 2:1 to the annulus area (A2), then the
piston rod will extend and retract with equal speed (fig. 94). During regeneration,
equal pressure I1s acting onto both sides of the piston. Therefore, the net thrust for

extension can be calculated as:
Force gq = p X (A1 -A2), where A1 - AZ-rod area.

Thus, the extension force is the product of the piston rod area and the system
pressure. A similar calculation can be made for the retraction stroke. Since the

annulus area and the rod area are equal (with a 2:1 ratio), the retraction force can
be calculated as:



Q,

DO

E2

A1:A2 = 2:1
E1{EOQ|E2

0] 0| 0| Actuator blocked
0{0]|1

0f 1| 0| Retraction

0] 1] 1] Fastextension
110] 0 Normal extension
O 0 N

L pl

1 75—

Fig. 94 Function of regenerative actuator with alternative control methods.

/lﬂX'

EO



Force rery = p X Annulus Area (rod area = annulus area).

Thus, the forces for extension and retraction are equal. With a 2:1 ratio, the
exhaust volume for the pushed-out fluid during extension is oneg half the volume
formed by the full piston area (A1). Hence, the pump must fill the other half.
Therefore, the regenerated volume and the pumped volume are equal (Vg = Vg),
and the required volume for extension is:

Vext =VR + Vp, Or Vet =V X 2.

Furthermore, the required volume for retraction is Vg or V x 1 (remember, Vg and Ve are
equal).

Fiston rod speed is calculated with the formula:

E‘ = g

A
where Q) stands for flow rate,
A for effective piston area, and

v for velocity or speed.

As previously shown, the extension volume is twice the retraction volume (Vo =V x 2;
Veer=V x 1; volume ratio 2:1). The flow rate for retraction is equal to the flow rate of the
pump. Using the piston rod speed formula one can calculate ratio 2:1). The flow rate for
retraction is equal to the flow rate of the pump. Using the piston rod speed formula one
can calculate:

where

Q x 1 = pump flow rate

Q) x 2 = pump flow rate + exhaust flow rate
A x 1 =annulus area

A x 2 = piston area

Therefore, regenerative control with a piston-to-rod area ratio of 2:1 provides equal
speed and equal force for extension and retraction
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6.

A hydraulic cylinder has to move a table of weight 13kN. Speed of the cylinder is
(0 be accelerated upto a velocity of 0.13m/s in 0.5 seconds and brought to a stop
within a distance of 0.02m. Assume coefficient of sliding friction as 0.15 and
cylinder bore diameter as 50mm. Calculate the surge pressure.

Solution
[nitial velocity u = Om/s
Final velocity v = 0.13m/s

a0 Wl on 0.13-0
Acceleration t 05
=(.26m/s’
Force required to move the piston = Dynamic force + frictional force
W
=| —X a]+u.w
b
(13000 _
= 39—x0.26 4(0.15x%13000)
ok

=2294.5N



s force. the pressure required in the hydraulic cylinder is
odeits
P = 2
r/4x%(0.05)
—11.69%10° N/m*
=11.69 bar |
elocity, acceleration and distance vi—u?=2as

To overcome thi

From the equation for v

2
Y —u2

25
_0-0.13°

%00
=_0.4225 m/s (The-ve sign indicates that it is deceleration)

a5

The total force required to stop the motion of a cylinder

13000

9.81
=2510N

% 0.4225+13000%0.15




Thus surge pressure i
_11.69+12.78

- =24.47 bar



R L"f."? ] S ewa

nd arod of 45mm diameter. It drives,

lin at a velocity of 1 sm/min. The load sl.ides on a flat horizongy
ff':i:ient of friction of 0.12. The loaq is to be decelerated {,
h of 20mm. If the relief valve is set at 50 bar, compute

in the cushion.

A cylinder has a bore of 80mm diameter a

load of 6700N, travel

surface having a co¢
rest within a cushion lengt

the fluid pressure developed

Solution

. «— Cushion force
|

<l = 3 FFIP T
<«—— Friction force

Pressure force —»

Decelerating force =——»

Cushion length s =20mm = 0.02m
Velocity #= 15m/min=0.25 m/s

From the eqution of motion. |
v =u +2as (final velocity is zero)

9

8

R (Negative sign indicates deceleration)



T figg
Decelerating force to retard load L=

6700 0252
TE s

Pressure force on blank end

Friction fbrcg



L

./-'

. }(‘ushinn force = (Pressure force + Decelerating force) — Friction force
=25133+1067 -804
=25396N
F
(A/' - Ag)

. 25396
7/ 4(0.08% —0.045%)
= T4bar

id pressure developed at the cushion =

Flu




A cylinder has a bore of 125mm diameter and a rod of 70mm diameter. It drives a load
of2000 kg vertically up and down at a maximum velocity of 3m/s. Thé load is slowed
down to rest in the cushion length of 50mm. If the relief valve is set at 140 bar
determine the average pressure in the cushions while extending and retracting. .

Solution

From the equations of motion,

-

v: = u” + 2as (final velocity is zero)

2
St *
A

ot A

d =

. Decelerating force to retend = md
. 2000%3

~ 2%0.05
= 180 kN

Weight of the load = mg
=2000 x 9.8

=19.6kN






I
Cushion force = (Pressure force + Decelerating force — weight)
~171.8+180—19.6
=332.2kN

S . Cushion force
‘ushion pressure =
(Ap — Ag)

33272
%(0.1252 ~0.07%)

—39438kN/m?
=394 .38bar

b. During retraction
Pressure force
l Weight

Jorih
y

=y T Cushion force

Decelerating force




Pressure force = Px (4, — 4,,)

= 140x10° ><%(o.1252 ~0.072)
=117.9kN

(Pressure force + Deceleratmg forc
=117.9+180+19.6

=317 5KN

Cushion force =

Cushion pressyre = Cu



1.2Directional Control Valves

A wvalve 15 a device that receives an external signal (mechanical, fluid pilot signal. electrical or
electronics) to release, stop or redirect the fluid that flows through it. The function of a DCV is to control
the direction of fluid flow in any hydraulic system. A DCV does this by changing the position of
internal movable parts. To be more specific, a DCV is mainly required for the following purposes:

e To start, stop. accelerate, decelerate and change the direction of motion of a hydraulic actuator.

e To permit the free flow from the pump to the reservoir at low pressure when the pump’s delivery 1s
not needed into the system.

e To vent the relief valve by either electrical or mechanical control.

e To isolate certain branch of a circuut.

Any valve contamns ports that are external openings through which a flud can enter and exit via

connecting pipelines. The number of ports on a DCV 1s identified using the term “way.” Thus, a valve

with four ports 1s a four-way valve A DCV consists of a valve body or valve housing and a wvalve

mechanism usually mounted on a sub-plate. The ports of a sub-plate are threaded to hold the tube fittings

which connect the valve to the fluid conductor lines. The valve mechanism directs the fluid to selected

output ports or stops the fluid from passing through the valve. DCVs can be classified based on flwid path.
design characteristics. control methods and construction.

1.2.1 Classification of DCVs based Fluid Path
Based on fluid path. DCVs can be classified as follows:

Check valves.
Shuttle valves.
Two-way valves,
Three-way valves.
Four-way valves.



1.2.3 Classification of DCVs based on the Control Method
Based on the control method. DCV's can be classified as follows:

. Direct controlled DCV:A valve 1s actuated directly on the valve spool. This 1s suitable for small-
sized valves.
. Indirect controlled DCV:A valve i1s actuated by a pilot line or using a solenoid or by the

combination of electrohydraulic and electro-pneumatic means. The use of solenoid reduces the size of the
valve. This 1s suitable for large-sized valves.

1.2.4 Classification of DCVs based on the Construction of Internal Moving Parts
Based on the construction of internal moving parts. DC'Vs can be classified as follows:

* Rotary spool tyvpe: In this type. the spool 1s rotated to change the direction of flud. It has
longitudinal grooves. The rotary spools are usually manually operated.
* Sliding spool type: This consists of a specially shaped spool and a means of positioning the spool.

The spool is fitted with precision into the body bore through the longitudinal axis of the valve body. The
lands of the spool divide this bore into a series of separate chambers. The ports of the valve body lead into
these chambers and the position of the spool determines the nature of inter-connection between the ports.



Table 1.1

Each individual switching portion is shown in a square

Flow path is indicated by means of arrow within a square

Closed position

Two-position valve

Three-position valve



Al |B
Ports added to the two-position valve
a
Pl T
Two flow paths
| B
p T
B Two ports are connected, two ports are closed



2/2-way valve: 2-ports and 2-position DCV

Normally closed position: P is not connected to A.

A
When the valve is not actuated. the way is closed.
I 1
P
A Normmally open position: P is connected to A. When

the valve is not actuated. the way is open.

3/2 wav valve - 3ports and 2 position DCV

) -

Nommally open position: P is connected to A. When
the valve is not actuated, the wav is open.

Normallv open position: P is connected to A. When
the valve is actuated. the wayv is closed




4/2-way valve — 4-port and 2-position DCV

X]

Pis connected to A
B is connected to T

A

P

8 |
N
-

Position 2-
Pis connected to B

Ais connectedto T

5/2-way valve — 5-port and 2-position DCV

Normal position:
Pis connected to B
A is connected to R
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1.3Actuating Devices
Direction control valves may be actuated by a variety of methods. Actuation 1s the method of moving the
valve element from one position to another. There are four basic methods of actuation: Manual.

mechanical. solenoid-operated and pilot-operated. Several combinations of actuation are possible using
these four basic methods. Graphical symbols of such combinations are given in Table 1.3.

e Manually operated: In manually operated DCVs, the spool is shifted manually by moving a handle
pushing a button or stepping on a foot pedal. When the handle is not operated. the spool returns
to 1ts original position by means of a spring.

Mechanically operated: The spool is shifted by mechanical linkages such as cam and rollers.
Solenoid operated: When an electric coil or a solenoid i1s energized. it creates a magnetic force
that pulls the armature into the coil. This causes the armature to push the spool of the valve.

e Pilot operated: A DCV can also be shifted by applying a pilot signal (either hydraulic or
pneumatic) against a piston at either end of the walve spool. When pilot pressure is
introduced. it pushes the piston to shift the spool.



Solenoid operated

Pilot operated

Manual operated

Push button

Foot operated




Pilot-operated solenoid

Two-position detent

Spring refurn



— <O

no flow direction

free flow direction

Figure 1.1 Graphical symbol of a check valve.

In Fig. 1.2, a light spring holds the ball against the valve seat. Flow conung nto the inlet
pushes the ball off the seat against the light force of the spring and continues to the
outlet. A very low pressure is required to hold the valve open in this direction. If the flow
tries to enter from the opposite direction. the pressure pushes the ball against the seat and

the flow cannot pass through.

Ball

T

Valve seat

N

Light spring

7

w4

|HI 'TI '|| J, ,Jl {

Inlet

IllrI

'u'wn'w'iui

II| I||IIIII |

|||| ||I|| Ilrl

. K//

- Qutlet

Wi ////
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Figurel.3 Poppet check valve: (a) Open and (b) closed position
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(E)Pi ~ Pz (h)PE = P1

Figure 1.5 Shuttle valve: (a) Flow from left to outlet and (b) flow from right to outlet in Fig. 1.5.

Graphical symibol
A

>

Pl P2

Fig 1.6 symbol of Shuttle valve



ME 7553 — Hydraulics and Pneumatics

Lecture -10
Date: 29-04-2021 Time slot: 08:30-10:10 a.m.

Contents
1. Lecture9
2. Directional control valve

Course Instructor: Dr. A. Siddharthan



Fig 21 Rotary plug valve mechanism
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Fig. 20 Valve ports.



NORMALLY CLOSED VALVE

Fig 22 Valve with spring bias (normal position)
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Fig. 31 Different spools for positive or negative overlap.



The fully closed centre crossover 1s achieved with a positive spool overlap (fig. 31). For a
short period all valve ports are sealed against each other. Thus system pressure on the
actuators is prevented from collapsing during the crossover. The fully closed centre
crossover may however cause undesirable pressure peaks in the system which vary
with the amount of fluid flow and switching time.

The fully open centre crossover is achieved with negative spool overlap (also called
underlap) (fig. 31). For a short period all valve ports are connected to each other. This
results in smooth, pressure-peak free switching during the crossover. However,
undesirable actuator movements may occur with certain load conditions.



The flow gamn K_ 1s the slope of the approximate line in the figure. which can double its valve near

null with negative lap. The magnitude of K_is the most important parameter of a valve and often also

of any system incorporating the valve.

r
’ 4—,-'— Zero lap

Underlap

Figure 1.2Flow rates versus valve displacement for constant pressure drop.
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Fig 34 Pilot operated valve: the master valve sits on top of the slave valve.



DETAILED SYMBOL
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Fig 35 Symbols for solenoid controlled pilot operated valve. (Also available with
pneumatically pilot operated master valve.
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TO THE PUMP,
Fig. 41 Typical check valve application in a lifting jack.
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Pressure Controls

Fressure control valves are used in hydraulic systems to control actuator force
(force = pressure x area), and to determine and (pre) select pressure levels at
which certain machine operations must occur. Pressure controls are in the main
used to perform the following system functions:

1.

2.

3.

To limit maximum system pressure in a hydraulic circuit or sub-circuit, and
thus provide overload protection.

To provide re-direction of pump flow to tank, while system pressure must be
maintained (system unloading).

To provide re-direction of pump flow to tank while system pressure is not
maintained (system offloading).

To offer resistance to fluid flow at selectable pressure levels (counterbalance
force).

To provide an alternative flow path for the fluid at selected pressure levels
(pressure sequencing).

To reduce (or step down) pressure levels from the main circuit to a lower
pressure in a sub-circuit.
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Figure 1.3Characteristics of a relief valve.

P

IS,
+__ ——

v

Fig. 97 Direct acting relief valve (simple relief valve).
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A pressure-relief valve has a pressure setting of 140 bar. Compute the kW loss across this valve if 1t
returns all the flow back to the tank from a 0.0016 m’ /s pump.

Solution: We have

KW power= pQO
=(140%10”)x(0.0016x107°)
=22.4kW

Example 1.2

A pressure-relief valve contains a poppet with an area of 4.2 cm” on which the system pressure acts.
During assembly. a spring with a spring constant of 3300 N/cm 1s installed in the valve to hold the poppet
against its seat. The adjustment mechanism is then set so that the spring is mifially compressed to 0.5 cm
from its free-length condition. In order to pass full pump flow through the valve at the pressure-relief
valve pressure setting. the poppet must move 0.30 cm from its fully closed position.

(a) Determine the cracking pressure.

(b) Determune the full pump flow pressure (pressure-relief valve pressure setting).
(¢) What should be the initial compression of the spring in pressure-relief valve if the full pump flow is to
be 40% greater than the cracking pressure?



Solution:
(a) Cracking pressure:

Force requured to fully close 15 the product of imitial displacement and spring constant
Foeaoed =K Spn =3200 Nlem = 0.50 em =1600 N

W

Now we can calculate the cracking pressure knowing the cracking force

Peracking“Aooppes = 1000 N
= P (4.20x107 m*) =1600 N
= Peracking = 381x10*N/m” =3.81 MPa
(b) Full pump flow pressure (pressure-relief valve pressure setting):

Force required to fully open 1s the product of final displacement and spring constant
F, =KS =3200 N'em= 0.8 cm=2560N

fully cpen fully cpen

Now this fr:n:::e must be equal to product of full pump pressure and area of poppet.

Prull purep flow Apuppet =2650N
= Drit prrp o (4:20x107 m?) = 2650N

=610x10*N/m” = 6.10 MPa

:}pﬁﬂlpunq:ﬂw:



(c) Initial compression of spring:

Fopeaoe =KI1=32000=p_ oo A .
Now cracking pressure can be calculated as follows

_ Force 3200/
Poone ™ "prea 4.20x107
Also we know that force required to fully open 1s given by product of full pump flow and area of poppet.

=762 x10%]

Frpyopee =K (140.3)
=3200(7+0.3)
= 32001 +960

= Pl pump ﬂuw‘%appet

Now

32007 +960
Prllpup fow ~ 407 10

= (7621 +229)10°

We can now calculate the ratio of pump full flow pressure to cracking pressure as

Pidipep fow (7621 +229)10° 140
Persckine (762010* |
Solving we get [ =0.75 cm.




A pressure-relief valve contains a poppet with a 3.87 cm’ area on which the system pressure acts. The
poppet must move 0.381 cm from its fully closed position in order to pass pump flow at the pressure-
reliet valve setting (full pump flow pressure). The pressure required to overcome the external load is
68.95 bar. Assume that the pressure-relief valve setting is 50% higher than the pressure required to
overcome the external load. If the valve-cracking pressure is 10% higher than the pressure required to
overcome the external load. find the following:

(a) The required spring constant of the compression in the valve.

(b) The required initial compression of the spring from its free length condition as set by the spring
adjustment mechanism of the pressure-relief valve.

Solution:

a) At full pump flow pressure. spring force equals hydraulic force on the poppet: Total spring
compression (S) = Initial compression (L) + Full poppet stroke
= K (L+0.00381) =4002.5 N

= AL+0.00381 kF=4002.5 N
Also at cracking pressure. spring force equals hydraulic force on the poppet. Thus. we have
Spring force= Cracking force

KL =0.00381 k
—1.1x68.95x10° N/m*x3.87x107* m?
—20358N



Substituting values of fin AL +0.00381 £ =4002.5 N . we get
2935.8 +0.00381 £ =4002.5N
= k=279986.22N/m
(b) From part (a). we have
k=279986.22N/m
kKL =29358 N

This implies

279986.22 x L =29358 N

= L= 29358 m=00104d m=1.04 cm=10.4 mum

 279986.22




Unloading valve (accumulator charging valve)

The unloading valve (also called accumulator charging valve or differential

unloading valve) is in its design closely related to the compound-relief valve

(compare figs. 99 and 104). This valve is used to accomplish the following

switching and pressure control functions:

¢« limit maximum system pressure;

e charge the accumulator to maximum system pressure and maintain a working
volume and pressure in the accumulator;

¢ unload the pump when the desired accumulator pressure is reached (e.q.
maintain system pressure to actuators).

—
Ty

1 ] L ]

Relief Unloading
Valve Valve

FIGURE 3.14
Comparison of symbols for relief valve and unloading valve.



Fig. 104 Unloading valve in accumulator
charging position. Note that the tank port (T) is
closed and pump flow is directed to the system
and to the accumulator. The pilot relief valve is
closed and the check valve is forced open
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Pump unloading with accumulator and electric control

The switching and pressure control functions for the accumulator charging circui
discussed here are identical to the functions achieved by the unloading valve
circuit. A normally-open directional control valve actuated by an electric pressure
switch is used to vent or de-vent the compound-relief valve (fig. 106).
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Fig. 105 Unloading valve in pump unloading position. Note that the thank
port (T) is open and the pilot relief valve poppet is forced open by
the system pressure acting onto the differential piston. The check
valve is closed (see also enlarged section and compare the
pressure gauge readings with the previous illustration).
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Fig. 106 Pump unloading circuit with accumulator and electric pressure
switch, depicting the charging cycle.
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Figurel.11Application of unloading valve 1n a punching press (high—low circwt).



Counterbalance valve (back pressure valve)

The counterbalance valve is applied to create a back pressure or cushioning
pressure on the underside of a vertically-moving piston, to prevent the suspended

load from "free falling” because of gravity whilst it is being lowered (fig. 108). This
counteracting or counterbalancing function has given the valve its name.

COUNTERBALANCE VALVE —\ X @

~ DI
| 7

A 8

Al

0 | LOAD SUSPENDED #
1 | LOAD LOWERED

0 ]| LOAD LIFTED
1

m;
L

%
A7 =
///////////I////M

AD

“|l=lolo]lB

-
* THE LOAD MAY BE 1
STOPPED IN ANY POSITION L_J
AND PUMP FLOW IS
RECIRCULATED TO TANK
.
Fig 108 Counterbalance vale circuit. The function table shows the required

DCV pilot signals for lifting lowering, and load suspension.
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Brake valve

The brake valve is closely related to the counterbalance valve, and serves - when

mounted in the exhaust line of a hydraulic motor - the following functions:

+ |t prevents the hydraulic motor from over-speeding when an over-spinning
load is applied to the motor shaft.

« |t prevents an excessive pressure build-up during deceleration, and controls
the rate of deceleration.

Fig 109
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Figure 1.16Application of a counterbalance valve.
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Fig. 110 Direct
acting sequence valve
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Fig. 111 Clamp and spot weld
circuit. The sequence valve is
directly controlled. The circuit
provides pressure sequencing for
the second sequential step
(spotweld) as soon as the pre-set
clamping pressure Is reached
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Fig. 112 Clamp and spot weld circuit. The sequence valve is remotely
controlled. The circuit thus provides pressure as well as position
sequencing for the second sequential step ("and” function).
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Figure 1.20Application of a sequence valve.



Pressure reducing valve (pilot-operated)

In some fluid power systems it is desirable (and often necessary), to operate a
subcircuit at a lower pressure than the main system. Pressure reducing valves are
used for this purpose. In contrast to the "normally closed” pressure control valves
discussed so far, the pressure reducing valve is "normally open”.

The main function of this valve is to limit and maintain a constant downstream
pressure (subcircuit pressure), regardless of pressure fluctuations in the main

circult upstream (fig. 114).
_L—‘ !
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Fig. 114 Pilot operated pressure reducing valve.
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Flow Controls

Flow-control valves are used in hydraulic systems to control the rate of flow from one
part of the system to another. Flow-control devices accomplish one or more of the
following control functions:

= |imit the maximum speed of linear actuators and hydraulic motors

" Flowrate

. Piston Area

= |imit the maximum power available to subcircuits by controlling the flow to them
(power = flowrate x pressure);
= proportionally divide or regulate the pump flow to various branches of the circuit.

= Piston Speed ‘
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reverse free-flow check
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Fig. 123 Temperature compensated flow control valve.



Loyl A
L a

\
I ?\{5'____ | N
p A y

\

N N

, WO

> AN
Fig. 124 Pressure compensated flow control valve.




Compensator
spool A

N S, ) (2228 compnn

line A e .
- \ / | ,'II.'I III |I II||I||'|II |II IIIIIII'III |I III|'TI g IJ rin E

/ Adjustment
/ knob
v\ 7775, E 7
/ /.

/ Pilot line B

v v

Main spool B

\.\
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Figure 1.6 Graphic symbol of a pressure-compensated flow-control valve.
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Fig 125 Flow control methods for restrictor type valves



Meter-out flow control

This speed control method is highly accurate, and used wherever a free-falling load or
overhauling load tends to get out of control ("runaway” condition).

The flow control valve is located between the actuator and the directional-control valve,
and controls the exhaust fluid from the actuator. If both actuator strokes are to be
controlled, the valve can be installed in the tank line of the directional-control valve. But
one must beware of the pressure intensification exceeding the T port rating of the
directional-control valve if actuators with oversize piston rods are used. If only one stroke
is to be speed controlled, a reverse free-flow check valve would be required for rapid
retraction.

As a disadvantage it must be mentioned, that excess pump flow, which cannot pass
through the flow control valve, is pushed over the system relief valve.

Meter-in flow control

This speed control method is also highly accurate, and is used where the load on the
actuator resists the stroke at all times (no "runaway"” condition).

The flow control valve is located in the feed-line on the actuator and where only one
stroke Is to be speed con- frolled, a reverse free-flow check valve would be required to
provide rapid retraction. If both actuator strokes are to be speed controlled, the flow
control valve may be installed between the pump and the directional-control valve.
However, stroke speeds could then not be regulated individually.

Here too, excess pump flow is pushed over the system relief valve.



Bleed-off flow control

This speed control method has a power-saving advantage, as the pump operates always
at the pressure required by the workload, and the excess pump flow returns via the flow
control valve to tank, without being pushed over the relief valve.

The method is not as accurate as meter-in, since the measured flow goes to tank and
the remaining flow into the actuator. This makes the actuator speed subject to varying

pump-delivery.

Bleed-off flow control does not require a reverse free- flow check valve. It must be noted,
that bleed-off control is not suitable for "runaway” load conditions.



By-pass flow control valve
This valve controls flow to an actuator and diverts any excess (surplus) flow to
tank (figs. 126 and 127). The in- built pressure relief valve is an additional feature
of the by-pass valve and provides overload protection from excessive workload
pressure build-up.
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Fig. 126 left: By-pass flow control valve. Fig. 127 above: By-pass flow

control valve in a meter-in control
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Example 1.1

A 55-mm diameter sharp-edged orifice 15 placed in a pipeline to measure the flow rate. If the
measured pressure drop 1s 300 kPa and the flmd specific gravity 1s 0.90, find the flow rate i units

of m’/s .

Solution: For a sharp-edged orifice, we can write

A
0=008514C, |2
\sG

where O 15 the volume flow rate mn LPM, C, 15 the capacity coefficient = 0.80 for the sharp-edge
orifice, ¢ = 0.6 for a square-edged orifice, A is the area of orifice opening in mm°, Ap is the

pressure drop across the onfice (kPa) and SG 1s the specific gravity of the flowing flud = 0.9,
Now,

A =£{ﬂm:) =E(552) — 2376 mm’

Using the orifice equation we can find the flow rate as

[mﬂ
O (LPM) = 0.0851:< 2376x0.80 5o

=20533LPM =0.0492 m'/s



Example 1.4

The system shown in Fig 1.12 has a hydraulic cylinder with a suspended load . The cylinder
piston and rod diameters are 50.8 and 25 4 mm respectively. The pressure-relief valve setting 1s

5150 kPa. Determune the pressure p» for a constant cylinder speed:

(a) W=8890 N

(b) W=0 (load 1s removed)

(c) Deternune the cylinder speeds for parts (a) and (b) if the flow-control valve has a
capacity coefficient of 0.72LPM/+/kPa . The fluid is hydraulic oil with a specific gravity
of 0.90.
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Figure 1.12 Hydraulic cylinder with a suspended weight.



4= %{ﬂ;) _ %({}_DSDE:) —0.00203m’

4, =%(Df) =%(0_0254:) —0.000506m”

S0
4, -4 =0.00152 m’

Case 1: If W=28890 N.

W —p A, +p,(4,-4)=0

= —8890—5150x10°N/m” % 2.03x10™ m" + p,(0.00152 m>) =0
= —8890—10450m” + p,(0.00152) =0
= p, =12700kPa
Case 2: f W=0.
0—-5150%10° N/m” x2.03x107 m" + p,(0.00152m*) =0
= p, =6880kPa

Case 3: Cylinder speed for case 1: For a sharp-edged onfice, we can write

0=0C; Ap =072 12700 =835LPM
SG 0.9

where Ap = p, because the flow-control valve discharges directly to the o1l tank This 15 the flow
rate through the flow-control valve and thus the flow rate of the flmd leaving the hydraulic
cylinder. Thus, we have

V(4 —4)=0



TPNTTE -TS L

=, (m/s)(0.00152) m* =85.5 L/min x 1‘3“ Lo
1°L  60s

—v, =0.938 m's
Case 4: Cylinder speed for case 2. We have

6880 Im’  1mi ’
Qzﬂ_,,/i=[J_?‘2,,/—=153LPM=53Umjnx < =0.00105—
SG 09 1°L" 60s s

Also we can write

0 = Velocity=<Area
=, x4

3
= 0.00105 =

5

= v, (@/s)(0.00152) m* =0.00105

=Y, =0.691 m/'s



Deceleration valve

(cam-operated flow control)

Deceleration valves are used to control piston speed during some parts of the actuator
stroke. The valve Is controlled by means of a cam, and depending on the cam shape, it
can either increase or decrease (step-up and step-down) the actuator speed. A
normally-open valve reduces flow when the plunger is depressed by the cam, whereas
for the normally closed valve, a depression of the plunger increases the flow through the
valve (figs. 128A & B).
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Fig 128B Applications for deceleration valves



Flow divider valves

Flow divider valves are used to split (divide) the flow from a pump into two equal or,
where applicable, non- equal parts. The flow division is kept constant, regardless of load

fluctuations on the flow outlets.



Priority flow divider valve (Priority flow control valve)

The priority flow divider is used on power steering or power braking on mobile hydraulic
equipment. The variable input flow, for example, from a pump being driven off an idling
diesel engine, is split into a constant (priority) flow and an excess flow which may be
utilised for other functions. The priority flow leads to the power steering, the excess flow
to other services on the machine.

Some pump manufacturers integrate the priority flow divider into the pump housing.

NLINNNL
N

Fig 129 Flow divider valve (flow cnmbmer}
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Meter-in-Control

%

Meter-in-Control
In both directions

The flow of the fluid can
be controlled as it
enters the cylinder or
motor making it a
meter - in —application.

Example- operation of a
grinding table or a
welding table.

Fig.- 3.9-5 : Meter-in-Control ( In both directions).



Meter-out-Control
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Meter-out-Control
In both directions

Control of the fluid as it leaves the
cylinderis known as a meter-out
control.

Itis widely used in machine tools
often as a quick return mechanism.

Also, itis commonly used on drills.

When the drill point is about to
break through it tends to drag, but

metering the fluid out of the
cylinder prevents the drill from a

fast break through of the material
being drilled.

Fig.- 3.9-6 : Meter-out-Control (In both directions).



Bleed-Off-Control

Diverting the flow of fluid
to the tank is known as
the bleed-off function.
Used in planer table or

: broaching. However,
= o= applications are limited.

Bleed-off-Control
In both directions

Fig.- 3.9-7: Bleed-off-Control (In both directions).
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Motor type flow divider s used for dividing one inpy flow i
output flows. It consists of several hydraulic motors : 0nnect(;3roponional, multiple brarich
common shaft. One input fluid stream is split into ag many gyt O8ether meChanicaHy by a
sections in the flow divider. Because all motor sections rotate atlg] ~1S a5 there are motor
ralés are proportional and depend on the displacemeng of m0t¢‘same SPeed, output flow
dividers can usually handle larger flows than valve type. Greatey acc(: ECtions. Motor flow

coupling piston motors together but this may be expensive, 2o can be achieved by

J |

Figure 6.26 Motortype Flow Divider,



Fig.- 1: Schematic view of Mechanical Servo Valve
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(a) Single stage Proportional Solenoid Pressure Relief Valve with LVDT feedback.
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(b) Two stage Proportional Solenoid Pressure Relief Valve with LVDT feedback
And Maximum Relief setting.
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Figure 1.13Servo symbols: (a) Line-to-line and overlapped spool: (b) underlapped spool.
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A cylinder has to exert a forward thrust of 100 kN and a reverse thrust of 10 kN. The effects of
using various methods of regulating the extend speed will be considered. In all the cases. the
retract speed should be approximately 5 m/min ufilizing full pump flow. Assume that the

maximum pump pressure i1s 160 bar and the pressure drops over the following components and
their associated pipe work (where they are used):

Filter = 3 bar

Directional control valve (DCV) =2 bar

Flow-control valve (controlled flow) = 10 bar

Flow-control valve (check valve) = 3 bar

Determine the following:

(a) The cylinder size (assume the piston-to-rod area ratio to be 2:1).
(b) Pump size.
(¢) Circuit efficiency when using the following:

Case 1. No flow controls (calculate the extend speed).

Case 2: Meter-in flow control for extend speed 0.5 m/min.

Case 3: Meter-out flow control for extend speed 0.05 my/nun.



Extended load = 100 kN
>

Retract load = 10 kN

Ap = Z bar

Ap = 160 bar

—

L

Figure 1.13 Hydraulic cylinder with no control.



Case 1: No flow controls (Fig. 1.13)

Part (a) No flow controls

Maximum available pressure at the full bore end of cylinder = 160 —3 — 2 =155 bar

Back pressure at the annulus side of cylinder = 2 bar.

This is equivalent to 1 bar at the full bore end because of the 2:1 area ratio. Therefore. the
maximum pressure available to overcome load at the full bore end 1s 155 — 1 = 154 bar

. 3 5
Full bore area = Load/Pressure = 100 103 =0.00649 m~
154 =« 105
2
Piston diameter = (M]
T

Select a standard cylinder. say with 100-mm bore and 70-mm rod diameter. Then

Full bore area = 7.85 = 10~ m’
Annulus area = 4.00 x 107 m’
This 1s approximately a 2:1 ratio.

Part (b)No flow controls
Flow rate for a return speed of 5 m/min 1s given by
Area » Velocity = 4.00 x 107 5 m’/min =20 LPM

20 x107 .
Extend speed = ———— = 2.55 m/min
7.85 %10
100 x 10°
Pressure to overcome load on extend = 285 x10° =12.7 MPa= 127 bar
7.85 x
10 x10°
Pressure to overcome load on retract = —— = 2.5 MPa = 25 bar

4.00 x107°



(1) Pressure at pump on extend (working back from the DCV tank port)

Pressure drop over DCV Bto T 2 x (1/2) 1
Load-induced pressure 127
Pressure drop over DCV P to A 2
Pressure drop over filter 3

Therefore. pressure drop required at the pump during extend stroke = 133 bar
Relief-valve setting = 133 + 10% = 146 bar
(11) Pressure requured at the pump on retract (working from the DCV port as before) 1s

(2x2)+25+2+3=34bar
Note: The relief valve will not be working other than at the extremuties of the cylinder stroke.
Also. when movement is not required. pumyp flow can be discharged to the tank at low pressure
through the center condition of the DCV.
Part (c¢) No flow controls
System efficiency:
Energy required to overcome load on the cylinder  Flow to the cylinder x Pressure owing to load

Total energy into fluid Flow from the pump x Pressure at the pump
: 20 x 127 .
Efficiency on extend stroke = e L 100=955%
20 x 133
Efficiency on retract stroke = 20x325 100="73.5%

20 x 34



Case 2: Meter-in flow control for the extend speed of 0.5 m/min(Fig. 1.14)

Part (a) meter in controls
From case 1.
Select a standard cylinder. say with 100-mun bore and 70-mm rod diameter.

Cylinder 100-mm bore diameter * 70-mm rod diameter
Full bore area 7.85 x 10~ m’
Annulus area = 4.00 x 107 m’
Load-induced pressure on extend = 127 bar
Load-induced pressure on retract = 25 bar
Pump flow rate = 20 L/min
Part (b) meter in controls
Flow rate required for the extend speed of 0.5 m/mun 1s
7.85 % 107% 0.5=3.93 x 10~ mr’/min = 3.93 L/min
Working back from the DCV tank port:
Pressure required at the pump on retract 1s
(2x2)+(2=%3)+25+2+3=40bar
Pressure required on the pump at extend is
2% (1/2)+ 127+ 10+ 2 + 3 = 143 bar
Relief-valve setting = 143 + 10% = 157 bar

This 1s close to the maximum working pressure of the pump (160 bar). In practice. it would be
advisable to select either a pump with a higher working pressure (210 bar) or use the next standard



Part (c) meter in controls
Now that a flow-control valve has been introduced when the cylinder 1s on the extend stroke. the
excess fluid will be discharged over the relief valve.

_ 3.93 x 127
System efficiency on extend = 27220 100 =15.9%

0 x 157

_ L . 20x 25 _n s,
System efficiency on retract= ————— %100 = 62.5%

20 x 40



Extended load = 100 kN
-

Retract load = 10 kN
s

3 bar ﬁ.
MI l T >{W Ap = 2 bar
VA TT AN
I
— >Ap =3 bar

Ap = 160 bar

— =9

A

L

Figure 1.14 Hydraulic cylinder with meter-in control



Case 3: Meter-out flow control for the extend speed of 0.5 m/min(Fig. 1.15)
Cylinder. load. flow rate and pump details are as before (partsa and b of meter in control).

Part (c) meter out controls
Working back from the DCV tank port:

Pressure required at the pump on retract 1is

(2=x2)+25+3+2+3=37bar
Pressure required at the pump on extend is

[2 #(1/2)] +[10 = (1/2)] + 127+ 2 +3 =138 bar
Relief-valve setting = 38 + 10 % = 152 bar

_ 3.93x 127 _
System efficiency on extend = % 100 =16.4%
20 x 152
) o _ 20x25 _ ,
System efficiency on retract= ———— = 100 = 67.6%

20 x 37



Extended load = 100 kN
+—

Retract load = 10 kN
ﬁ

3 bar %10 bar

-— Ap =3 bar

Ap =160 bar
———

L]

Figure 1.15 Hydrauliccylinder with meter-out control.



Discussion of results of all three cases: No control. meter-in and meter-out.

As can be seen. meter-out 1s marginally more efficient than meter-in owing to the ratio of piston fo
piston rod area. Both systems are equally efficient when used with through-rod cylinders or
hydraulic motors. It must be remembered that meter-out should prevent any tendency of the load
to run away.

In both cases. if the system runs light. that is. extends against a low load. excessive heat is
generated over the flow confrols i addition to the heat generated over the relief valve.
Consequently. there 1s further reduction in the efficiency. Also. in these circumstances. with
meter-out flow conftrol. very high pressure intensification can occur on the annulus side of the
cylinder and within the pipe work between the cvlinder and the flow-control valve. Take a
sifuation where meter-out circuit s just considered. The load on extend is reduced to 5 kN without
any corresponding reduction in the relief-valve settings.



Flow into the full bore end 1s 3.91 L/mun.
Therefore. excess flow from the pump 1s
20 —3.93=16.07 L/min
that passes over the relief valve at 152 bar.
The pressure at the full bore end of the cylinder 1s = 152 — 3 — 2 =147 bar
This exerts a force that 1s resisted by the load and the reactive back pressure on the annulus side:

5x10° 4.00
147 - = (2+10+p) ~
[7.35 107 x 10° ] ( P s

wherep 1s the pressure within the annulus side of the cylinder and between the cylinder ant the
flow-control valve. So

p=[(147—-6.4) « 7.85/4.00] — 12 = 264 bar
The system efficiency on extend is

393x64

20 x 152
Almost all of the mput power i1s wasted and dissipates as heat into the fluid. mainly across the
relief and flow-control valves,

< 100 =0.83%



Figure 1.16 shows a hydraulic circuat where the actuator speed 1s controlled by a meter-in system
employing a series pressure-compensated valve. Deternune the power mput to the pump under a
steady-state condition. If the series compensation 1s replaced by parallel compensation, and the
load and speed of the actuator remain unchanged, deternune the change of overall efficiency of the
circut.

Load = 6000 N

| -+ =
Velocity = 600 mm,'s

Friction = 100 N

va |

U

c [FT1+ hm Wo=25Lak=038

s T

Ap = 160 bar

=

L

Figure 1.16 Hydraulic cylinder with a pressure-compensated valve.



Solution:
For valve A we have =05 , fﬂp

For valve B we have 0=04 fﬂp

For valve C we have 0=10.3 *,’ﬂp
Now referring to Fig. 1.16, let us calculate the flow to piston side of the cylinder:

0, = ; x 60°x 600 =17 L/s

Flow from the return side of the cylinder 15
»=14L/s

Pump flow 1s given by

O,=2m x 1000/60 = 20=2.1L/s

O3 = Nt Op = 1.93 Lis
Power mnput to the pump = 150 = 10°x 2.1 % 107x 1/0.8 W = 39.4 kW
Power output to the actuator = 6100/1000 = 600/1000=3.6 kW
Therefore, system efficiency = 3.66/39 4 x 100 = 9%
Pressure loss at valve B due to 0>=1 = (1.4/0. 4] =12.2 bar
Pressure at the head end of actuator



p x% x 60°x 107%= 6100 + 12.2 x 10° K% x (602 -252) x 10

= p=29 bar
Pressure losses at B due to O, = (1.7/0.4)* = 18 bar
Pressure losses at valve A =(1 _?.-"{}_5}1 =11.6 bar
Therefore, the total pressure, excludmng that lost 1n the pressure-compensated valve 1f 1t 15 of senes
type, 15

29+ 18+ 11.6+4=062.6 bar

Hence, 150 — 62.6 = 874 bar 1s dropped 1n the pressure-compensated valve 1f 1t 15 of series type.
For a parallel pressure-compensated valve, the excess o1l Q0 — @, would bypass at

62.6 bar— 11.6 bar = 51 bar
The pump delivery would be at 62.6 bar and hence the total power consumption 1s

626 % 10°% 2.1 %107 1/0.8 W=165kW
System efficiency =22.2%



1.3.1 Proportional Solenoids

All standard solenoids have no intermediate positions: rather they are alwavs at one end or the
other of the solenoid stroke. The magnetic flux attempts to drive the plunger to its fully closed
position when the coil is energized. The force developed by the solenoid 1s a function of square of
the solenoid current and inverse function of square of the air gap. The result 1s that the force
increases as the air gap closes as well as when the current increases. A typical force—displacement

Force (N)

Stroke .

Figure 1.2 Solenoid force versus stoke curves with increasing current.



Working range
< >

Armature force (N)
Armature force

Armature movement —»
Solenoid current —————»

Figure 1.7 Proportional solenoid characteristics.
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Figure 1.8 Diagrammatic section of a proportional control valve.

Spring force curve
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Figure 1.3 Solenoid force versus stroke with spring force.
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Flow

200 mA
Solenoid current >

Figure 1.9 Flow current characteristics of a proportional control valve.
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Figure 1.12 The symbols of a proportional directional control valve.
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Figure 1.13 Closed-loop speed control with a proportional valve.



spring

Figure 1.14 Direct-acting proportional reliet valve,

coil

~]=+— Solenoid




Orifica A

5122’/4?3“ S

A h,—-" //
" "y "y
N

1 000 00O/
S \

s

Fa
g T
ERE S -
S 5 i
p s .
5 s
.-
s
o L
L o
& s &
.-""f ,/"
-
A A
A
L
A
;
A

A e '
sesssssweNoocooo

00
S, /ﬁ xg%f’;

Figure 1.15 Proportional pressure-reducing valve.
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Figure 1.22 Pressure-compensated pump with proportional pressure control.
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Figure 1.23 Pump with proportional pressure and flow control.



Parameter

Proportional Hvdraulic Valve

Electrohydraulic Servo Valve

Valve lap

Overlap spool, causing a “dead
zone” on either side of the null
position.

Zero or underlap valve spool.
No dead zone.

Response time for the
valve spool to move
fully over

40—60 ms

510 ms

Maximumn  operating
frequency

Approx. 10 Hz

Approx. 100 Hz

Hysteresis

Without armature feedback approx.
5%

With armature position feedback
approx. 1%

Approx. 0.1%




Proportional valve + Flow

performance \"""-\

Servo .~ Proportional valve

N\

Servo valve

"-rﬂ"-'f hysteresis

performance
—Flow

ldeal valve

performance

Figure 1.15 Hysteresis for a servo valve and a typical proportional valve.



Table 1.1 Comparison of servo valves and electrohydraulic proportional valves

Feature

Servo Valve

EHPV

Electrical operator

TGI’(]HE motor

Proportional solenoid

Manufacturing precision

Extremely high

Moderately high

Feedback circuitry

Maimn system as well as
valve

Valve (depending on type).
main system (seldom)

Cost (compared with a solenoid
valve)

Very expensive

Moderately expensive




1.4.1 Torque Motor
A torque motor is illustrated in Fig. 1.4. It is a simple electromagnetic device consisting of one or two

permanent magnets. two pole pieces. a ferromagnetic armature and two coils. The permanent magnet
polarizes the upper and lower pole pieces. so that they present equal and opposite magnetic fields.
Torque motors are very low-power devices operated on low-voltage DC power.

Coils Armature

ORI AT RS Y TR

Permanent -
Magnets Feedback
Spring
Figure 1.4 Servo valve torque motor.



magnetic field 1s generated. The polarity of the field depends on the direction of the current flow. In
Fig. 1.5, the current flow causes the left end to become the South Pole and right end to become the
North Pole, resulting in counter-clockwise rotation of the armature.

l!

Figure 1.5Servo torque motor operation.
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Figure 1.8Single-stage spool-type servo valve.



2. In neutral, large pilot end is blocked at
pilot valve in the static condition. This

1
pressure is =P

3. Control pressure is present here
at small end of main spool

Linkage fulcrum
(variable)

Pilot stage
(Sleeve)
Pilot spool
System
Pressure
P,

A

ﬁ' |

— ]

B A U

X e

L
o , en
1. Large spool end area is twice Siae

the area of opposite end which is
subject to control pressure at all
times

{H! Coils

Torque Motor
Armature

Control Feedback linkage
Pressure

Pe Main Spool

4. Control pressure holds main spool
stationary against oil trapped at opposite
end at -;-p,(p, x14 = %pc X 2.4)

Figure 1.9Two-stage spool-type servo valve.
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Figure 1.10Two-stage spool-type servo valve.
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Figure 1.11Two-stage spool-type servo valve.



Deflector

Fluid Amplifier

To Load

Figure 1.12Deflector jet valve.



ACCESSORIES USED IN FLUID POWER SYSTEMS

1. Internal leakage:This occurs in hydraulic components built with operating clearances. Moving parts
need to be lubricated and leakage path may be designed solely for this purpose. Internal leakage does not
cause loss of fluid because the fluid returns to the reservoir. This leakage increases the clearances
between mating parts due to wear. If the entire system leakage becomes large enough. the actuators do not
operate properly.

2. External leakage:External leakage represents loss of fluid from the system. It also represents a safety
hazard. Improper assembly of pipe fittings is the most common cause of external leakage. Over-tightened
fittings may become damages or vibrations can cause properly tightened fittings to become loose. Failure

to connect drain lines. excessive operating pressure and contamination might cause the fluid to externally
leak.

1.2 Functions of Seals

Seals are used in hydraulic systems to prevent excessive internal and external leakage and to keep out
contanunation.Various functions of seals include the following:

They prevent leakage — both internal and external.
They prevent dust and other particles from entering into the system.
They maintain pressure,

e W I =

They enhance the service life and reliability of the hydraulic system.



1.2.1 Classification of Hydraulic Seals
Hydraulic seals can be classified as follows:

1. According to the method of sealing:

®  Positive sealing: A positive seal prevents even a minute amount of oil from getting past.
A positive seal does not allow any leakage whatsoever (external or internal).

*  Non-positive sealing: A non-positive seal allows a small amount of internal leakage. such
as the clearance of the piston to provide a lubrication film.

2. According to the relative motion existing between the seals and other parts:

e Static seals: These are used between mating parts that do not move relative toone
another. Typical examples are flange gaskets and seals. o-rings. etc. These are relatively
simple. They are essentially non-wearing and usually trouble-free if assembled properly.

* Dynamic seals: These are assembled befween mating parts that move relative to each
other. Hence. dynamic seals are subject to wear because one of the mating parts rubs

against the seal.
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Figure 1.1 O-ring.
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Figure 1.4 V packings:(a) An outside packed V-ring installation:(b) installation of V packing on the end
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of the ram:(c) V packing for double-acting cylinder.



Leather: This material i1s rugged and inexpensive. However. it tends to squeezewhen dry and
cannot operate above 90°C which is inadequate for many hydraulic systems. Leather does not
operate well at cold temperatures to about —50°C .

Buna-N: This material is rugged and inexpensive and wears well. It has a rather wide operating
temperature range (—45-110°C) during which 1t maintains its good sealing characteristics.
Silicone: This elastomer has an extremely wide temperature range (—65-232°C). Hence. 1t is
widely used for rotating shaft seals and static seals where a wide operating temperature is
expected. Silicone i1s not used for reciprocating seal applications because it has a low tear
resistance.

Neoprene: This material has a temperature range of 50-120°C. It i1s unsuitable above 120°C
because it has a tendency to vulcanize.

Tetrafluoroethyvlene: This material 1s the most widely used plastic for seals of hydraulic
systems. It 1s a tough. chemically mert. waxy solid. which can be processed only by compacting
and sintering. It has an excellent resistance to chemical breakdown up to temperatures of 370°C.
It also has an extremely low coefficient of friction. One major drawback is its tendency to flow
under pressure. forming thin. feathery films. This tendency to flow can be greatly reduced by the
use of filler materials such as graphite. metal wires. glass fibers and asbestos.

Viton: This material contains about 65% fluorine. It has become almost a standard material for
elastomer-type seals for use at elevated temperatures up to 240°C. Its munimuum operating
temperature is 28°C.,



1.3 Durometer Hardness Tester

The physical properties frequently used to describe the behavior of elastomers are as follows: hardness.
coefficient of friction. volume change. compression set. tensile strength. elongation modulus. tear
strength. squeeze stretch. coefficient of thermal expansion and permeability. Among these physical
properties. hardness is the most important because it has a direct relationship to service performance.

A durometer is an instrument used to measure the indentation hardness of rubber and rubber-like
materials. As shown. the hardness scale has a range from 0 to 100. The durometer measures 100 when
pressed firmly on flat glass. High durometer readings indicate a great resistance to denting and thus a hard
material. A durometer hardness of 70 1s the most common value.

A hardness of 80 is usually specified for rotating motion to eliminate the tendency toward side motion
and bunching in the groove. The values between 50 and 60 are used for static seals on rough surfaces.
Hard seal materials (values between 80 and 90) have less breakaway friction than softer materials. which
have a greater tendency to deform and flow into surface irregularities. As a result. harder materials are
used for dynamic seals.



1.4 Reservoirs
The functions of a fluid reservoir in a power hydraulic system are as follows:

1.

n da Wik

il

To provide a chamber in which any change in the volume of fluid in a hydraulic circuit can be
accommodated. When the cylinder extends. there i1s an increased volume of fluid in the circuit
and consequently there 1s a decrease in the reservoir level.

To provide a filling point for the system.
To serve as a storage space for the hydraulic fluid used in the system.
It 1s used as the location where the fluid 1s conditioned.

To provide a volume of fluud which 1s relatively stationery to allow entrained air to separate out
and heavy contamunants to settle. The reservoir 1s where sludge. water and metal slips settle.

It 1s a place where the entrained air picked up by the oil is allowed to escape.

To accomplish the dissipation of heat by its proper design and to provide a radiating and
convective surface to allow the fluid to cool.

A baffle plate extends lengthwise across the center of the tank. The purpose of the baffle plate is to
separate the pump inlet line from the return line to prevent the same fluid from recirculating continuously
within the tank. The functions of a batfle plate are as follows:

R N R O

To permit foreign substances to settle to bottom.

To allow entrained air to escape from oil.

To prevent localized turbulence in the reservoir.

To promote heat dissipation through reservoir walls.



Motor and pump
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Figure 1.11Hydraulic reservoir.



1.4.3 Sizing of the Reservoir

The reservoir capacity should be adequate to cater for changes 1n flmd volume within the system, and
with sufficient surface area to provide system cooling. An oversize reservorr can present some
disadvantages such as increased cost, size and longer warnung-up periods when starting from cold. There
are many empirical rules for sizing reservours.

The sizing of a reservoir 1s based on the following criteria:

-

th 4

-

The munmimum reservoir capacity should be twice the pump delivery per munute. This must be
regarded as an absolute munmimum and may not be sufficient to allow for the volume changes in
the system.

The reservoir capacity should be three to four tumes the pump delivery per nunute. This may well
be too lugh a volume for mobile application.

The reservorr capacity should be 2—15 L per installed horse power. This may result i very large
reservoirs When high-pressure systems are used.

It must make allowance for dirt and chips to settle and for air to escape.

It must be able to hold all the ol

6. It must maintain the oil level high enough to prevent the whirlpool effect.
7. Tt should have a large surface area to dissipate heat generated in the system.
8. It should have an adequate air space to allow for the thermal expansion of oil.



Table 1.1 Operating temperatures for various types of fliuds

Temperature

Mineral Oil Water in Oil (60/40) Water Glycol Phosphate Ester

(°C) (°C) °C) (°C)
Maximum local 100 65 65 150
temperature
Maximum
temperature for 65 40 40 95
confinuous
operation
Maximum
temperature for 40 25 25 65

optimum fluid life




1. Water tube coolers: Water tube o1l coolers consist of a series of interconnected copper tubes through
which the cooling water passes surrounded by a jacket through whaich the hydraulic flud passes. If 1s quiet
in operation and can be arranged so that the o1l pressure 1s lugher than the water pressure; consequently,
any leakage 1s more likely to be of o1l into the water that 15 less serious than the contanmunation of the
hydraulic fllmd. When a water tube cooler 15 used, there 15 considerable flow of water involved and a
separate water cooling fower and a circulating water supply may be necessary. Usually, the water supply
1s thermostatically controlled so that it 1s only switched ON when requuired.

2. Air blast coolers:An air blast cooler 1s similar in construction to a velucle radiator with a powered air
fan. It should be situated in a cool area so that cold air 1s blown over the radiator. An air blast cooler tends
to be noisy but on small installations 1s preferable to water coolers owing to runmng and installation
costs. Air blast coolers are now available to fit between the pump and the electric motor as part of the bell
housing and coupling. Such coolers do not need a separate electric motor drive, but 1t 1s necessary to take
into account the extra power needed when si1zing the pump drive.



1. Filters: They are devices whose primary function is the retention. by some fine porous medium. of
insoluble contaminants from fluid. Filters are used to pick up smaller contaminant particles because they
are able to accumulate them better than a strainer. Generally. a filter consists of fabricated steel housing
with an inlet and an outlet. The filter elements are held in position by springs or other retaining devices.
Because the filter element 1s not capable of being cleaned. that 1s. when the filter becomes dirty. it 1is
discarded and replaced by a new one. Particle sizes removed by filters are measured in microns. The
smallest sized particle that can be removed 1s as small as 1 pm. A strainer is a device whose function is to
remove large particles from a fluid using a wire screen. The smallest sized particle that can be removed
by a stramner 1s as small as 0.15 mm or 150 pm.

2. Hydraulic strainers: A strainer is a coarse filter. Fluid flows more or less straight through it. A
strainer 1s constructed of a fine wire mesh screen or of screening consisting of a specially processed wire
of varying thickness wrapped around metal frames. It does not provide as fine a screening action as filters
do. but offers less resistance to flow and 1s used in pump suction lines where pressure drop must be kept
to a minimum. A strainer should be as large as possible or wherever this is not practical. two or more may
be used in parallel.



According to the filtering methods:

Mechanical filters: This type normally contains a metal or cloth screen or a series of metal disks
separated by thin spacers. Mechanical filters are capable of removing only relatively coarse
particles from the fluid.

Absorption filters: These filters are porous and permeable materials such as paper. wood pulp.
diatomaceous earth. cloth. cellulose and asbestos. Paper filters are impregnated with a resin to
provide added strength. In this type of filters. the particles are actually absorbed as the flwd
permeates the material. Hence. these filters are used for extremely small particle filtration.

Adsorbent filters: Adsorption is a suwrface phenomenon and refers to the tendency of particles to
cling to the surface of the filters. Thus. the capacity of such a filter depends on the amount of
surface area available. Adsorbent materials used include activated clay and chemically treated

paper.

2. According to the size of pores in the material:

Surface filters: These are nothing but simple screens used to clean oil passing through theiwr
pores. The screen thickness is very thin and dirty unwanted particles are collected at the top
surface of the screen when the oil passes. for example. strainer.

Depth filters: These contain a thick-walled filter medium through which the o1l 1s made to flow
and the undesirable foreign particles are retaimned. Much finer particles are arrested and the
capacity 1s much higher than surface filters.



Advantages of suction filters:

(a) A suction filter protects the pump from dirt in the reservoir. Because the suction filter is outside the
reservoir. an indicator telling when the filter element is dirty can be used.
(b) The filter element can be serviced without dismantling the suction line or reservoir (easy to maintain).

L]

Figure 1.15Suction filter.

Disadvantages of suction filters:

(a) A suction filter may starve the pump if not sized properly.



Advantages of a pressure line filter:

(a) A pressure filter can filter very fine contanminants because the system pressure is available to push

the fluid through the element.
(b) A pressure filter can protect a specific component from the harm of deteriorating particles

gEllE‘l’ﬂtEd from an upsiream component.

Disadvantages of a pressure line filter:

(a) The housing of a pressure filter must be designed for high pressure because it operates at full
system pressure. This makes the filter expensive.

(b) If pressure differential and fluid velocity are high enough. dirt can be pushed through the element
or the element may tear or collapse.

Figure 1.16Pressure filter.



Advantages of a return line filter:

(a)A return line filter catches the dirt i the system before it enters the reservorr.
(b)The filter housing does not operate under full system pressure and 1s therefore less expensive
than a pressure filter.

Disadvantages of a return line filter:
(a) There 1s no direct protection for circuit components.

(b) In return line full flow filters. flow surges from discharging cylinders. actuators and accumulators
must be considered when sizing.

Figure 1.17Return line filter.




1.6.3 Beta Ratio of Filters

Filters are rated according to the smallest size of particles they can trap. Filter ratings are i1dentified by
nominal and absolute values in micrometers. A filter with a nonunal rating of 10 pm 1s supposed to frap
up to 95% of the entering particles greater than 10 um in size. The absolute rating represents the size of
the largest pore or opening in the filter and thus indicates the largest size particle that could go through.
Hence. absolute rating of a 10 um nomunal size filter would be greater than 10 pm.

A better parameter for establishing how well a filter traps particles 1s called the beta ratio or beta rating.
The beta ratio 1s deternuned during laboratory testing of a filter receiving a steady-state flow containing a
tine dust of selected particle size. The test begins with a clean filter and ends when pressure drop across
the filter reaches a specified value indicating that the filter has reached the saturation point. This occurs
when contanunant capacity has been reached.

By mathematical definition. the beta ratio equals the number of upstream particles of size greater than
Num divided by the number of downstream particles having size greater than Num where NV 1s the
selected particle size for the given filter. The ratio is represented by the following equation:

Beta ratio = No. of upstream particles of size >N um (1.4)

No. of downstream particles of size =N pm

A beta ratio of 1 would mean that no particle above specified NV are trapped by the filter. A beta ratio of
50 means that 50 particles are trapped for every one that gets through. Most filters have a beta ratio
greater than 75:

.. No. of upstream particles —No. of downstre am particles
Beta efficiency =

No. of upstream particles

Thus.
1

Beta effictency=1—- ———
Beta ratio



Figure 1.18Full flow filter.
Proportional filters (bypass filters): In some hydraulic system applications, only a portion of o1l
s passed through the filter instead of entire volume and the main flow 1s directly passed without
filtration through a restricted passage (Fig. 1.19).
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Figure 1.19Proportional filter.



1.7 Heat Exchangers
The heating up of hydraulic oil beyond tolerable limits in an otherwise well-designed hydraulic systemis

usually a phenomenon associated with high-pressure. high-flow systems cycling at high frequencies. The
input power in such systems 1s usually more than 40 kW.

Heat 1s generated in hydraulic systems because no component can operate at 100% etficiency. Significant
sources of heat include the pump. pressure-relief valves and flow control valves. Heat can cause the

hydraulic flud temperature to exceed its normal operating range of 35-70°C. Excessive temperature
hastens the oxidation of the hydraulic o1l and causes it to become too thin. This promotes deterioration of
seals and packing and accelerates wear between closely fitting parts of hydraulic components of valves.

pumps and actuators.



The sum of the energy less the energy dissipated through the reservows and flow lines by convection and
radiation constitutes the net energy that the heat exchanger must dissipate or the rate of heat transfer. The
maximum o1l temperature at the inlet point to the heat exchanger can now be determuned by using the
equation

H=mC,(T,-T,) (1.6)

Here H 1s the heat transfer rate 1 kJ/s;C, 1s the specific heat at constant pressure that for hydraulic ol =
1.97 kJ/kg"K:T; 1s the o1l temperature at the inlet to the heat exchanger, which typically lies between 55

and 65°C.Tp 15 the oil temperature at the outlet, which 1s the desired o1l temperature that the heat
exchanger must maintamn. A suitable value may be assumed forTywhich 1s consistent with the system
requirement. Also m 1s the mass flow rate deternuned by the equation

m=pxg (kg/s) (1.7)

where p is the density of hydraulic oil in kg/m’ and g is the oil flow rate in m’/s. If the difference between
T, and Tj 1s large, then 1t justifies the need for a heat exchanger. If the difference 1s only margmal, the heat

_ (B60)(F,)

1.8
e (1.8)

Q

whereP;; 1s the wasted energy in kW, 0 1s the water flow rate through the heat exchanger mn L/mun, L is the

temperature of the o1l and T is the water temperature. When the flow capacity as determuned from the
equation 1s nmch larger than the capacity of available heat exchangers, then two smaller heat exchangers
of equal sizes can be used in parallel. Standard heat exchangers would have the oil-to-water ratio of erther
1:1 or 2:1. This means that for every liter of o1l circulated, one or half a liter of water must be circulated to



Example 1.2
Determune the beta ratio of a filter when. during test operation. 30000 particles greater than 20 pm enter
the filter and 1050 of these particles pass through the filter. What is the beta etficiency?

Solution: We have

: No. of upstream particles of size > Num 30000
Beta ratio = = =

No. of downstream paricles of size > N um 1050

No. of upstream particles — No. of downstream particles 30000 —1050

Beta efficiency = =96.5%

No. of upstream particles 30000
Beta efficiency could also be calculated as
! 1 1
Beta efficiency=1- ——=1- =96.5%

Beta ratio 28.6



Example 1.4
Oil at 49°C and 69 bar is flowing through a pressure-relief valve at 38 LPM. What is the downstream oil
temperature?

Solution: First we calculate the power lost/wasted:
Power lost = p (bar) = Q (LPM)
= (69 x 10° N/m’) (38 x 10~ m’/min) = 1/60 (s)
=4370 W=4.37TkW
Next we calculate the o1l flow rate in units of kg/s and the temperature increase.
Oil flow rate (kg/s) = 895 x Oil flow rate (n’/s)

-3
mﬁ = 0.6 ke/s

= 895 x 38 =

Now
Heat generation rate (KW)

01l specific heat E‘5"{‘: » Oil flow rate (kg /s)
Temperature ( C) = kg
_ 437 _ 490

1.8x0.6

Downstream oil temperature =49 + 4 =53 °C




Example 1.9
What would be an adequate size of a reservoir for a hydraulic system using 0.0005 m’/s pump?

Solution: Size of the reservoir is three to four times the capacity of the pump, that is
Size of reservoir = 4 xcapacity of pump (LPM)
=4 0.0005=4x30(LPM) =120 L tank is required
Example 1.10
A pump delivers o1l to a hydraulic motor at 20 LPM at a pressure of 15 MPa. If the motor delivers 4 kW

and 80% of the power loss 1s due to mnternal leakage. which heats the oil. calculate the heat-generation
rate in kJ/min.

Solution: We have

~
s

60
Motor delivers 4 kW: therefore loss 1s 1 kW. Now
Power loss due to leakage = 0.8 x1 =08 kW
Power loss due to leakage = 0.8 x60 =48 kJ / min

% 150000 =5 kKW

Pump power =



Example 1.8

A hydraulic pump operates at 140 bar and delivers o1l at 0.001 m'/s to a hydraulic actuator. O1l discharg
through a pressure relief valve during 60% of the cycle time. The pump has an overall efficiency of 82

and 15% of power 1s lost due to frictional pressure losses in the hydraulic lines. What heat exchang
rating 1s requured to dissipate all the generated heat?

Solution: We have
Pump power loss = Pump power mput — Pump power output
Power output

Pun wer loss =
pPe Orverall efficiency

— Power output

1
Pump power loss = {— — l}pump power output
o

1 —l]x 140x10° % 0.001
82 1000

140x10°x0.001) . .
1000

J =3.073 kW

- (D-ﬁ[})x[

Also

3 R
140:10° = 0.001 |=1_215 KW
1000

A

Line average loss = {0.60} x0.15x [

Therefore

Total loss =3 073 +84+126=1277kW

Select heat exchanger rating of 12.77 kW.
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Single Stage Proportional Valves

* Advantages: |
— Simple design

e, J
Rl EHED

— Cost effective

* Disadvantages:
— Poor dynamic performance (bandwidth)

— At high flow rates and bandwidths, large stroking
force 1s needed

— Large (and expensive) solenoids / torque motors
needed.

— Low end market .. ...



Multi-stage valves

ftotank) (Erom pump)

F =
u—ﬂ

e |A o

» Use hydraulic force to drive the spool .....



Electrohydraulic servo-valve

Multi-stage valve

Typically uses a flapper-nozzle pilot stage

Built-in feedback via feedback wire

Very high dynamic performance
Bandwidth = 100-200+Hz

Pilot stage
M H
=G *
s TCRAUE MOTOR
FLAFPER worzie  Main stage
P __:T—- —— —p
FEEDBACK SPRING (—
P T T




Servovalves

Servo-Valve Diagrams from:



Servo Valve Function

forque motor

N |

1. Rotation of the torque motor
restricts one jet and allow free
flow through the other. What
effect does this have on spool
force balance”

2. How does the second stage

provide closed-loop feedback
to the first stage?

(:
y )

flapper & nozzles

B Pﬂm:::ed orifices




First Stage — Torque-motor-armature

Transtorms electrical
current 1nto torque.
which changes
relative nozzle
pressures ‘

A. Permanent Magnet (2) - yellow
B. Wire Coil - pink

C. Armature Assembly — light blue
D. Upper Pole Piece - light green
E. Lower Pole Piece — dark green




First Stage - Armature rotation

(firp )
Ry

e

e gl iy sl gl effpenien syl i penios ooyl gy Rt

__________________________________________________________




First Stage — Nozzle and Flapper




Second Stage

J. Feedback wire — orange e

K. Nozzles - red

L. Spool — dark blue ' T .

M. Filter — brown ErF i 31 K ""'l

N. Fixed Orifice — light green
O. Variable orifice — dark green




Null Position — Oil Flow path

‘ 1. Supply pressure - red _oomen N
2. Filter pressure — light blue g ----- R ——
3. Spool press. — orange !

RN p——— A
4. Return press — light green I_Bi _': 1H




Activated Position — Oil Flow Path

1. Supply - red

- 2. Filter — light blue

. 3.Spool hi-side — pink
4. Spool lo-side — yellow

. 5. C1 —orchid/magenta
6. C2 — dark blue

- 7. Retun press — light green

e




Servo Valve Parts

Spool

Nozzle

Fixed Orifice
Tubular Filter
Disc Filter

i
2.
3.
4.
5.



Torque Motor Parts

1. Torque motor armature assembly with signal
connector

1. Upper and lower pole pieces
2. Permanent magnet 2. Permanent magnet
3. Electromagnet coll 3. Electromagnet coil
4. Armature/flexure tube/flapper/feedback wire 4. Feedback wire

assembly



Nozzle & Flapper vs. Jet Tube

centering

spring T—0

(coils in series,
czzle aiding)

t‘ ‘\‘ -\
. -
£ ! yalve
spool




Servo Valve Benefits / Characteristics

» Feedback from 27 Stage to 1*

* Low Mass Torque Motor

* Large AP 1n I*' Stage

* Frictionless / Isolated 1% Stage

* Mechanically / Hydraulically Symmetric

. 300-1090 Hz' Natural Frequency Negatives
* Good Linearity

« Contamination Susceptible

— < 3 micron filtration

* High Cost
— Torque motor

— Crntically Lapped



Cartridge Valves

Integrate circuits with many components
using a manifold

Manifold = aluminum block with
internal passages

Standard configurations

Fouwe A28 Ietamal phanbing of a sciondn ceimgs vahe marnikd




Screw-in Cartridge Valve

» Single piece implements the function

* Plugs into standard manifold porting
« manifold itself being custom built

PILOT VALVE g

MAIN-STAGE
SPOOL

Figure 12-44, Pilot-operated relief vaive.
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ACCUMULATORS

Dead load

...................... o
= |
o
&
Breather o
-
= |
i
Maximum
Fluid 0
under Volume of fluid in accumulator =——p
pressure

Figure 1.1 Dead weight accumulator.



Breather hole

Fluid pressure

Spring preload

Fluid 0

{ under Volume of fluid in accumulator —»
pressure

Figure 1.2 Spring-loaded accumulator.



Charging valve
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Free 0
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Fluid
| | : - ' |

Figure 1.3 Gas-loaded accumulator.



Gas valve

v

Nitrogen

Piston separator

Liquid

Figure 1.4 Piston-type accumulator.



-

Diaphragm accumulator:In this type. the hydraulic fluid and nitrogen gas are separated by a
synthetic rubber diaphragm. Schematic diagram of diaphragm accumulator 1s shown in Fig. 1.5.
The advantage of a diaphragm accumulator over a piston accumulator is that it has no sliding
surface that requires lubrication and can therefore be used with fluids having poor lubricating
qualities. It 1s less sensitive to contamination due to lack of any close-fitting components.

Figure 1.5 Diaphragm-type accumulator.



EBladder

separator
Liquid

Poppet valve
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4
A

Bleed plug

Figure 1.6 Bladder-type accumulator.



P Max.working pressure

Min.working pressure
5]

Precharge

ressure
ph
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AV AV = Stored volume
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Figure 1.7 Pressure—volume diagram.



1.2.2 Sizing Accumulators for Adiabatic Condition
Starting from the basic formula p ;" = p#" = p,F7". 1t can be shown that for adiabatic conditions. the

values of maximum nitrogen volume ¥} at the pre-charge pressure py and the stored volume of oil are
given by the following equations:
. 0.7143 0.7143
AV =¥, (P_J _[&]
B P>

AV

07143 i
[(py / )™ = (o / D)
Here. the value of the polytropic exponent # 1s taken equal to 1.4 and therefore 1/7 becomes 0.7143. Here
again mntermediate values can be used for more accurate results.

=V, = (1.9)

0.7143
|

1.2.3 Sizing Accumulators for Emergency Reserve
This 1s a typical application where both 1sothermal and adiabatic conditions prevail due to slow storage
and quick discharge. For this condition. the accumulator volume 1s given by

AV(p, / py)

T[(py /)™ ]

0.7143
P

= AV =V, p, (1.10)

P,

0




1.2.4 Sizing Accumulators for Pulsation Damping

Pulsation damping 1s typically an adiabatic condition because both storage and discharge have to be
accomplished in a very short time. Because pressure pulsation is a phenomenon associated with piston
pumps. the stored volume AF 1s a product of the pump displacement ¢ in liters and a constant & that
depends on whether the pump is single-acting or double-acting and the number of pistons involved.
Pressure pulsation is highest in a single-acting single-piston pump delivering large flows at high
pressures. Here the & factor 1s about 0.69. A single-piston double-acting pump has the same & factor as
that of a double-piston single-acting pump whose & factor is equal to 0.29. A three- or four-piston single-
acting pump has a & factor of 0.12. For any other pump configuration. an average & factor of 0.05 can be
taken with reasonable accuracy.

The stored volume 1s given by

AV = kg where ¢ 1s the pump flow rate in LPM/RPM = number of piston. Now

v - AV (1.11)

T Upe /) = (py ! p)

wherep; = (p — x) and p,=(p + x). Here. p 1s the average working pressure in bar and x i1s given by
(a » p)/100 bar . where a 1s percentage of pulsation.



1. Accumulator as an auxiliary power source: The purpose of accumulator in this application is to
store the oil delivered by the pump during a portion of the work cycle. The accumulator then
releases the stored o1l on demand to complete the cycle. thereby serving as a secondary power
source.

I

U

N

Figure 1.8 Accumulator as an auxiliary power source.
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Figure 1.9 Accumulator as a leakage compensator.
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Figure 1.10 Accumulator as an emergency power source.
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To system

Shut-off valve

Figure 1.11 Accumulator as a hydraulic shock absorber.
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Figure 1.12 Accumulator as a thermal expansion compensator.



[sothermal conditions can be considered to exist if the accumulator 15 used as a volume compensator,
leakage compensator and pressure compensator or as a lubrication compensator. In all other cases, such as
energy accumulation, pulsation damping, emergency power source. dynamic pressure compensator, shock
absorber, hydraulic spring. efc.. expansion and compression process may be considered to take place
under “adiabatic” conditions. Generally, the adiabatic condition 1s considered to exist if the compression
or expansion period 1s less than 3 mun.

1.2 Accumulator Selection

After ascertamning the type of accumulator that 1s appropriate for the purpose envisaged. what remains 1s
determining the volume of the form of “high pressure fluid.” Accumulators are manufactured to a vartety
of pressure ratings and the one chosen should be rated for a pressure more than the maximum system
working pressure .

However, the values of the following basic parameters should be established before proceeding further:
Working pressures p; and p;. The value of p; 1s found from the ratio p, / p, <4 .The maximum gas pre-

charge pressure 15 found from the relationship p, £0.9p, or p,20.25p,. The gas pre-charge pressure
must be as close as possible to the minimum working pressure p; to obtain maximum storage. Special
values for py are used m pulsation damping and shock absorber applications ( p,=0.8p,). Other

paramefers to be determuned are the volume of fluid AV that needs to be stored (A =0.75%,). the
maximum required flow rate and the operating temperature.



Example 1.1

A hydraulic cylinder has to move a certain load through a certain distance i 1 s at a pressure of 140 bar.
An accumulator 1s integrated into the circuit to provide peak power. The accumulator is charged for the
first 20 s and discharged in 2 s. The delivery expected from the accumulator 1s 0.6 L in 2 s as the pressure
falls from 250 to 140 bar. Calculate the accumulator volume. The operating temperature 1s +25-70°C.
Also calculate the reduction in mnput power due to the accumulator.

Solution: This is a case of isothermal compression and adiabatic expansion. The equation considered here
15
o AV(p, /| po)
0 0T
(P2 ') 1]
Because the maximum system pressure 1s above 200 bar. we consider a higher value of 1.6 for the

adiabatic index n. Therefore. 1/1.6 = 0.625. Inserting this value into the above equation. we have
D, =0.8p, =0.9%140 =126 bar (gauge) =127 bar (absolute). So
AV(p, ! py)
[(p, / p)"" 1]
_0.6(251/127)
C[(251/141)°7%
=274 L

If we apply the correction for temperature change because the pre-charge pressure p, was based on the
maximum temperature indicated. we have the new corrected volume

Vor=2.74(343/298)=3.15L
A 3.5 L accumulator would effectively serve the purpose. The delivery from the accumulator 1s 0.6 L n 2
s.0.3 L/s or 18 L/mun.



In the absence of accumulator. the pump has to supply all of this delivery at a pressure of 140 bar. The HP
required would be

(18 x 140)/600 =42 kW
Here the efficiency of the pump is not considered. If the accumulator 1s included in the circuit. the pump
has to deliver 0.6/20 = 0.03 L/s or 1.8 L/mun sufficient to charge the accumulator to a pressure of 250
kef/em’ within the time interval of 20 s. Here again the flow required to retract the cylinder is not
considered.
The power requirement in this case would be (1.8 = 250)/600 =0.75 kW,
The power saved 1s (4.2 — 0.75) = 3.45 kW,

Example 1.2

A hydraulic molding press is kept closed at a maximum system pressure of 200 kgf/em” for a duration of
60 min during the curing period. The maximum leakage permitted during this period is 2 em’/minute and
minimum fall in pressure permitted is 198 kgf/cm’. Calculate the accumulator volume.

Solution: This 1s an application where the accumulator is used as a leakage compensator under i1sothermal
conditions. Therefore. the equation used for this 1s
AV
[Py / Py =Py P,]
Here AV = (2x60)/1000 = 0.12 L. py = (0.9x198) = 178 kef/em’ Inserting these values in the above
equation., we have

Ir:]=

0.12
Vo= . -
[179/199 —179 / 201]
A standard 15 L accumulator would meet the requirement.

=13.3L




Example 1.7

What size of accumulator is necessary to supply 500 cc of flmud in a hydraulic system of maximum
pressure of 200 bar that drops to 100 bar minimum? Assuming N, gas pre-charged of 66 bar. find
adiabatic and 1sothermal solution.

Solution:Stages of pre-c]

. charging and delivery are shown in Fig. 1.13.

.
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(a) Isothermal condition:

Using p,Vh=

Using p, 17

= pr V3 we get

pil; we get

V;— V5 = volume of oil that can be delivered = 0.005m°

Vi= 1>+ 0.005

100+1.013
= Fi sy, = %[V, +0.005]
P 20041.013 | 2

=0.5025 75 + 0.002512
= 0.00505 m°

200+1.013 :
- x0.00505 = 0.01663 m’
p, | 60+1.013



(b) Adiabatic condition:

Using p V" = p,V,* we get

P V:H = P IT“'?31-4

: 114
ﬂ]
Py

1:]1.::}13}“'”4

201.013

=0.61187, + 0.003059
=0.00788 m’

:}V2=P3K

= (V, + D.Dm)[

201.013
67.013

0.714
V= {}.DG?EE( ] =0.01726 m’



Example 1.12

A circunt has been designed to crush a car body nfo bale using a 152 mm diameter hydraulic cylinder.
The hydraulic 15 to extend 2.54 m during a period of 10 s. The time between crushing strokes 1s 5 min.
The following accumulator gas absolute pressures are given:py( gas pre-charge pressure) = 84 bar (abs).
py(gas charge pressure when the pump 1s turned ON) = 210 bar (abs) = pressure relief value sefting.
p3(minmum pressure required to actuate load) = 126 bar (abs).

(a) Calculate the required size of the accumulator.
(b)

What are the pump hydraulic kW power and flow requirements with and without accumulator?



‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

a
-----------
--------------------

Figure 1.17
Let the pre-charging pressure be p; (85 bar). Gas 1s compressed by mncoming oil from pressure 84 to 210
bar and accumulator is discharged till the pressure reaches 126 bar.
(a) Without accumulator:Let the compression and expansion of gas follow 1sothermal law:
iV =paVh=psb;
Here ¥V, 1s the volume of hydraulic cylinder. It can accommodate (75— F;) amount of o1l

Ve=(Vi— 1)
:}ng3=p1V’l
., 210x ¥,
»p= 2 2PN ) ey (113)
p, 126

=V, = %djf =%([}.153}2 x2.54=0.0461m’ = (¥, —¥,) (1.14)

Using Eq. (1.13) in Eq. (1.14) and solving. we get
V,=0.0688 m’

7;=0.155m’
V., 210x0.0688
V= PyYy _ =0.172m° =172
P, 840




(b) With accumulator:The pump charges accumulator i every 2.5 min. In other words. two times n
five minutes,
Flow supplied by the pump
_ 20V _ 2(46.1)
Qp _ -
30 300
Neglecting all losses. power supplied to the pumpis

_ (210x107)(0.307x107)

=0.307LPS

=6.45 kW
1000
Without accumulator: The pump extends cylinder in 10 s. Flow supplied by the pump is
46.1

Neglecting all losses. power supplied to the pump is
Ppup = Py % Oy
_ (126x10°)(461x107)
- 1000
It can be seen that flow and power requirement by the pump 1s more without accumulator.

=58.1 kW
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| Ordering

Outlet Presxl

MP-T-9.0

Ratio Inlet Flow (max.) Outlet Flow Q1 Outlet Flow Q2 Inlet Pressure

Code* (i) (LPM) (LPM) (LPM) (bar) (bar)

| MP-T-1.5 1.5 8.0 0.8 0.3 200 300
MP-T-2.0 20 8.0 0.8 0.2 200 400

| MP-T-3.4 34 15.0 2.2 0.5 200 680
MP-T4.0 4.0 14.0 1.8 0.4 200 800
MP-T-5.0 50 14.0 1.4 0.3 160 800
MP-T-7.0 7.0 13.0 1.1 0.2 114 800

9.0 13.0 0.7 0.1 89

800







D Set
250 PS|

Ta—
(A) -
Set 1 350 PS

& ANMEMt

100 PSI

¥
| SR



Set 1,350 P

B " “iI!HW‘ ®

1,600 PSI

.

52

i
| NP |

Intensifier Ratio
1.86:1




PG2 | 200

A .l
Set 1,350 PS

P A1 l‘il|HM":

200 PS|




|

LINEAR INTENSIFIER
PUMP

HIGH PRESSURE PLUNGER 2 THE BISCUIT ) \ HIGH PRESSURE PLUNGER



(F)

80 PSI Air In 3

Special air-oil intensifier cylinder. System on and ready.



500
W

00T 0
T

(D)

(E)

80 PSI Air In

Special air-oil intensifier cylinder. Fast advance at low force.



U

(E
[/ fla.

80 PSI Air In g g

£y

Special air-oil intensifier cylinder. Starting high-pressure cycle.



(E)

AN/ s

80 PSI Air In 5 g

Special air-oil intensifier cylinder extending at low speed with high force.



The total flow rate (), entering the blank end of the cylinder is giRegenerative Cvlinder Circuit
& =0 +0

where { 1s the pump flow rate and { 1s the regenerative flow or flow from the rod end.

Pomp flow rate (0 ) =0, -0
Baut the total flow rate acting on the blank rod end 15 given by
I:Q._:] = ..-'.!:"I'::'.I
Stmilarly, theflow rate from the rod end 15 given by
I:QI :J = I:Ap - 'IIl :].I"::u

So pump flow rate is

O =dAv, —(4 -4,

=0, =4,
The extending speed of the piston is given as
.9 _
="

Thus, a small area provides a large extending speed. The extending speed can be preater than the
retracting speed if the rod area 15 made smaller. The retraction speed 15 given by

0, Ll
= -'ll, _‘4:
The ratio of extending and retracting speed 15 given as

¥




Cylinder

43 OCV (solenoid-operated)

Pressure-ralief
ey
Fressure-
unkoading
T
|:|re:5-un:
bra-Thow

Figure 1.5 Double-pump circwmt.



Sigusinig valve i

Claitig oyl (20

Bendimg cylnder (8]

LJ

Cgngiadinie vakie 3

ALTE

L

Figure 1.7 Sequencing circut.
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I
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43 DOV [pilot-cpersted|

Figure 1.85equencing circuit.



Locked cylinders with pilot check valves.
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Series

'

Parallel
Figure 1.10Cvlinders 1in parallel and senes.



g.u:lu.hnbl._l = Qmui.un 7

we get

(A, — A v =40,
For synchromization v, =v, . Therefore,
(4 —A) =4, (1.1)
The pump mmst deliver a pressure equal to that requared for the piston of cylinder 1 by itself to overcome
loads acting on both extending cylinders. We know that the pressure acting at the blank end of cylinder 2
15 equal to the pressure acting at the rod end of cylinder 1.
Forces acting on cylinder 1 give
PIApI. _P!{Apl —4,)=F

Forces acting on cylinder 2 give
PEA;.: _Pz'[-"{pz —-4,)=F,
UsmgEq. (1.1)and noting that p, =0 (it 15 connected to the tank), we have

PI""IpI. _P:{4.1}= F (1.2)
P(4,)-0=F, (13)

Now, Eq. (1.2) + Eq. (1.3) gives
pd, =F +F, (1.4)

IfEqgs. (1.1) and (1.4) are met in a hydranlic cirenit, the cylinders hooked m senes operate 1n
synchromzation



Two-Handed Safety System

T
|
|
|
|




Figure 1.13 Fail-zafe curcnits — inadvertent cylinder extension.



Figure 1.14 Fail-safe circuits —overload protection
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(5)

(4)

Figure 1.15 Rapid traverse and feed circuit.



Figure 1.16 Rapid traverse and feed circuit — alternate circuut.



Example 1.7
For the hydraulic system 1s shown in Fig. 1.22

(a) What 1s the pump pressure for forward stroke 1if the cylinder loads are 22000 N each and cylinder 1
has the piston area of 65 cmn™ and zero back pressure?

(b) What 1s pump pressure fcj:r retraction stroke (loads pull to right). if the piston and rod areas of cylinder
2 equal to 50 cm” and 15 cm'. respectively. and zero back pressure?

(c) Solve using a back pressure p; of 300 kPa instead of zero. the piston area and rod area of cylinder 2
equal 50 and 15 cm’, respectively.

(a)Pressure acting during forward stroke 1s
_F+F 22000+ 22000
A, 65x107

=0.77 MPa

(b)For cylinder 2 we can write

Ps (-‘%1 _A;:)_P:Ap: =F,

For cylinder 1. force balance gives

pl('Apl _41) =K

But 4, =4, —4,.So we can write
pydy =h
and rod side pressure of second cylinder 1s given by

_ F+F, 22000+ 22000
S A,—4,  35x107

=12570000 Pa =12.57 MPa

Ps



(c)For cylinder 1, we have

Pl‘%l - B (Apl —4,)=F
Siularly for eylinder 2, we have

Py — P4, —A)=F lr1
Adding both equations and notmng that 4, = 4, — 4, yield

by —pi(dy, —Ay)=F + F

F+F+p(4,-4)]
— :I ! X
P 4, |

_ [22000 N +22000 N +300000 N / m*(50-15) cm® x 10~ m’ | | —

= p = ) > 1
27 65 e x 10~ m |
= p, =693 MPa

U

Figure 1.22



Example 1.8
For the double-pump system in Fig. 123, what should be pressure setting of the unloading valve and

pressure-relief valve under the following conditions:

(a) Sheet metal punching operation requires a force of 8000 N.

(b) A hydraulic cylinder has a 3.75 cm diameter piston and a 1.25 cm diameter rod.

(c) During the rapid extension of the cylinder, a frictional pressure loss of 675 kPa occurs 1n the line
from the lugh-flow pump to the blank end of the eylinder. During the same time, a 350 kPa
pressure loss occurs 1n the return line from the rod end of the cylinder to the o1l tank. Frictional
pressure losses in these lines are negligibly small during the punching operation.

(d) Assume that the unloading valve and relief-valve pressure setting (for their full pump flow
requrements) should be 50% higher than the pressure requured to overcome frictional pressure
losses and the cylinder punching load, respectively.



4/3 DCV (solenoid operated)

Pressure relief

cvi valve
-

High- Apl I I

pressure NV1 vF-

line —®|_Pressure

unloading
-g valve |_|
High- &
pressure Electric motor
low-flow
|_, Low-pressure
l_, high-flow pump

Low-pressure line



Unloading valve: Back pressure force on the cylinder equals pressure loss in the return hine times the
effective area of the cylinder (4, —4):
Fot preemze = 350000 N xZ(0.0375* —0.0125%) m> =344 N
m- 4
Pressure at the blank end of the cylinder required to overcome back pressure force equals the back
pressure force divided by the area of the cylinder piston:

Poyiviank end = SN =311kPa

E(ﬂ_ﬂi?i"‘ )m’

Thus, the pressure setting of unloading valve equals

1.50(675+311) kPa =1480 kPa

Pressure relief valve: Pressure required to overcome the punching operation equals the punching load
divided by the area of the cylinder piston:

8000 N

T - 5
— (00375 )m"
4( )

Thus, the pressure setting of pressure-relief valve equals
1.50 x7240 kPa = 10860 kPa
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HSTs : Hydrostatic Transmission systems

|
v

Open Circuit Pini Closed Circuit
Discontinued Flow Iping term Continued Flow
(interrupted) (uninterrupted)
I |
i i Control term i v l
1. Open Loop 2. Closed Loop 3. Open Loop 4. Closed Loop
No Feedback Feedback No Feedback Feedback

(a)




(v)

v"‘{,;

o ¢
T A
o [—+ (i) -
e j/ : l ]

y 3 T < = R '
LB L e H R L
l-7_(Viil-) - - [ l L—: o.; |snm’ :

o s [ = = 8 b
4/3 DC Valve ‘F") : f_ Pl P ) " : i
Vi <y X)) == A | e e .
( ) " Feed Pumg : - “/H | W L. :
(N) : 7;::—{- * 4 |
e Sy eSS e :
/ l |
,, K Bty gt .:_.__.::__'..f. _________________ i ._.__I
( /
LN | v ¥ Y
|
|1 () I

Fig. 6.23-3 : Closed Circuit HST
Fig. 6.23-2 : Open Circuit HST



e N

Displacement Transmission Output Commonly Known as
PUMP | MOTOR | POWER | TORQUE Speed
Fixed Fixed Constant | Constant | Constant -
Variable Fixed Variable | Constant Variable Constant Torque System
Fixed Variable | Constant | Variable Variable Constant Power System
Variable | Variable | Variable | Variable Variable -




Actuation modes of directional control valves in electro-hydraulics

Solenoid with one winding ' /
Solenoid with two opposing windings -/ \
Solenoid with manual override /

Two-stage (pilot-actuated) valve;
the piloted directional control valve is l/ }
electromagnetically actuated




Switching elements

normally open contact | normally closed contact
\ ) ( delays when dropping off

A\ normally open contact, latched | \| changeover contact

normally open contact, closes | control switch with
& in delayed mode [ \ normally open contact

7/ q  limit switch
normally closed contact
A limit switch
7 normally closed contact, 'V (actuated normally

latched open contact)




Electromechanical switching elements

relay, contactor

relay with switch-off delay

relay with switch-on delay

shut-off valve,
electromechanically actuated

relay with three normally
open contacts and
one normally closed contact




Block symbols for proximity sensors

proximity sensor,

proximity sensor,

proximity sensor,

proximity sensor,

proximity sensor,

general

inductive

capacitive

optical

magnetic

S et o

1
T

tebiel-
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Figure 9-24. Air-over-oil circuit.
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Figure 9-25. Air-over-oil intensifier circuit.
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Switching elements

normallv open contact | normally closed contact
\ yop J ( delays when dropping off

normally open contact, latched | \| changeover contact

normally open contact, closes | control switch with
&= in delayed mode - \ normally open contact

/ q  limit switch
normally closed contact
A limit switch
7 normally closed contact, | l?L (actuated normally

latched open contact)




Electromechanical switching elements

relay, contactor

relay with switch-off delay

relay with switch-on delay

shut-off valve,
electromechanically actuated

relay with three normally
open contacts and
one normally closed contact




Block symbols for proximity sensors

proximity sensor,

proximity sensor,

proximity sensor,

proximity sensor,

proximity sensor,

general

inductive

capacitive

optical

magnetic

Sl o1 of

1
T

t ol ef-




Cylinder 1

Cylinder 2

1-LS 2-LS START

SOLA

Vi

SOLB SOLC

.

AlR I
IN
{a) (b)

Figure 13-14. Dual cylinder sequencing circuil.

1. Cylinder 1 extends.

2. Cylinder 2 extends.

3. Both cylinders retract.
4. Cycle 1s ended.



CYLINDER 1

CYLINDER 2

1-LS

SOL A

Vi

2-LS

V2

Ol
IN

LT

SOL B



STOP I 1-1LS
|
T 71 rL : :
1-CR |
N TS
1-LS
2-CR
=
g —O==0—
2-1LS
1-CR SOL A
[
2-CR SOL B

3. Cylinder 2 retracts.

1. Cylinder 1 extends. 4. Cycle is ended.

2, Cylinder 2 extends while cylinder 1 retracts,



H—t

1 PS
V2 |
SOL A SOL B —
- 1l >< :
: VE V3
ou.t L <
IN 0.5

(a)



~+——POWER LINE—
1 SW
RETRACT OEXTEND

UNLOAD

/o
SOL A 5 +

1-PS (NO}

1

{b)

Figure 13-17. Electrical control of regenerative circuit,
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Absoulte humidity

Relative humidity of air = — — X 100
humidity at saturatrion

Gas Laws

To understand Pneumatic systems, we must first understand the
behavior of gases. Their behavior is described by the perfect gas laws.

Ideal gas Equation: p.V=m.R.T p.V=cons. T

—

Boyle’s Law :p, Vi=p.Vy (Temp. 1s constant) p al/V
Charle’s law  : V{/T{ = V,/T; (Pressureis constant) Vo T

Gay-Lussac’s Law py/T; = p2/T; (Volume 1s constant) pa T



Table 1.4 Comparison between Hydraulic and Pneumatic systems

Hydraulic system

Pneumatic system

It employs a pressurized liquid
as flmd

it employs a compressed gas
usually air as a flud

O1l hydraulics system operates at | Pneumatics  systems  usually
pressures upto 700 bar. operate at 5 to 10 bar.
Generally designed for closed Pneumatic systems are usually

systems

designed as open system

System get slow down of leakage
OCCUIS

Leakage does not affect the system
much more

Valve operations are difficult

Easy to operate the valves

Heavier in weight

Light in weight

Pumps are used to provide
pressurized liquids

Compressors are used to provide
compressed gas

System 15 unsafe to fire hazards

System 15 free from fire hazards

Automatic [ubrication 1s provided

Special arrangements for

[ubrication needed.




Compressor Classification

Compressors
Dynamic ‘ Displacement
lEjectnr Radial lm:ial
Y
Rotary Reciprocating
One rotor Two rotors

Roots
Screw ‘5‘3"’ ‘ Trunkl E;gﬁslubvrinth Dlaph—l




Non-positive Compressor (Centrifugal type)




Cycling of Compressor

> Cut-in Pressure
> Cut-out Pressure

Cycling of the air pump is
controlled by Pressure switch
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Valve
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First stage
(low pressure)

Driven by same
T motor

f:; L Outlet

P

]

N

Second stage
(high pressure)

Figure 1.11 Multi stage piston aiwr compressor with intercooler



Dry air outlet

Condensate

Moist air inlet

— Condensate drain

Figure 1.1 Absorption dryer



Air -air heat exchanger

Drv air outlet

— |

— |

Moist air inlet

o b
o
L e

Separator

Cooling agent

Refrigeration plant

. Stage 1 Stage 2
- -~

Figure 1.3 Refrigerated drver
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Tvpe

Advantages

Disadvantages

Absorption | Pressure dew point + 16 °C Inlet temperature must not exceed 30 °C
Low capital cost Drying agents are consumables and
therefore must be regularly replenished.
Highly corrosive chemical are used.
They are not environmental friendly
Refrigeration | + 3 °C pressure dew point Output dew pomt will vary with
Input temperature can be as high as 16 °C approach temperature at the inlet and
cleanliness of heat exchanger
Adsorption | Achievable pressure dew point of -40 °C High capatal cost

High operating cost

Use of micro filters adds cost to prevent

the residue from chemicals.




Adsorber |

Orving

Dey compressed air

N Mg =)
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Mot air
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Alr from compressor
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Figure 1.2 Adsorption type dryer
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[ 28]

H.E cylinder

delivery pressure

pV"™ = constant

L.P. cylinder

intercooler pressure

pV™ = constant
e

intake pressure

- 1/

Figure 1.15 PV Diagram for two stage air compressor



Figure 1.13 Multi stage compressions



Rotary Screw Compressor

Rotary vane Compressor




Item Reciprocating Rotary vane | Rotary screw Centrifugal
Efficiency at full load | High Medium-high | High High
Efficiency at part load | High due to staging | Poor: below | Poor: below 60% | Poor: below 60%
60% of full | of full load of full load
load
Efficitency at  no | High (10%-25%) Medmum High Poor High-medium

load(power as % of

full load)

(30%-40%)

(255-60%)

(20%-30%)

Noise level Noisy Quuet Quiet it enclosed Quiet

Size Large Compact Compact Compact

Onl carry over Moderate Low-medium | Low Low

WVibration High Less Less Less

Maintenance Many wearing parts | Few wearing | Very few weanng | Sensitive to dust mn
parts parts ar

Capacity Low-high Low-medium | Low-high Medium-high

Pressure Medium- very high | Low-medium | Medium-high Medium-high




T To system

Safety valve

Removable access |

cover (Manhole)

From compressor

Pressure Temperature

. Temperature and pressure

I—ﬁ Drain cock

signal to electrical control

Figure 1.8 Components of Air receiver



Q,and Q, = volume flow rate of air at the compress inlet and out let (m*/min)
prand p; = absoulte pressure of air at the compressor inlet and outlest (kPa(abs)

Tyand T, = Absolute temperature of air at the compressor at inlet and out let (k)

o= (2)F)

Case 2 : Air is supplied to the receiver during the time interval in which air is being draw

off

Usmg general gas law

Then, The air receiver size can be determined by using the following empirical equation

101t[Q, —Q.]
V, =
[pma}: - pmin]

V. = receiver size (m?)

t = time that receiver can supply required amount of air, ( min)
Q, = consumption rate of pneumatic system ( standard m?/min)
Q. = outflow rate of pneumatic system ( standard m*/min)
Pmax = Maximum pressure level in receiver (kPa)

Pmin = Maximum pressure level in receiver (kPa)



Pneumatic motor Graphic symbol

A. Uni-directional B. Bi-tlirectional

i

Pneumatic DCV Graphic symbol

A TWII'.H&]\‘, two-position. A. Retract cylinder. B. Extend cylinder.
A : o {0 - i
i ER=) M- W
' |
B. Three-way, two-position. ML D WAL D

N@; AT T




A Hydraulic.

A Retract e

B. Extend cylinder.

Vi




5/3 DCV

-A. Graphic symbol.

AB

/)

PEP,

B. Controfling a double-acting cylinder.

--"—t:{t

m'm i

Standard DCV neutral position

A. Closed center. B. Float center.

AB AB
g

EPE EPE

2
I
—]
My
=
~2
T
P
~JZ
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A\

WL\

/L.

A}

/I

A

//

SR8 ]

RUA

g

WAL

i

A. Manuat lever

B. Pushbutton

C. Foot pedal

0. Mechanical (cam)

E. Pllot-operated

F Solenold

Actuation types



.
—> P2

A. Check valve.

B. Shuttie (0I!) valve.

C. AND valve.

D. Quick exhaust valve.

DCV's



AND Valve

EAY

---------

Quick Exhaust Valve




Pneumatic Silencer
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Simple Pneumatic system

—
=

A i
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SEsEsEsRARIRERERERERRRE e
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B

BEsEEERARERARS R

C — Accumulator

B — Check valve

A — Compressor

E — Actuator

D — Directional valve



Air Preparation

(i) Pressure Regulator




Air Preparation

(ii) Filters




Air Preparation
(iii) Lubricator

Lubricated ais
Feed nozzle
Feed tube
or

>
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throat
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Pilot line



Air Preparation
Complete FRL unit




Pneumatic Circuit Design Consideration

When analyzing or designing a pneumatic circuit, the
following four important considerations must be taken

into account:

1.Safety of operation

2 .Performance of desired function
3.Efficiency of operation

4 Costs



The tuts table for two input OR gate s
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The truth table for & two imput AND gate is gives below
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1
d

—— -

1
i~~vw  2-step speed control
=

Assume V3 allows more
flow rate than V4

‘m (Bed of Exienfion ShoWs )

FRL —<}—

N =




What happens to the cylinders in each case?
a. V1 is actuated and held
b. V1 is released and V2 is actuated and held

—
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Consider the circuit
a. What happens to the cylinder when V4 is used?
b. What happens to the cylinder when V5 is used?




PNEUMATIC LOGIC CONTROL SYSTEMS

These systems use logic devices that switch a fluid,
from one outlet of the device to another outlet.

Devices that use a fluid (usually air) as the power supply
medium are broadly classified as

1. MPL (Moving Part Logic devices)
2. Fluidic (Fluid + Logic) devices

| MPL |
MPL are miniature valve type devices, which by the

action of internal moving parts, perform switching
operation in fluid logic system

These circuits utilize 4 major logic control functions:
AND, OR, NOT, MEMORY



vIt is a new technology that utilizes fluid flow phenomena
in components and circuits to perform a wide variety of
control functions.

Concept of Fluidics

The effect of one stream meeting another to change
its direction of flow and the effect of a fluid sticking
to a wall - Coanda Effect

This effect includes: Sensing, Logic, Memory, Timing



NOT Circuit

The output is ON only

when the input control
signal is off

Memory Circuit
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Timing-out Circuit or Limited Memory Circuit

3 r-
-r---o Time functions are
_ _’- introduced to delay
operation of the circuit,

Off-Time delay

usually by placing a
resistance in the circuit.

Timing-in Circuit

-
:

“_—7

Unlimited MEMORY:
Command signal reverts by

v-;-o

manually

On-Time delay

Limited MEMORY:
Command signal reverts by
automatically




MPL Cylinder sequencing circuit
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MPL control of a Double acting cylinder




Coanda effect devive
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Basic Bistable flip-flop
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Monos?kable flip flop

! \
OR/NOR AND/NAND

Monostable device is slightly asymmetrical. As a result, this
device favors one leg.
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Fluid Sensor

It's a device that senses a change in some parameter and as
a result causes a related change in another parameter that
can be recognized and inierpreted.

= Back-pressure sensor
* Proximity sensor

= Interruptible sensor
= Contact sensor

SENSING

NozZLE Back pressure Sensor
- £ PRESSURE
c AT POINT P
CAP
AlR )
SUPPLY . —_—F

02 O

0

= ) |{

0
Gap at sensing nozzle




Control of Air cylinder using preferenced Flip flop
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Sequencing circuit using preferenced Flip flop
OR/NOR Monostable device
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Continuous reciprocation of Hydraulic cylinder

© OFF
Tlm onl @0‘
FLIP.FLOP SWITCH
/\
I )
] I
i e |
: 1000 PSI :
: Olvm_j )
LM T M
02 | o s o - o1 | o2
[m:nrmt
NOR VALVE NOR
2 PSI 2PSI




ME 7553 — Hydraulics and Pneumatics

Lecture -21

Date: 13-10-2020 Time slot: 08:30-09:20 a.m.
Contents
1. Review of lecture 20

2. Valves
3. Pneumatics circuits

Course Instructor: Dr. A. Siddharthan



Y

Single acting cylinder

FAL %"; M ANANTA ﬁ
e —




z
?gl \“ L.
100 Poi W ‘l >
*V, ,V, wad B athag “ |
% Oiv. pilold DY W _ Ay hh?t
. Ps 4 =
LB ’ " ‘-%—1 nn\‘,—‘_
"' l‘!hh’y S
Valve . Vo[

Air pilot control of double acting cylinder

+
|

V, achuber ( Retwet)




FRL

S
\

vz




Dedlercin oiv tughivo
of- 4  PrawmuMt  Cirudt

FRL

E lr_t nlHom
o

<3 : *’d
; -
ot # [
: ¥
--i ."4.’:}\

s




—————————————————————

1
d

—— -

1
i~~vw  2-step speed control
=

Assume V3 allows more
flow rate than V4

‘m (Bed of Exienfion ShoWs )

FRL —<}—

N =




What happens to the cylinders in each case?
a. V1 is actuated and held
b. V1 is released and V2 is actuated and held
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V3 4 V4 - Sequance VAve



Consider the circuit
a. What happens to the cylinder when V4 is used?
b. What happens to the cylinder when V5 is used?
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(b) Poppet position 2

Figure 1.1 Two/Two Ball seat Pop
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Figure 1.2 Disc seat poppet valve
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Pilot air (12)

Figure 1.7 3/2 Directional control valve (pneumatically operated)



Figure 1.15 Three different positions of 4/3 way rotary spool directional control valve.
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Figure 1.38 Functional diagram of quick exhaust valve.



Quick return

Figure 1.39 Application of quick exhaust valve.
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PNEUMATIC LOGIC CONTROL SYSTEMS

These systems use logic devices that switch a fluid,
from one outlet of the device to another outlet.

Devices that use a fluid (usually air) as the power supply
medium are broadly classified as

1. MPL (Moving Part Logic devices)
2. Fluidic (Fluid + Logic) devices

| MPL |
MPL are miniature valve type devices, which by the

action of internal moving parts, perform switching
operation in fluid logic system

These circuits utilize 4 major logic control functions:
AND, OR, NOT, MEMORY



vIt is a new technology that utilizes fluid flow phenomena
in components and circuits to perform a wide variety of
control functions.

Concept of Fluidics

The effect of one stream meeting another to change
its direction of flow and the effect of a fluid sticking
to a wall - Coanda Effect

This effect includes: Sensing, Logic, Memory, Timing



NOT Circuit

The output is ON only

when the input control
signal is off

Memory Circuit
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MPL Cylinder sequencing circuit
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MPL control of a Double acting cylinder




Coanda effect devive
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Fluid Sensor

It's a device that senses a change in some parameter and as
a result causes a related change in another parameter that
can be recognized and inierpreted.

= Back-pressure sensor
* Proximity sensor

= Interruptible sensor
= Contact sensor

SENSING

NozZLE Back pressure Sensor
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Control of Air cylinder using preferenced Flip flop
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Sequencing circuit using preferenced Flip flop
OR/NOR Monostable device
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Continuous reciprocation of Hydraulic cylinder
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Example 2 : Two cylinders are used to transfer parts from a magazine onto a chute (Figure 1.12).
When a push bufton is pressed. the first cylinder extends. Pushing the part from the magazine and
positions it in preparation for transfer by the second cylinder onto the out feed chute. Once the part is
transferred. the first cylinder retracts, followed by the second. Confirmation of all extended and
retracted positions are required.

Figure 1.12 Positional diagram
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Step? Step3  Stepd Step3=l

Ficure 1.14 Displacement step diagram

Step 5 Draw the Displacement —time diagram (Figure 1.15)

1
At A-
A \

0
1
B+ B-
5 \
0| |
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Time step —

Figure 1.15 Displacement time diagram
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Figure 1.19 Pneumatic circuit for A+B+A-B-




1.2.3 Eliminarion of Signal Conflict
Various methods are used to solve problem of signal conflicts in mmlti cvlinder circuits.
a) Idle retum roller

b) Reversing valves { memory valves)
¢) Modules as combination of valves

Actuation height

Figure 1.25 Two designs of Idle return rollers
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a) Cylinder extending (b) Cylinder fully extended
Valve actuated Valve is released

(d) Cvlinder fully retracted (c) Cylinder retracting
Valve is NOT actuated Valve is NOT actuated

Figure 1.26 Actions of Idle return rollers



First cylinder A extends and brings under stamping station where cylinder B 1s located. Cvlinder B
then extends and stamps the job. Cylinder A can return back only cylinder B has retracted fully.

Step 2: Draw the positional lavout. (Figure 1.28)

1
A=
A
0
1
B+ B-
B
0
Clamping Step  Step?  Step3  Stepd  Step 3=l
dimpin
Position step
Cylinder A —

{ ipz ” > Figure 1.29 Displacement step diagram

Figure 1.28 Positional diagram
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Figure 1.31 Displacement time diagram
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Figure 1.35 Pneumatic circuits for A+ B+ B- A-
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Timing-out Circuit or Limited Memory Circuit

3 r-
-r---o Time functions are
_ _’- introduced to delay
operation of the circuit,

Off-Time delay

usually by placing a
resistance in the circuit.

Timing-in Circuit

-
:

“_—7

Unlimited MEMORY:
Command signal reverts by

v-;-o

manually

On-Time delay

Limited MEMORY:
Command signal reverts by
automatically




Table 1.1 Timing diagrams for all four type of Pneumatic delay valve

Timing diagram Symbol
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Example 12: A double acting cylinder 1s used to press together glued components . Upon operation
of a press button, the clamping eylinder slowly advances. Once the fully extended position 1s reached
. the cylinder 1s to remain for a time of t = 6 seconds and then immediately retract to the mitial
position. A new start cycle 1s only possible after the cylinder has fully retracted and after a delay of 5

seconds. During this delay the finished part 1s manually removed and replaced with new parts for

gluing. The retracting speed should be fast, but adjustable.
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__— Actuator type
{pushbutton)

/,,f Switching element
]

. Contact

F-A

Fig. 3.2

Normally open contact
(make)

— section and symbol



Fig. 3.3:
Normally open contact
(break) — ____— Actuator type
section and symbol (pushbutton)
F Al
Contact
‘Hx
Switching element




Fig. 3.5:

1 2 4 Mechanical limit switch:
— construction and
connection possibilities
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Fig. 3.6
Reed switch
(normally open contact)




Fig. 5.2-

Posifional skefch of the

lifting device
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Fig. 5.5:
Pneumatic circuit diagram
of the lifting device
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The Problem A plastic component is embossed using a die driven by a double-acting
cylinder. The die is to advance and emboss the plastic when a push but-
ton is operated. The return of the die is to be effected when a preset
pressure is reached. The embossing pressure is to be adjustable.

Fig. 5.24
Positional skefch
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The Problem A double-acting cylinder is used to press together glued components.

Fig. 5.28
Positional sketch

Upon operation of a push button, the clamping cylinder extends.

Once the fully advanced position is reached, the cylinder is to remain for
a time of T= 6 seconds and then immediately retract to the initial posi-
tion. The cylinder retraction is to be adjustable. A new start cycle is only
possible after the cylinder has fully retracted.
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