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Introduction
This resource is designed to help the student gain the knowledge and skills to achieve
the competency MEM18020B Maintain Hydraulic System Components. This unit may
be assessed on the job, off the job – or through a combination of the two. The skills
covered by this unit can be demonstrated by an individual working alone or as part of a
team. The unit comprises the two elements detailed in the table below. This unit can be
clustered with MEM15004B – Perform Inspection.

MEM18020B – Maintain Hydraulic System Components
Elements and performance criteria
1.1 System components are identified correctly.
Element 1:
Checks hydraulic
systems
components

1.2 The characteristics and operational function of each
system component are understood.
1.3 The operational function of each component is
inspected and tested.
1.4 Correct operation of each component is assessed
against specifications.
2.1 Faulty system components are localised and
malfunction is confirmed by inspection and testing
using fluid power principles, procedures and safety
requirements.
2.2 Faulty system components are dismantled and rectified
to manufacturers’/site specifications.

Element 2:
Identify and repair
or replace faulty
hydraulic system
components

2.3 Replacement parts are selected from manufacturers’
catalogues according to required specifications.
2.4 System components are reassembled and tested
for correct operation and assessment against
specifications.
2.5 Correct operation of the hydraulic system is confirmed
to designated operating procedure.
2.6 Appropriate follow-up procedures are adopted
according to standard operating procedures.
2.7 Where appropriate, service reports are completed using
standard operating procedures.
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Recommended resources
Rohner, P 1995, Industrial Hydraulic Control, 4th edn, John Wiley & Sons, Brisbane.
Industrial Hydraulic Technology 1992, video series, Trinity Workplace Learning,
Chattanooga.

Recommended practical activities
It is recommended that students undertake the following practical activities to support
both their use of this resource and final unit outcomes:
●●

hose manufacture and testing

●●

tube manufacture and testing

●●

hydraulic cylinder service and testing

●●

hydraulic pump service and testing

●●

pressure valve service and testing.

How to use this learner’s guide
This book is your guide to developing the underpinning knowledge and practical skills
required to pass this unit of competency. It has been divided into five sections, which
can be worked through individually in varying order – or in the sequence set out here.
However, Section 1 must be completed first, as it covers hydraulic safety and basic
hydraulic principles – on which you will be assessed in the practical activities.
Each section has an introduction to the topic area and directs you to undertake tasks,
such as reading a section of a reference text or watching a video, prior to undertaking
the practical activity for that section. Each section also contains review questions.
These are there to allow you to check your understanding of the topic area before you
start the practical activity. Your lecturer may question you to assess your underpinning
knowledge during the practical assessments.

How you will be assessed
See your assessor for the practical task worksheets applicable to the equipment
you are using. You must have a good understanding of the topic area before you
attempt these tasks and you must adhere to the appropriate manuals and precautions.
Adherence to safety procedures, correctness of maintenance procedures and
underpinning knowledge will be also assessed during these tasks. These assessments
can be performed either on or off the job. Your assessor must be a qualified workplace
assessor.
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Section 1 – Hydraulic safety, principles,
seals, fluid conductors and symbols
Hydraulic safety
Before attempting to perform any testing or checks on a system or dismantling any
components, you should ensure that working conditions are safe. The following
rules must be observed. They are essential for safety – and will be included in the
assessment for this unit of competency.
1.

Isolate the machine from external power supplies.

2.

Use the ‘tag system’ to prevent other people from trying to operate the machine.
This is particularly important if you are to leave the machine unattended. The types
of tags most commonly used are illustrated below.

Figure 1: Danger tags
(Reproduced with the permission of the Industrial Foundation for Accident Prevention (IFAP))

3.

Provide support for pressure-held loads that could fall when pressure is removed
through disconnection of the working unit.

4.

Relieve the system pressure. It is dangerous to remove a hose that contains oil
under pressure. Operate valves each way after the pump has been switched off
and the system is at rest, to bleed it of any line pressures.
Note: Although oil under pressure does not contain any stored energy, as
compressed air does, stored energy can be present in pressurised flexible hoses,
in a cylinder holding up a load or in a charged accumulator.

7

Section 1

Hydraulic safety, principles, seals, fluid conductors and symbols

5.

Some hydraulic pumps and control valves are heavy – so you must provide a
means of support, such as a chain hoist, floor jack or blocks, before removing
them.

6.

When working on machines with mobile parts, ensure there’s enough space in the
workshop to conduct the maintenance procedure. For example, you must consider
whether a rotating boom might collide with part of the workshop during machine
testing – or whether some other activated device might hit the ceiling or overhead
power lines.

7.

Keep the work area tidy. Use drain trays under hydraulic equipment and, if any
oil spillage occurs, clean it up immediately. Remember that one quality of oil
is reduction of friction and oil on the floor will reduce the friction between your
footwear and the ground, which could lead to an accident.

8.

Never service a hydraulic system while the motor, pump or actuators are operating
– unless absolutely necessary.

9.

To ensure control of the unit, keep the hydraulics in proper adjustment.

10. When washing parts, use a non-volatile cleaning solvent that is compatible with
the hydraulic system.
11. While using test equipment coupled to flexible hoses, tie down the hoses and/or
the test equipment. As flexible hoses are pressurised, they stiffen and tend to
straighten out. Unless restrained, any test equipment attached to the end will lift up
in the air and then, when the pressure is released, crash down again, potentially
damaging itself.
12. Be sure all line connections are tight and lines are not damaged. Oil escaping
under pressure is a fire hazard and can cause injury.
13. Although manipulating hydraulic control valves may bleed down a system, you
need to be aware that pressure may still be trapped in a system which has
counterbalance and pilot-operated check valves incorporated. This is because
hydraulic pressure is required to operate these valves. You should therefore make
yourself familiar with a system and its components before you start working on it.

Activity 1 – Hydraulic safety
The following questions are designed to allow you to determine your understanding of
hydraulic safety before you apply it to your practical activities.
When you have completed this activity, check your answers with your lecturer or
workshop supervisor.

Question 1
List four safety factors that must be considered before working on a hydraulic system.
1.

_________________________________________________________________

2.

_________________________________________________________________

3.

_________________________________________________________________

4.

_________________________________________________________________
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Question 2
List two things you must consider when using a cleaning solvent on hydraulic
components.
1.

_________________________________________________________________

2.

_________________________________________________________________

Question 3
State a recommended procedure to use when testing a hydraulic line for leaks.
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________

Introduction to hydraulics
Over the last decade, hydraulically operated machines and mobile equipment have
been used by industry in ever-increasing numbers.
Such devices are often very expensive and it is important that the operator, or person in
charge of the equipment, can recognise minor faults before a major breakdown occurs.
They should also be able to carry out preventative maintenance checks on equipment.
It may also be necessary for an operator to carry out minor repairs on hydraulic devices
before expensive parts become permanently damaged.
This competency unit provides theoretical and practical training for people who are
responsible for the operation and maintenance of hydraulic equipment at the trade
level.

Recommended viewing
Industrial Hydraulic Technology video series:
1. Physical World of the Machine
2. Hydraulic Transmission of Force and Energy
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Units of measurement used in hydraulics
You need to be familiar with certain metric units of measurement in order to understand
hydraulic principles and what actually happens in the hydraulic systems you will be
working on.
The following are the basic parameters and units of measurement used in hydraulics
and discussed in this resource:
●●

force – which is measured in Newtons (N)

●●

area – which is measured in square metres (m2)

●●

pressure – which is measured in Pascals (Pa)

●●

flow – which is measured in cubic metres per minute (m3/min)

●●

time – which is measured in seconds (s)

●●

volume – which is measured in cubic metres (m3)

●●

length – which is measured in metres (m)

●●

velocity – which is measured in metres per second (m/s).

The table below shows equivalent values which are useful to know:
1 Megapascal (MPa)

1 cubic metre (m )
3

1 litre (L)

kilopascals (kPa)

Pascals (Pa)

Bar

1000

1 000 000

10

litres (L)

cubic
centimetres
(cm3 or cc)

millilitre
(mL)

1000

1 000 000

1 000 000

cubic
centimetres

millilitres

cubic decimetres
(dm3)

1000

1000

1

Table 1

Force
Force is an effort capable of causing a load to move or stopping it from moving. The
unit of measurement is the Newton, a force which can be best appreciated by placing a
mass of one kilogram in your hands, as illustrated on the next page. The sensation you
experience by supporting the weight is caused by a force of approximately 10 Newtons,
which your hands have to provide to prevent the one‑kilogram mass from falling due to
gravity (at an acceleration rate of 9.81 metres per second per second).
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Gravity

1 kg

Figure 2: Force = mass x acceleration
(in this case, the acceleration produced by gravity)

To be exact, one Newton is defined as the force necessary to give a one‑kilogram
mass an acceleration of one metre per second per second.

Area
In the context of hydraulics, area is the surface over which the force is applied and its
unit of measurement is the square metre. The example below shows how to calculate
the surface area of a hydraulic piston with a diameter of 100 mm (or 0.1 m).

Ø 100 mm

			Area =

≠ x d2
4

			Area =

≠ x 0.12
4

(Note: We must convert millimetres to metres and so divide by 1000.)

≠ x 0.01
4
0.0314
			Area =
4
			Area = 0.00785 m2
			Area =

11
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Pressure
Pressure is produced when a force is applied over an area. The unit of measurement is
the Pascal, which is equivalent to the force of one Newton applied over an area of one
square metre.
1 Newton force

Piston area = 1 m²

Pressure = 1 Pascal

Figure 3: Pressure =

force
area

Example
400 mm
200 mm

10 kg
plate

The pressure applied by the 10-kilogram block on the plate illustrated above would be
calculated as follows.
							

Pressure =

force
area

(Note: The force exerted by the mass is found by multiplying the kilogram value
by the acceleration caused by gravity (9.81m/s2). We must also convert the block’s
dimensions to metres.)
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10 kg x 9.81 m/s2
0.2 m x 0.4 m
98.1
Pressure =
0.08
Pressure = 1226.25 Pascals (Pa)

								

or

								

Pressure =

							

1.226 kPa

One Pascal is actually a very small degree of pressure. At sea level, an atmospheric
pressure of 101.3 kPa, or one atmosphere, is acting on your body. Other units of
pressure commonly used are the:
kilopascal – 1 kPa is equal to 1000 Pascals (kilo means ‘x 1000’)
bar – 1 bar is equal to 100 000 Pascals or 100 kPa
megapascal – 1 MPa is equal to 1 000 000 Pascals (mega means x ‘1 000 000’).
Note: The imperial unit of pressure (pounds per square inch or psi) is also used in
some industries and some of you may be familiar with this. However, you are encou
raged to work in SI (System International) metric units, as this is the Australian
Standard.
To convert psi to kPa, multiply by 6.89476. For example, 100 psi is equal to
689.476 kPa.
Because fluids have no shape of their own, they will take the shape of the container
and, in a confined incompressible fluid, pressure is transmitted equally to all points of
the container. We can use these principles to transmit power and multiply a force.
1000 Newtons

Area 1
1 m²

5000 Newtons

1000 Pa

Area 2
5 m²

Figure 4: Force multiplication

For example, as illustrated above, if a 1000-Newton force is applied to a piston with
a surface area of one square metre, it will produce a pressure of 1000 Pascals, as
demonstrated by the following calculation.
		

Pressure =

force
1000 N
=
= 1000 Pa
area
1 m2
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Pascal’s laws of fluid pressures state that this same pressure is transmitted to all
points of the container – that is, it acts equally in all directions and at right angles to
any surface in contact with the fluid. Therefore, this pressure is also applied to the
five‑square‑metre piston, achieving a five-fold multiplication of the original force, as
shown in the calculation below.
2
		 Force = pressure x area = 1000 Pa x 5 m = 5000 N

The relationships between force, pressure and area can easily be remembered by
placing the parameters in a triangle in various ways, as shown below.

F
p

						

A

Where: F = force

						

p = pressure

						

A = area

Looking at the triangle above, if we cover up the F, we can see that force = pressure x
area.

F
p

A

Now from the triangle we can see that area =

force
pressure

F
p
From this triangle we can see that pressure =

14
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Seals
Excessive leakage in a hydraulic circuit reduces efficiency and results in power loss
or creates a housekeeping problem or both. This section will introduce you to the
main types of seals and their applications. You will be required to identify, inspect and
change seals in your practical tasks on pumps, actuators and pressure valves.
Hydraulic seals prevent leakage by closing off oil passageways; they seal the gaps to
prevent fluid loss. Seals have two general types of application, static and dynamic, as
illustrated below.

Static seals
A static seal is one that is compressed between two rigidly connected parts to seal the
fluid passage and has a compression of approximately 25 per cent.

Dynamic seals
A dynamic seal is one that is installed between two parts that move relative to one
another, for example on a rotating shaft or a sliding piston. The sealing principle
requires the seal to be compressed slightly (approximately 10 per cent) during
installation. The seal is allowed to flex in the sealing chamber and a mechanical or
fluid pressure forces the seal to distort and block the passageway. These seals require
lubrication during movement or sealing.
Dynamic seals used on piston

Dynamic seal used on cushion seals

Dynamic seals used on rod end

Static seals in end caps

Figure 5: Dynamic and static seals
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Fluid conductors
Hydraulic tube, pipe and hose sizing
Oil flow through a tube pipe or hose affects system performance and component life.
The wrong size of hose, pipe or tube can result in the following problems:
●●

reduced pressure

●●

system overheating

●●

vibration

●●

cavitation (caused by too low a pressure at pump inlet)

●●

slow actuator response

●●

turbulent flow

●●

high back pressure (in return or tank lines).
5 MPa

8 MPa

140 litres/minute

200 litres/minute
Figure 6: Effects of incorrect line sizing

The above figure illustrates how high back‑pressure can be caused by incorrect line
sizing. Not only is there an increase in back‑pressure but also the flow rate is reduced,
which would result in reduced actuator speed.
It is therefore necessary for you to have an understanding of fluid conductors and the
factors affecting their selection before you undertake the task of manufacturing and
testing a fluid conductor.
From your readings so far, you would have learnt that hydraulic conductor sizing
depends upon two main factors. These are:
●●

The wall thickness of the tube, pipe or hose must be strong enough to convey the
pressurised fluid even under the extreme pressure of surges (shocks).

●●

The cross-sectional area must be large enough to prevent pressure drops and
convey the correct flow of fluid.

Hydraulic lines (that is, pipe and hoses) are measured by the inside diameter in
millimetres.
Tube is measured by the outside diameter and wall thickness (but you use internal
diameter when utilising a flow rate nomogram to determine required size).
Steel pipe is used:
●●

where fluid is to be conducted along straight paths

●●

because of its low cost compared to hose

●●

where use can be made of welding fittings.

16
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When matching hydraulic fittings and components, the hydraulic technician will need to
check the:
●●

type of thread (eg JIC, BSPP, BSPT etc)

●●

angle of any sealing face (seat angle)

●●

pressure rating of the fitting.

Hoses are used where there is a degree of movement between components.
A hydraulic hose will have a line (usually consisting of the manufacture’s name and
hose information) running along its length. This is so that the technician can detect any
twist in the hose during fitment.

No twists

X Twisted hose
General hose installation principles
Remember the following:
●●

Do not twist the hose. High pressure applied to a twisted hose may cause
loosening of the nut or failure of the hose.

●●

Make sure hose has enough slack to avoid pulling at the nut and allow for thermal
contraction and movement.

●●

Provide as large a bend radius as possible.

●●

Use clamps and lacing to prevent hose from chafing.

●●

Do not let the hose lie against hot exhaust-carrying components.

Most hose failures result from one of three causes: heat damage, chafing or improper
installation and assembly.
Failures from all three are preventable – if one knows what to look for.
Heat damage results from the hose resting against an exhaust‑carrying component.
No hose, whether fire‑sleeved or not, will withstand direct contact with an exhaust
stack. Such heat damage is usually not visible from the outside of the hose. At the
point of contact, the hose liner overheats and becomes brittle (if rubber) or melts
(if non‑rubber). If the hose is moved or bent, a crack develops at the heat‑damaged
point.
If you see a hose lying against a hot surface such as an exhaust, throw away the hose.
You won’t be able to see the damage but the hose liner, if it hasn’t already failed, will
not be far off doing so.
17
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Chafing is a common cause of failure. It is almost never visible during a visual
examination and therefore missed during most inspections. Think about it: the chafe
point is where the hose rests against something – you can’t see the chafe damage
without moving the hose. Pull the hose away from any points of contact and look
behind the hose. Wherever a hose is touching something you must inspect for chafing,
cutting or other damage.
Faulty installation: hydraulic hoses have a tendency to expand in diameter and
contract in length when pressurised. When manufacturing and fitting hoses, this needs
to be taken into consideration.
Slight curve

X Too tight
Other points to remember:
●●

Use elbows to avoid sharp bends near the end of the hose assembly.

X

18
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Maintain the minimum centreline bend radius.

X

●●

Do not allow hose movement in more than one plane. Flexing a hose in two
separate planes of movement will cause torsion in the hose assembly. Always
install the hose assembly so that flexing occurs in one plane only and this is the
same plane in which bending occurs.

●●

If hoses (and pipes) are required to conduct fluid over a large distance, they will
need to be supported as illustrated below.

Clamping
of tubes
Figure
7: Clamping
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Flow velocity and rate

Oil flow velocity (speed) is measured in metres per second (m/s).
The following figures for flow velocity should not be exceeded when selecting tube and
hose sizes:
Suction lines (pump inlet)
Return lines (to tank)
Pressure lines

0.5–1.5 m/s
2.0–3.0 m/s
0–5 MPa
5–10 MPa		
10–20 MPa		

4.0 m/s
4.0–5.0 m/s
5.0–6.0 m/s

Oil velocities of 1.5 m/s for pump inlet and 5.0 m/s for pressure lines are commonly
used.

Flow rate nomogram
Flow rate is a measure of the amount of hydraulic oil flowing through the tube or hose.
The flow may come directly from the pump, from a valve in the control circuit or from a
number of actuators returning fluid to the tank at the same time. Flow rate is measured
in litres per minute or litres per second and is the amount of oil flowing past a given
point in a given time.
An example of how to use a flow rate nomogram to select a suitably sized conductor is
given below.
Example
Given a required oil flow rate of 105 L/min and a velocity of 4 m/s, find a suitable tube
for a system with working pressure of 20 MPa (200 bar).
The flow rate and flow velocity are known. By linking these values together with
a straight line on the nomogram (next page), the required inside diameter can be
determined by reading off the internal diameter scale where the straight line crosses
(approx 26 to 27 mm). Using this method, any of the three variables can be found if the
other two are known.
To meet the above requirements, we need to find a tube that has a wall thickness
capable of withstanding the pressure as well as the correct internal diameter to meet
flow requirements. This is done by referring to a tube selection chart, like the one
shown on the page following the nomogram. The tube required is a 35 mm tube with
a 4 mm wall thickness. This meets not only our pressure requirement but also the
necessary internal diameter of 27 mm.

20 MPa

4 mm

27 mm
35 mm

20

4 mm

MEM18020B
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Flow rate nomogram
Note: A nomogram like this could be used for tube, hose and pipe – but this one is for
demonstration purposes only.
Flow
(L/min)

400
300

Conductor internal
diameter (mm)

Flow
velocity (m/s)

150

0.3

200
150

0.4

100

0.5
0.6

100
50
40
50

30

1.5

20

2

40
30

15
20
15

10
9

26–27
mm
26
- 27mm

0.7
0.8
0.9
1

3

10
9
8
7

4

6

7
8

5
4

5

3

4

2.5

5
6

9
10

3

2
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Tube selection chart
Outside
diameter (mm)

22

Wall
thickness (mm)

Calculated
max pressure (bar)

4

1

600

5

1

400

6

1

300

6

2

1200

8

1

228

8

2

686

10

1

172

10

2

458

12

1

137

12

2

343

14

1

128

14

2

309

15

1.5

192

15

2.5

365

16

1.5

177

16

2.5

331

18

1.5

154

18

3

365

20

2

193

20

3

313

22

1.5

122

22

3

273

25

2

147

25

3

230

28

1.5

92

28

3

199

30

2.5

119

30

4

265

35

2

100

35

4

216

38

3

136

38

5

261

42

2
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Non-skived hose manufacture
Instructions:
1.

Measure the effective cut-off length of the hose to suit the installation position
nominated by your assessor.

Hose cut-off length

2.

Cut the hose to length.

3.

Clean out the hose.

35 MPa

½ inch

23
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4.

Fit the hose fittings.
a) Hold the body by the front hexagonal section horizontally in a vice.

b)

24
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Lightly apply oil to the hose cover over a length of about 20 mm from the end.
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c)

Screw the hose into the large left-hand thread of the body in an anti-clockwise
direction until it reaches the stop (fine thread) inside the body.

d)

Screw the hose back in a clockwise direction by two-thirds (⅔) of a turn to
back it off from the stop (fine thread) by approximately 1.5 to 2.0 mm.

e)

Remove the hose and body from the vice and visually check that the end of
the hose is back from the stop inside the body by approximately 1.5 mm.

f)

Hold the stem by its hexagonal section horizontally in a vice and apply oil to
its tapered end.

25
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g)

Position the hose and body onto the stem. Avoid ‘slicing’ of the inner hose
tube.

h)

Screw the hose and body onto the stem, applying some initial pressure, until
the stem thread engages the thread of the body.

i)

Hold the body and hose by the front hexagonal section of the body vertically
in the vice.

j)

Screw the stem in until the shoulder of the stem is between 0.0 and 1.5 mm
from the face of the body.

0.0 to 1.5 mm

Body or shell

Stem

Maintain a continuous screwing motion to prevent ‘cooling’ off and binding between the
stem and the inner tube.
5.

26

Remove the hose assembly from the vice and repeat the fitting operation at the
other end.
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Install and test the hose to work order or site requirements.

and and
test test
rig rig
FigureInstallation
8: Installation

Tube bending
When constructing a tube profile from an engineering drawing, remember that stated
dimensions are usually taken from centre-line measurements. This is also the most
common method of taking measurements in ‘on the job’ situations, as illustrated below.
10 mm tube

70 mm

Tube bend radius 25 mm

80 mm

150 mm
Centre-line distances
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Calculating the gain of a 90° bend
The dimensions of 70 mm, 150 mm and 80 mm shown in the drawing on the previous
page would be satisfactory for calculating the pre-cut length of the tube profile if we had
square corners. But, when you make a bend with the tube bender, the tube actually
follows a curved path, and short cut on the inside of the bend, as shown below.
R (25 mm)

R (25 mm)

25 mm bender radius

The length of the curved tube segment = degrees of the arc x 2πR
360°
To calculate the reduction in tube length per 90° bend when using a tube bender with a
radius of 25 mm, use the following steps.
1.

Add the ‘equivalent’ straight lengths = R + R = 2R = 50 mm

2.

Calculate the curved length =

3.

The reduction in tube length = 50 – 39.25 = 10.75 mm

90° x 2πR = 39.25 mm
360°

Please note that the result of this calculation applies only to a 10 mm tube when using
a 25‑mm tube bender.
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Calculating the gain of a 45° bend

45°

S1
S2
R x°

Tan x

=

x°

R

S1
R

∴ S1 = Tan 22.5° x R
S1 = Tan 22.5° x 25
S1 = 0.4142 x 25
S1 = 10.35 mm
S1 = S2

To calculate the reduction in tube length per 45° bend when using a tube bender with a
radius of 25 mm, use the following steps.
1.

Add the straight lengths = S1 + S2 = 10.35 + 10.35 = 20.7 mm

2.

Calculate the curved length =

3.

The reduction in tube length = 20.7 – 19.65 = 1.05 mm

45° x 2πR = 19.65 mm
360°

Remember that the result of this calculation applies only to a 10 mm tube when using a
25‑mm tube bender.
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General rules for tube bending
1.

The normal minimum bend radius should not be less than three times the tube
diameter. This is a general rule to prevent the tube from distorting – that is,
flattening, kinking or wrinkling – and the actual minimum depends upon the gauge
(wall thickness) and ductility of the tube.

2.

The approximate gain for a 90° bend is equal to the tube diameter.

The reduction in tube length will vary according to the size of tube you are bending and
the size of the bend radius.
A tube bender will have a ‘gain scale’ on the form handle as illustrated below.

0

1

2

3

4

90o GAIN

0

1

2

3

45o GAIN

Figure 9: Gain scales on tube bender

Shoe handle

Link

Gain scales

Latch

Figure 10: Tube bender
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Making 90° bends
When your measured distance is clamped on the left-hand side, line up your mark
with the ‘90°’ mark on the link and line up the ‘0’s, as pictured below. (To produce a 45°
bend, you would line up your measured distance with the ‘45°’ mark on the link). Clamp
the tube with the latch.

Measured centre-to-centre distance
‘0’

0

0123

0

45° GAIN

90°

90

R

45

45

90
5

13

180

‘0’

0

0123

45° GAIN

0

45

90
5

13

180

‘0’s lined up.

Close the shoe handle and line up the ‘0’s.
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‘0’

0123

0

45° GAIN

45

0

90
5

13

180

90°

Rotate the handle until the ‘0’ and ‘90°’ line up (or the ‘45°’ mark were aligned if you
were making that angle).

Remove the tube from the bender and check the bend for squareness and to ensure
there are no wrinkles or flattening of the bend.
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When the measured distance is taken from the right-hand side, align the mark with
the ‘R’, as shown below. This is for both 45° and 90° bends.
‘R’

0

23

0

45° GAIN

90

R

45

45

90
13
5

180

Measured c–c distance

0
0123

45° GAIN

0

45

90
13
5

180

Line up the ‘0’s.
Measured c–c distance

Close the shoe handle so its ‘0’ lines up with the ‘0’ on the form handle.
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‘0’

0123

0

45° GAIN

45

0

90
5

13

180

90°

Then rotate the handle until the required mark is reached.

50 mm +
– 2 mm

Bends 90° +
– 2°

75 mm +
– 2 mm
centre to centre

50 mm +
– 2 mm

Check your bends for squareness and ensure that the tube assembly lays flat on the
table.
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Flare-type fittings
Tube

Nut

Ferrule

Body

Figure 11: Flare-type fitting

Assembly procedure for flare-type fittings
1.

Cut the tube to length. File both ends square and remove all burrs from edges,
both internal and external.

2.

Select fittings and slide nut and sleeve onto the tube. The open threaded end of
the nut and the toe of the sleeve should be towards the cut end of the tube.

3.

Use the flaring tool to form a 37° flare.
To operate the flaring tool:
i)

Back off the feed screw handle and clamp yoke to permit the flaring bars to
slide freely through the yoke. Slide the yoke to the hinged end of the flaring
bars.

Feed screw

Clamp yoke
Flaring bars

Figure 12: Flaring tool
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ii)

Insert the tube into the proper-sized opening and close the flaring bars. Push the
tube up from the bottom of the tool until it is even with the top of the flaring bars.

iii)

Slide the yoke forward over the tube until the arrow on the yoke meets the line on
the flaring bars. Firmly tighten the clamp screw.

iv)

Turn the feed screw handle clockwise until the pressure kick-out releases. A few
additional turns before backing off the screw will burnish the flare.

v)

Back off the feed screw handle as far as it will go. Release the clamp screw and
slide the yoke back. Remove the tube. If the tube tends to stick, tighten the clamp
screw against the tapered ends of the bars. This action will force the bars open.

For the correct length and diameter of the flare, the outside corner of the flare should
extend beyond the inside diameter of the toe of the sleeve but not beyond the outside
diameter of the sleeve, as illustrated below.

Outside diameter
of toe

Inside diameter
of toe
Toe of sleeve

Maximum flare
Minimum
Figure 13: Maximum and minimum
flaresflare

The flare must be square and concentric with the tube and fitting for the sleeve to seat
properly.

Activity 2 – Fluid conductors
The following questions are designed to allow you to check your understanding of fluid
conductors.
Answer each by ticking the relevant box. When you have completed this activity, check
your answers.

Question 1
Use the flow rate nomogram and the hydraulic tube specification chart (both given
at the end of this activity) to select a suitable tube for a system with a flow rate of
200 litres per minute, a maximum flow velocity of 5 m/s and a working pressure of
100 bar.
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a)

15 mm O.D. with a wall thickness of 1.5 mm



b)

20 mm O.D. with a wall thickness of 2 mm



c)

28 mm O.D. with a wall thickness of 3 mm



d)

35 mm O.D. with a wall thickness of 2 mm.

Question 2
The use of steel pipe is desirable:


a)

when the fluid is conducted along straight paths



b)

because of its low cost



c)

when use can be made of welding fittings



d)

all of the above.

Question 3
When matching hydraulic fittings and components, the hydraulic technician will need to
check the:


a)

type of thread



b)

angle of any sealing face (seat angle)



c)

pressure rating



d)

all of the above.

Question 4
Two hydraulic hoses have the same pressure rating and are classified as
SAE 100 R13 - 20 (hose A) and SAE 100 R2 - 14 Type A (hose B). However, hose
A has six layers of wire reinforcement, while hose B has only two layers of wire
reinforcement. The explanation for the same pressure rating is:


a)

the wire in hose B is made of high-tensile steel



b)

the diameter of hose A is larger than that of hose B



c)

hose A is designed for maximum flexibility



d)

the wire in hose A is smaller in diameter than the wire in hose B.

Question 5
The white line on the outer cover of hydraulic hose is used:


a)

to indicate the hose is reinforced with steel wire



b)

to indicate the type of rubber used



c)

as an indicator of a twisted hose



d)

in finding the hose identification number.
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Question 6
The recommended minimum bend radius for steel tube is:


a)

two times the tube diameter



b)

three times the tube diameter



c)

four times the tube diameter



d)

five times the tube diameter.

Question 7
When the oil pressure in a hydraulic hose increases, the diameter of the hose:


a)

increases and length decreases



b)

decreases and length increases



c)

increases and length increases



d)

decreases and length decreases.

Question 8
Use the flow rate nomogram and hydraulic hose specification tables given at the end of
this activity to select a hose for an application with a flow rate of 190 L/min, maximum
flow velocity of 4 m/s and a maximum working pressure of 10 MPa.


a)

G1956-24



b)

G1955-20



c)

G1956-20



d)

G1955-32.

Question 9
Use the given flow rate nomogram and hydraulic hose specification tables to select a
hose for an application with a flow rate of 70 L/min, maximum flow velocity of 1.5 m/s
and a maximum dynamic working pressure 35 MPa:


a)

G1956-38



b)

G1956-20



c)

G1955-32



d)

G1955-20.

Answers

1.

d – Note: tubes have two walls.

4.

b

7.

a

2.

d

5.

c

8.

c

3.

d

6.

b

9.

d
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Flow rate nomogram
Flow
L/min

400
300

Conductor internal
diameter (mm)

150

Flow
velocity (m/s)

0.3
200

100

150

0.4
0.5
0.6

100

50
40

50
40
30

0.7
0.8
0.9
1

30
1.5
20

2

15
3

20
15

10
9
8
7
6
5
4

10
9
8
7
6

4
5
6

5

7
8

4

9
10

3
2.5

3

2
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Tube selection chart

40

Outside
diameter (mm)

Wall
thickness (mm)

Calculated
max pressure (bar)

4

1

600

5

1

400

6

1

300

6

2

1200

8

1

228

8

2

686

10

1

172

10

2

458

12

1

137

12

2

343

14

1

128

14

2

309

15

1.5

192

15

2.5

365

16

1.5

177

16

2.5

331

18

1.5

154

18

3

365

20

2

193

20

3

313

22

1.5

122

22

3

273

25

2

147

25

3

230

28

1.5

92

28

3

199

30

2.5

119

30

4

265

35

2

100

35

4

216

38

3

136

38

5

261
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G1955 SERIES HOSE
Hose code

Hose
I.D. mm

Hose
O.D. mm

Burst
pressure
MPa

Dynamic
working
pressure
MPa

Static
working
pressure
MPa

Minimum
bend
radius mm

G1955-12

19

32

140

35

56

240

G1955-16

25

39

140

35

56

300

G1955-20

31.5

50

140

35

56

415

G1955-24

38

57

140

35

56

500

G1955-32

51

71

140

35

56

635

G1956 SERIES HOSE
Maximum
working
pressure MPa

Minimum
bend
radius mm

Hose code

Hose
I.D. mm

Hose
O.D. mm

Burst
pressure MPa

G1956-4

6.3

17

140

35

100

G1956-6

10

21

112

28

130

G1956-8

12.5

24

100

25

180

G1956-10

16

26

80

20

205

G1956-12

19

28

64

16

240

G1956-16

25

32

56

14

300

G1956-20

31.5

40

44

11

420

G1956-24

38

50

35

8

500
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Symbols for hydraulic components
The installation, modification and troubleshooting of a hydraulic system require an
understanding of hydraulic circuit drawings. Circuit diagrams and the symbols used
in them should be drawn to the ISO 1219‑1 standard. Before working on a hydraulic
system, you should obtain and trace through the circuit drawing to ensure that any
potential hazards are identified, so precautions can be taken to avoid personal injury
and damage to equipment. It is therefore necessary for you both to be capable of
identifying components and to know their function in a circuit.
In addition to knowing the symbols illustrated on the following pages, remembering the
points below will help you to understand a hydraulic system and be able to identify its
components.
1.

The starting point in circuit reading is the reservoir and the termination point is the
actuator.

2.

Control valves are shown in the de-energised, or neutral, position.

3.

When tracing a circuit’s operation, mentally move the valve envelopes into the
position to give the desired flow.

4.

Arrows are used in the envelopes to indicate fluid flow direction.

5.

Fluid flow will take the path of least resistance.

6.

Identify the basic type of circuit – either open or closed-loop construction.

7.

Identify the type of fluid lines connecting the components in the circuit diagram.

Basic hydraulic symbols
Reservoirs

Reservoir with return below fluid level

Reservoir with return above fluid level

Check valves

P

P

P

Spring-assisted

42
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Pumps

Uni-directional
fixed displacement

Bi-directional
fixed displacement

Uni-directional
variable displacement

Filters and oil coolers

P

P

Oil filter

Oil filter with bypass

Air-cooled oil cooler

Oil cooler with coolant links

Gauges and meters

Pressure

Temperature

Flow

Hoses and isolation valves

Hose

Shut-off/isolation valve
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Directional control valves (DCVs)
DCVs are identified by ports, switching positions, centre conditions and cross-over
conditions.
Ports
Ports are the physical connections that allow fluid to enter and exit a valve. The term
does not include the pilot signals that are used to activate the valve. The arrows within
a symbol indicate the fluid flow direction through the valve.
A

A

B

4-port valve

3-port valve

P T, R

T, R

P
P = pressure line.

T or R = tank or return line

A, B = working lines – which are lines that connect to actuators such as motors,
cylinders etc.
A

A

B

5-port valve

2-port valve

R P R

P

Positions
Switching positions are the different selections that can be made by a valve. Each
position is represented by a box. The boxes are used to show alternative flow paths
through the valve.

One position

Two positions

Three positions

A

P

T

A

P

T

Figure 14: 3-port, 2-position (3/2) valves operating a spring-return, single-acting cylinder
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B

A

P

B

A

T

P T

Figure 15: 4-port, 2-position (4/2) valves operating a double-acting cylinder

Activation methods
The following are some of the symbols used to indicate the method of valve actuation.

Push-button

Lever

Manual

A

B

P

T

Spring

Detent

Foot pedal

Mechanical
(roller)
Solenoid

Pneumatic pilot
Alternative symbols for pilot signals
Hydraulic pilot
Solenoid-controlled
hydraulic pilot

Figure 16: Activation methods
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Examples of DCVs
A

P
2/2 push-button, normally closed,
spring-return

2/2 lever-operated, normally open with detent

A

P T
3/2 push-button, normally closed,
spring-return

3/2 solenoid-operated, normally open,
spring‑return

3/2 solenoid-controlled, pilot‑operated,
normally closed, spring-return

4/2 dual solenoid

A

B

A

B

P

T

P

T

4/3 dual‑solenoid-controlled,
pilot‑operated, spring‑centred, tandem
centre condition

4/3 dual-solenoid-controlled, pilot-operated,
spring-centred, open centre condition

4/3 dual-solenoid controlled,
pilot‑operated, spring-centred, float
centre condition

4/3 dual-solenoid‑controlled, pilot-operated,
spring‑centred, regenerative centre condition
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spring-centred, closed centre condition
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Accumulators
These devices store energy.

Gas-charged

Spring-loaded

Weight-loaded

Pressure valves
Pressure-reducing valves
This check valve is not
part of the pressure valve.

P

A
This is a pilot signal
and is sensed internally.

When a box is drawn around a valve, everything within the box is integral to the valve.

Pressure-reducing valve with built‑in check

As you will discover later on, pressure-reducing valves sense downstream pressure
and are normally open. When an arrow is drawn through a component such as a
spring, this indicates the value is adjustable.

Adjustable pressure-reducing valve with built‑in
check
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This is an external drain.
Internal drains are not illustrated on a schematic.

You will learn later in this unit about external drains, how this valve works and where it
is used.
Relief valves

T

P

T

Direct-acting relief valve

P

Pilot-operated relief valve

Counterbalance/over-centre valves
These valves are used to prevent runaway conditions in cylinders.

A

P

A

P
X

with an internal pilot
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Sequence valves
These valves are used to ensure one operation occurs before another.

A

P

P

A

X

with an internal pilot

with an external pilot

Unloading/accumulator-charging valves
The unloading valve is used to reduce system running costs and stop heat build-up by
unloading the pump at low pressure when the system’s demand is low.
A variation of the unloading valve is used to charge accumulators to maximum system
pressure and maintain a working volume and pressure in the accumulator. It also
unloads the pump when the desired accumulator pressure is reached. (The unloading
valve may also be known as an accumulator-charging valve or differential unloading
valve – depending on the manufacturer.)

A

P

T

P

X
Unloading valve

Accumulator-charging valve
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Brake valve

A

P

The brake valve is used to prevent:
●●

over-speeding when an over-running load
is applied to a motor shaft

●●

excessive pressure build-up when
decelerating or stopping a load.

X

Flow controls
Fixed orifice:

Needle valve (variable flow control):

Adjustable pressure-compensated valve:

Adjustable pressure‑and‑temperature‑compensated valve:

Actuators
Motors

Uni-directional

50
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Cylinders
Single-acting

Vent

Spring-return

Spring-extend

Telescopic

Double-acting

Tandem cylinder

Cushioned

Adjustable cushion

Multi-position

Prime movers
These are used to drive the hydraulic pump.

M

M

Electric motor

Heat engine (ie diesel engine)
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Activity 3 – Hydraulic symbols
The following activity is designed to allow you to check your knowledge of hydraulic
symbols used in circuit drawings.
When you have completed this activity, check your answers.

Question 1

Study the following illustration of a hydraulic lifting machine and identify the hydraulic
components labelled A to I.
A

B

H
E
D

C

F
G

I

Component A: _________________________________________________________
Component B: _________________________________________________________
Component C: _________________________________________________________
Component D: _________________________________________________________
Component E: _________________________________________________________
Component F: _________________________________________________________
Component G: _________________________________________________________
Component H:

____________________________________________________________

Component I:
52
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Question 2
In the spaces provided, draw the hydraulic symbols for the following components using
ISO 1219-1 standard symbols.
a)

Electric motor (prime mover)

b)

Diesel engine (prime mover)

c)

Unidirectional hydraulic motor

d)

Variable flow control

e)

Check valve

f)

Air‑cooled oil cooler

Answers
Question 1

A: double-acting cylinder B: 4/2 lever-operated with detent DCV C: pressure gauge
D: pressure-relief valve
E: flexible hose
F: return-line filter
G: pump
H: fluid conductor (pipe)
I: reservoir
Question 2

M

M
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Activity 4 – Circuit reading
The following questions are designed to allow you to check your understanding of
hydraulic circuits and circuit drawings.
B

A

C
D

F
E

G

I

H

P

K

L
M

M

Q

J
N

O

With reference to the hydraulic circuit illustrated above, answer each of the following
questions by ticking the relevant box.
When you have completed this activity, check your answers.

Question 1
The hydraulic circuit symbol for Item M denotes a:


a)

diesel engine



b)

DC electric motor



c)

mechanical gearbox



d)

AC electric motor
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Question 2
Which of the following hydraulic circuit symbols represents a 4/3 float-centred,
spring-centred, solenoid-operated directional control valve?


a)

Item H



b)

Item I



c)

Item K



d)

Item C

Question 3
Which of the following hydraulic circuit symbols represents a relief valve?


a)

Item J



b)

Item D



c)

Item K



d)

Item N

Question 4
The hydraulic circuit symbol representing Item A indicates a:


a)

Hydraulic motor



b)

Single-acting cylinder



c)

Double-acting cylinder



d)

Semi-rotary actuator

Question 5
Which of the following circuit lines indicates a hydraulic hose?


a)

Item E



b)

Item F



c)

Item G



d)

Item P

Question 6
The purpose of Item D in the machine’s hydraulic circuit is to:


a)

extend Item A at controlled speed



b)

retract Item A at controlled speed



c)

retract Item A rapidly



d)

extend Item A rapidly.
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Question 7
When the hydraulic system is in neutral (as illustrated), the hydraulic pump will:


a)

return oil to the reservoir via the relief valve



b)

not produce oil flow



c)

bypass oil directly to the pump inlet



d)

return oil to the reservoir via the directional control valve.

Question 8
Which of the following circuit symbols represents the component that protects the
system from over-pressurisation?


a)

Item M



b)

Item J



c)

Item L



d)

Item K

Question 9
The purpose of Item Q in the machine’s hydraulic circuit is to:


a)

remove dirt



b)

remove water



c)

remove air



d)

all the above.

Question 10
Item C is a:


a)

pressure-compensated flow control



b)

pilot-operated check valve



c)

two-pressure valve



d)

pilot-operated relief valve

Question 11
Item D is a:


a)

pressure compensator



b)

temperature-compensated flow control



c)

pressure regulator with bypass



d)

flow control with bypass
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Section 2 – Hydraulic actuators
Introduction
The function of an actuator is to convert hydraulic energy to mechanical energy.
An actuator may be linear or rotary. A linear actuator (cylinder) produces force and
motion in a straight line, while a rotary actuator (motor) produces torque and rotating
motion.
At the end of this section you will undertake a practical task involving the inspection
and servicing of a hydraulic cylinder. But, before you do, complete the following
recommended reading and viewing.
Recommended reading
Chapter 4, pages 52 to 61, on ‘Linear actuators’, and Chapter 7, pages 84
to 97 on ‘Rotary Actuators’, in Industrial Hydraulic Control (Rohner).
Recommended viewing
Industrial Hydraulic Technology video series
1. ‘Accumulators and Cylinders’
2. ‘Hydraulic Motors’.

Linear actuators
Linear actuators are more commonly called hydraulic cylinders or rams – and the
mechanical force and feed are in a linear direction. They are used for clamping and
lifting and for traverse and feed motions.
The main types of hydraulic cylinder are single-acting and double-acting.
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Single‑acting cylinders
Single-acting cylinders have a power stroke in one direction only.

Figure 17: Spring return

The cylinder illustrated above uses hydraulic pressure to extend the rod and a spring to
return the piston and rod.

Figure 18: Spring extend

The cylinder illustrated above uses hydraulic pressure to retract the piston and rod and
a spring to extend.
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Figure 19: Gravity/load return

In the single‑acting cylinder illustrated above, hydraulic pressure is used to extend the
actuator and gravity or other external forces are used to return the piston and rod.
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Double-acting cylinders
Double-acting cylinders use hydraulic pressure to both extend and retract the rod.
The main parts of a double-acting cylinder are illustrated below.

6

10

3

7

9

5

1

8

4

2

12 11

1.

cushion seal

8.

front port

2.

magnet

9.

reed switch

3.

cushion sleeve

10. piston rod

4.

barrel

11. wear ring

5.

bush

12. piston seal

6.

rod and wiper seal

13. rear end (cap/head) cover

7.

front (rod) end cover

14. cushion screw

14

13

Figure 20: Main parts of a cylinder

A cylinder stop tube is a spacer placed on the cylinder rod next to the piston in a
cylinder with long strokes, as illustrated below.
The stop tube increases support to the rod to counter the side loading, thus minimising
the chance of rod or bearing failure.

Side load

Stop tube

Cylinder creep can occur when oil leaks past the piston seals. This internal leakage in
the cylinder can result in undesirable movement of the cylinder’s piston.
Cylinder cushions are often installed at one or both ends of a cylinder to slow the
position down near the end of the stroke. They prevent the piston from hammering
against the end cap by trapping fluid and decelerating the piston.
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Tandem cylinders

Tandem cylinders are used as an alternative to a larger‑bore cylinder where there are
space restrictions. They will double the pull and nearly double the thrust for a given
bore.

Through-rod cylinders

These are also known as double-rod cylinders and produce equal force and speed in
both directions. This is because the effective piston areas and cylinder volumes are the
same.

Duplex cylinders

Unlike the tandem cylinder, the duplex cylinder has piston rods that are not joined and
the rear cylinder has a shorter stroke.
Approximately a doubling of starting thrust is achieved and maintained throughout the
stroke of the shorter cylinder.
The intermediate position of the cylinder can be set by the short cylinder only.

Rotary actuators motors
A hydraulic motor converts energy in a fluid to continuous mechanical rotary motion
and torque. The design and operation of hydraulic motors resemble in many respects
those of hydraulic pumps.
All hydraulic motors have several design features in common. All must have a driving
surface area subject to pressure differential. In gear, vane and rotary abutment motors,
this surface is rectangular. In radial and axial piston motors, the surface is circular.
This surface area must be connected mechanically to an output shaft and there must
be a way of timing the porting of the pressure fluid to the pressure surface to provide
continuous rotation.
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A rotary actuator, or fluid motor, may use either sliding vanes, gears or pistons to
convert the hydraulic energy to a mechanical rotary movement.
The circuit symbols shown below are for rotary actuators.

Bi-directional motor

Uni-directional motor

Vane motors
Vane motors consist of a rotor, ring, vanes and a port plate which has kidney-shaped
ports to allow the fluid into and out of the motor. As a combined unit, the rotor, vanes
and ring are called a cartridge. Vane motors can be either ‘balanced’ or ‘unbalanced’ in
type.
Inlet

Vanes

Outlet

Springs

Rotor

Kidney port
Port plate

Ring

Figure 21: Vane motor structure – plan views

Vane motors are positive-displacement motors that produce torque from the hydraulic
pressure acting upon their vanes. The vanes are held in place, and allowed to slide,
by a rotor. The vanes are held against the cam ring by hydraulic pressure – plus spring
and centrifugal force. The rotor is attached to a splined drive shaft which drives the
load.
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Exploded view of a vane motor

Figure 22: Exploded view of a vane motor

Gear motors
Gear motors are also positive displacement, with rotation and torque a result of the
hydraulic pressure acting upon the gear teeth, as shown below. The main parts of an
external gear motor are also illustrated below.
Key

Inlet

Case

Drive gear

Outlet

Flow in

Flow out

Driven gear

Figure 23: Gear motor

The gear motor consists of two spur gears and a housing or case. The drive gear is
attached to the output shaft which provides the drive to the load.

Piston motors
Piston motors may be either axial or radial in configuration. Both types are
positive‑displacement motors. Radial piston motors are usually used where high
torque at a relatively low speed is required. The main parts of an axial piston motor
are illustrated on the following page.
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Slipper retention plate

Valve plate

Cylinder block

Retention plate
spring and bearing

Piston

Slipper

Swash plate

Structure of an axial piston motor

The valve plate has kidney-shaped ports to allow hydraulic oil time to enter and
discharge from the cylinder block. The cylinder block houses the pistons, which are
allowed to slide axially inside the block. Attached to the pistons are the slippers.
These ride on the swash plate and are held in place by a retention plate which is
spring‑loaded. Once the motor is running, hydraulic pressure also holds the slippers
and pistons onto the swash plate.

Piston extension in axial piston motor

When pressure is applied to the motor as illustrated above, the pistons push against
the swash plate, which is at an inclined angle. This produces a tangential force, which
causes the slippers to ride up the inclined surface. The pistons and cylinder block
begin to rotate and produce torque, as illustrated in the following figure. To change the
direction of rotation, the oil flow to the motor is reversed.

Tangential forces cause rotation in motor
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The cylinder block is splined to a drive shaft, the rotation of which can be used to drive
a load.

Drive shaft

Cylinder block

Motor
a drive
Figure
24:turns
Motor
turnsshaft
a drive shaft

Torque

Two terms commonly used in relation to motors are running torque and start-up
(breakaway) torque. Running torque is the torque that is required by the motor to keep
the load moving. Start-up torque is the torque required to overcome the inertia and
internal friction of the motor and drive train to accelerate the load from a stationary
position. Generally, start-up torque is much higher than the running torque.
Torque is the force acting at a radial distance measured from the centre of the drive
shaft, as illustrated above, and can be calculated using the formula below.
motor torque (Nm) = F x R x ηHM
where: F = the force (N)
		
R = the radial distance measured from the centre of the motor shaft in
		metres
		ηHM is the hydro-mechanical efficiency of the motor (expressed as a
		percentage).

Semi-rotary actuators

The circuit symbol shown above is for ‘semi-rotary actuators’. The semi-rotary
actuator’s design may use a double-acting cylinder (with a gear-tooth profile cut
into the rod to rotate the shaft) or a vane cylinder. These units are used in circuit
applications where the actuator’s output is to have a limited rotation in a clockwise or
anti-clockwise direction. The commercially available ranges of rotation are 45°, 90°,
180°, 290° and 720°. However, it is possible to adjust the actuator’s actual rotation to
suit a particular application by adjusting two screws.
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Activity 5 – Hydraulic actuators
The following questions are designed to allow you to check your understanding of
hydraulic actuators.
When you have completed this activity, check your answers.

Question 1
Cylinder ‘drift’ or ‘creep’ can be caused by:


a)

low system flow



b)

leakage past the cylinder’s piston seal



c)

system back‑pressure



d)

a) and c).

Question 2
The rod wiper seal in a hydraulic cylinder is to:


a)

stop oil passing between the piston and the rod



b)

prevent leakage from the rod end cap



c)

prevent contaminants from being drawn into the cylinder



d)

wipe the cylinder rod and piston barrel clean of excess oil.

Question 3
In the space below, sketch the ISO symbol for a double-acting cylinder with a
through‑rod.

Question 4
When estimating the running torque of a hydraulic motor, which of the following
formulas is used:


a)

force x radial distance



b)

mass x radial distance



c)

force ÷ radial distance



d)

mass ÷ radial distance

Question 5
To reduce the output torque of a hydraulic motor, you would control:


a)

the oil flow rate



b)

the operating speed of the motor
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c)

the oil flow rate and pressure setting



d)

the pump's pressure setting.

Question 6
When selecting a hydraulic motor, which of the following torque ratings would you take
as the greatest?


a)

running torque



b)

lifting torque



c)

operating torque



d)

breakaway torque.

Question 7
In vane motors, which of the following methods is used to seal the vanes with the cam
ring to allow rotation to commence?


a)

centrifugal force



b)

air pressure



c)

spring force



d)

high-velocity oil.

Question 8
The displacement of a hydraulic motor is important when considering its:


a)

operating speed



b)

pressure rating



c)

output torque



d)

controllability



e)

a) and c).

Question 9
The device that can be fitted to cylinders to help prevent rod buckling due to side
loading is called a:


a)

deceleration valve



b)

stop tube



c)

cushioning control



d)

flow control.

Answers

1. b

2. c

3.

6. d

7. c

8. e

4. a

5. d

9. b
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Hydraulic actuator calculations
Hydraulics is an engineering science that deals with the conveyance of liquids through
pipes and other conduits and the application of the force exerted by moving or static
liquid. Calculations relating to force, pressure, area, motor speed (revolutions per
minute) and torque are a useful tool in establishing what to expect in performance from
hydraulic components, especially if you are troubleshooting.

Calculation examples
1.

Force

Find how much extension force can be exerted by a hydraulic cylinder if the applied
system pressure is 10 MPa and the actuator has a bore inside diameter of 100 mm.
Ø100 mm

Force?

10 MPa pressure

From your readings on fluid power principles, you would have discovered that force
exerted is a product of pressure and area. In other words:
		 Force = pressure x area
2
		 Force = 10 MPa x ≠ x 0.1
(Remember to convert mm to metres.)
4
2
		 Force = 10 000 000 Pa x ≠ x 0.1
4

Force = 78,539.82 Newtons …or
Force = 78.54 kN
This is the force (neglecting seal friction) that can be expected at the end of the cylinder
rod when it extends. This force can be used for clamping, lifting or moving an object.
To find out what the equivalent mass (in kilograms) would be, simply divide the force by
9.81. For example 78,539.82 N equals 8,008.833 kilograms force.

2.

Time

Calculate how long the cylinder in Question 1 would take to extend if the pump flow
applied to the cylinder was 12 litres per minute and the cylinder had a 300 mm stroke.
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Stroke length 300 mm

Ø100 mm

Applied flow 12 litres per minute

		 Time =

volume of cylinder
Pump flow

		Time =

Area x stroke length
Pump flow

		(Note: Multiplication by 1000 is used to convert m3 to litres.)

0.007854 m2 x 0.3 m x 1000
		Time =
12 litres/min
		(Note: area was calculated in the previous example.)

		Time =

2.356 litres
12 litres/min

		Time = 0.1964 minutes or 11.7 seconds (minutes x 60)

3.

RPM

Find the speed of a hydraulic motor if the motor displaces 30 cm3 per revolution
(information that can be obtained from component data sheets) and the flow to the
motor is set at 14 L/min.
Flow in is 14 L/min

Motor displacement is
30 cm³ per revolution.

rpm =

flow at motor inlet
motor displacement

(Note: We must convert cm3 to litres and there are 1000 cm3 in a litre, so we divide by 1000.)
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rpm =

14 L/min
30 cm3

		

rpm =

14 L/min
0.03 L

... or alternatively

rpm =

14 000 cm3 /min
30 cm3

		rpm = 466.6
Note: These calculations do not take into account frictional losses and volumetric
efficiency loss caused through wear.

Calculations involving efficiency
The performance of hydraulic pumps, motors and other components is a critical factor in
overall hydraulic system reliability. There are two efficiency measurements which need to
be taken into account with hydraulic systems: volumetric efficiency and hydromechanical
efficiency.
Hydromechanical efficiency is a ratio which indicates the proportion of input energy
available for work after taking account of the frictional losses within a hydraulic component.
The symbol used to denote this is ηHM.
Volumetric efficiency is a measure of the proportion of input energy applied to work
after taking account of the flow losses within a hydraulic component and the degree to
which internal leakage occurs. Both of these depend greatly on viscosity. The symbol
used to denote this is ηv.

Example a) – force
Find how much extension force can be exerted by a hydraulic cylinder if the applied
system pressure is 10 MPa and the actuator has a bore of 100 mm. Due to internal
leakage, the cylinder has a volumetric efficiency of 98 per cent.
Force = pressure x area x ηv
		 Force = 10 MPa x

98
≠ x 0.12
x
(Remember to convert mm to metres.)
100
4

		 Force = 10 000 000 Pa x
		

Force = 76 969.02 Newtons or

		Force = 76.97 kN
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Example b) – power
Calculate the required pump input power in kilowatts (kW) for a system that has
a pressure of 18 MPa and a flow of 25 litres per minute. Assume 100 per cent (η)
efficiency.
		

Power (kW) =

Power =

P (MPa) x Q (L/min)
60 x η

18 x 25
98
60 x
100

Power =

18 x 25
60 x 0.98

Power =

450
58.8

		Power = 7.653 kW
Example c) – time
Calculate the extension time of a hydraulic cylinder (150 mm diameter by 300 mm
stroke) which is supplied with 1.5 litres of oil per second (Q). Assume a volumetric
efficiency of 98 per cent.

		

Cylinder extension time =

Volume (m3 )
Q (m3 /s) x η v

Note: L m3 = 1000 litres
Volume = area x stroke

≠ x 0.152
x 0.3
4
Time =
(Remember to convert mm to metres.)
98
1.5 x
100

		

Time =

0.01767 x 0.3
1.5 x 0.98

Time =

0.0053 m3
1.47 litres

Time =

5.3 litres
1.47 litres

		Time = 3.6 seconds
Note that, because the flow rate is in litres per second, the answer is in seconds. If
the flow rate was in litres per minute, the answer would be in minutes and you might,
need to multiply by 60 to get a more suitable answer. For example, 3.6 seconds for an
extension time sounds better than 0.06 minutes.
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Example d) – RPM
Calculate the speed of a hydraulic motor which has a displacement (V) of 295 cm3
and is supplied by 2.2 litres per second (Q or flow rate) of oil. Assume a volumetric
efficiency of 97 per cent.
Motor rpm =

flow rate (m3 /s) x ηv x 60
3

V (m )

(Note: 1000cm3 =1litre)

(Remember to keep the volumes in the same unit of measurement – ie both in litres or cm3
or m3.)

Motor rpm =

2.2 litres/sec x 60 x 0.97
0.295 litres

(We need to multiply the flow by 60 so that the answer will be in rpm and not rps.)

Motor rpm =

132 x 0.97
0.295

Motor rpm =

128.04
0.295

Motor rpm = 434.03

Activity 6 – Hydraulic actuator calculations
The following questions are designed to determine your understanding of hydraulic
actuator calculations.
Use the spaces provided to do your calculations. When you have completed this
activity, check your answers.

Question 1
Calculate the rpm of a hydraulic motor that has a displacement of 30 cm3 per revolution
and is supplied by 37 L/min.
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Question 2
Calculate the force produced by an 80 mm diameter cylinder that is supplied by a
system pressure of 200 bar. (Note: 10 bar = 1 MPa.)

Question 3
Calculate how long an 80 mm cylinder with a 500 mm stroke would take to extend if the
supplied flow to the cylinder was 75 L/min.
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Question 4
Calculate the force produced by a 200 mm diameter piston operating at 75 bar. Assume
a hydromechanical efficiency of 98 per cent.
Force (N) = pressure (Pa) x area (m2) x ηHM

Area =

≠ d2
4

1 bar = 100 kPa = 100 000 Pa

Question 5
Calculate the extension time of a hydraulic cylinder (200 mm diameter by 300 mm
stroke) which is supplied with 2 litres of oil per second (Q). Assume a volumetric
efficiency of 95 per cent.
Cylinder extension time =

74
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Question 6
Calculate the speed of a hydraulic motor which has a displacement (V) of 310 cm3 and
is supplied 2 litres per second (Q or flow rate) of oil. Assume a volumetric efficiency of
98 per cent.
Motor rpm =

flow rate (m3 /s) x 60 x η v
V (m3 )

(Note: 1000 cm3 = 1 litre)

Question 7
Calculate the expected motor torque that would be available to drive a Ø300 mm cable
drum to lift a 2.5 Tonne load (assuming a Hydro-mechanical Efficiency of 95%).
Motor Torque (N.m.) = Force x Radius x ηHM

Note: Force = mass x acceleration(gravity)
Gravity = 9.81
1 tonne = 1000 kg

Hyd motor

Ø 300 mm

2.5 tonnes

(Remember to convert the mass [tonnes] to a unit of force [N].)
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Section 3 – Hydraulic pumps
Introduction
The pump’s purpose is to push on the hydraulic oil and create fluid flow – that is, the
pump converts mechanical energy from the prime mover (engine or electric motor) into
fluid energy. The fluid energy is used to operate the machine by extending cylinders or
rotating a hydraulic motor.
The symbols shown below are used to identify prime movers and pumps in circuit
drawings.

M

		

M

Electric motor and pump

Reciprocating engine and pump

Figure 25: Prime movers
Recommended reading
Chapter 3, pages 28 to 51, on ‘Hydraulic pumps’, in Industrial Hydraulic Control
(Rohner).

Pumps are usually broadly classified according to the principles they use to move
fluids.
Virtually all pumps used in hydraulics are positive‑displacement pumps. These pumps
produce a pulsating flow but provide a positive internal seal against slippage. This
means that a predetermined volume of fluid is moved through the pump in each
revolution. This volume is called the pump’s displacement. Pumps can have a fixed or
variable displacement, depending upon their design. The flow variation resulting from
the pulsating nature of positive‑displacement pumps is negligible when compared with
system pressure variation.
If a positive‑displacement pump’s discharge is fully restricted, the flow will continue
– so, when installed in industrial systems, positive‑displacement pumps must have
some avenue to allow the fluid to be returned to the tank. This is generally achieved by
the installation of a relief valve on the pump’s discharge line. This valve will open if the
pump’s charge is stopped or restricted, allowing the flow access back to the reservoir
and thus providing a safety release for the pressurised oil.
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Gear pumps
External gear pumps
A gear pump contains one drive gear and one driven gear. As the pump rotates, a
partial vacuum is created by the gears coming out of mesh at the inlet port. Oil enters
from the reservoir (being pushed by atmospheric pressure) and is carried around by
the rotating gears, between the teeth and the pump chamber housing.
When the gear teeth come into mesh again at the outlet port, the oil cannot pass back
through to the inlet of the pump because of the mechanical seal, so it is forced out
through the outlet and into the hydraulic system. The noise produced by this sort of
pump is a result of the pulsating flow and the gear-meshing action.

Inlet

Outlet

Figure 26: Operation of external gear pump

On either side of the gear faces, there is a wear plate. This compensates for wear
between the gears and the case. It also provides a seal between the gears and the
pump case. To prevent the high-pressure oil returning to the low-pressure side of the
pump, an isolation plate is fitted. These plates are shown in the pictures below.

Isolation plate

Wear plates

Chamfered edge
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Isolation plate

Wear plate
Figure 27: Gear pump parts

When the output flow is reduced, a back‑pressure will occur inside the pump. This
will produce a radial load on the bearings. To reduce the radial forces, manufacturers
allow oil behind the gear profile. This is done by chamfering part of the wear plate. This
allows hydraulic pressure behind the back of the gear tooth profile and can be done up
to 270 degrees around the gear.

Internal gear pumps
Internal gear pumps operate on a variation of the principles discussed above.

1.

Crescent type

These pumps are noted for smooth oil flow and give quiet and almost pulseless
operation. They are used in applications requiring low flow and low-to-moderate
pressures. They are usually quieter in operation than spur-gear pumps.
The main parts of a crescent pump are:
●●

a larger internal rotating ring gear

●●

a small spur gear which runs inside the ring gear

●●

a stationary crescent-shaped separator to seal between the inlet and outlet
sections.

The outer or rotor gear is generally used to drive the smaller inner or idler gear, which
rotates on a stationary pin.
The gears create voids as they come out of mesh and liquid flows into the pump.
The increasing and decreasing of the voids’ volumes produces flow.
As the gears come back into mesh, volumes are reduced and liquid is forced out of the
discharge port.
Liquid can enter the expanding cavities through the rotor teeth or recessed areas on
the head, alongside the teeth.
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The crescent is integral with the pump head and prevents liquid from flowing to the
suction port from the discharge port.
Crescent-shaped separator
Rotor gear

Out

In

Driver gear

Figure 28: Structure and operation of a crescent pump – cross-sectional view

2.

Gerotor type

This type is a good general purpose pump but is available in only a limited range – 10 to
200 litres and for pressures less than 14 MPa.
The construction and operation of a gerotor pump is similar to those of the crescent
internal gear pump but it has:
●●

large lobes instead of gear teeth

●●

no crescent-shaped separator

●●

kidney-shaped inlet and outlet ports.

Rotor gear

Out

In

Driver gear

Figure 29: Structure and operation of a gerotor pump – cross-sectional view
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Vane pumps
Vane pumps operate quite differently from gear and piston types. These pumps can be
either balanced or unbalanced.

Unbalanced vane pump
This pump consists of a circular chamber that contains a rotor which is positioned
off-centre in the circular housing. The rotor has a series of machined slots cut radially.
Each of these slots contains a precision-fitted vane (clearance 0.02 mm).
Once the pump is started, the rotor revolves and the vanes are thrown outwards to
create a seal between the vane tip and the cam ring. Before this pump can operate
properly, a positive seal must exist between the vane tip and the cam ring. In some
vane pumps, the sealing created by centrifugal force is assisted by the use of springs
and/or oil pressure.
As the pump rotates, the oil chamber space between any two vanes successively
increases and decreases in volume. It increases as it moves towards the inlet and then
decreases as it moves back towards the outlet port. This change in volume forces the
fluid out of the pump, resulting in flow.
The distinctive features of an unbalanced vane pump are:
●●

the single inlet and outlet ports, which cause a hydraulic imbalance, producing
increased bearing loads. This imbalance, however, is used on many modern vane
pumps to give them a variable-volume, pressure-compensated control.

●●

the rotor being offset to the cam ring (eccentric circles). This controls the pump’s
displacement, which may be fixed or variable.

●●

a variable capacity depending on the cam ring position. The cam or rotor ring
position may be mechanically adjusted to increase the pumping chamber size and
therefore increase the pump flow rate.

Pumping action is caused by the successive expanding and contracting of volumes
contained between the rotor, vanes and housing.
The vanes are the main sealing element between the suction and discharge ports.
When the rotor, vanes and cam ring are combined as one assembly, it is called a
cartridge. Cartridges allow quick field replacements of worn components.

Outlet

Inlet

Figure 30: Vane pump
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Inlet

Outlet

Rotor
Cam ring

Vane

Springs

Port plate

Figure 31: Structure and operation of unbalanced vane pump

Figure 32: Rotor and vanes of unbalanced vane pump

Because of the circular cam ring, the unbalanced vane pump can be of either the fixed
displacement or variable displacement type.
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Balanced vane pump
The most common type of vane pump used in most industrial and mobile applications
is the balanced vane pump. The reason for this is the pump’s ability to deliver good
flow and pressure characteristics for a relatively small-sized unit.
Balanced vane pumps have an elliptical cam ring which forms two separate pumping
regions on opposite sides of the rotor. This produces a balanced force on the rotor and
bearings. Balanced vane pumps can only be of the fixed displacement type.

Figure 33: Elliptical cam ring on balanced vane pump

Inlet pumping chamber
Elliptical cam ring

Outlet pumping chamber
Pump inlet port
Pump outlet port

Outlet pumping chamber
Inlet pumping chamber

Figure 34: Structure and operation of balanced vane pump – cross‑sectional view
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In the balanced vane pump, twin inlet and outlet ports are added with an elliptical cam
ring. This cam ring modification is designed to offset the unbalanced forces caused
by the differential port pressures. Thus, bearing loads from internal pressure are near
zero. However, the shaft bearings must support any external load that may be present.
As the pump rotates, the oil chamber space between any two vanes increases in
volume as it approaches an inlet and fills with fluid. At a point 90 degrees through
the cycle, the oil chamber begins to decrease in size (and the vanes are increasingly
pushed back in) as it moves towards an outlet port. This change in volume forces fluid
out of the pump.
The distinctive features of a balanced vane pump are:
●●

double inlet and outlet ports on the cam ring (hydraulically balanced)

●●

two-lobed, elliptical-shaped cam ring

●●

fixed displacement (depending on the thickness of the cam ring and the
dimensions of the ellipse)

●●

internal passages connecting the duel inlet and outlet ports.

Vane sealing and control
The vane control for sealing can be obtained by any, or a combination, of the following:
●●

centrifugal force (minimum speed 600 rpm)

●●

spring force

●●

hydraulic oil pressure.

As a compromise between achieving the best seal and causing the least drag and
wear, manufacturers design their pumps so that the vanes are only partially loaded.
This is achieved by using one of the following:
●●

intra-vanes

●●

chamfered or bevelled edges

●●

spring-loaded vanes

●●

dual vanes.

Variable-volume vane pumps
The amount of fluid that a vane pump displaces is determined by the difference
between the maximum and minimum distances that the vanes are extended and the
width of the vanes. While the pump is operating, nothing can be done to change the
width of a vane. But a vane pump can be designed so that the distance that the vanes
are extended can be changed. Such a pump is known as a variable-volume vane
pump.
To set or vary the displacement volume, the eccentricity between the rotor and cam
ring can be controlled by three methods:
●●

mechanical adjustment by a screw – which is generally used to set the initial
volume control on the pump

●●

pressure imbalance – which is used for the positioning of the cam ring in the
neutral position at maximum pressure
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on larger pumps, control of the pressure imbalance by the use of an adjustable
compensator assembly, a servo piston and bias piston to control the cam ring
position.

Piston pumps
Swash plate axial piston pump
This type of pump is classified either as fixed displacement or variable displacement.
The main difference between the fixed displacement and variable displacement piston
pumps is the swash plate design. In the variable displacement model, the swash plate
can tilt, altering the length of stroke of the pistons in the cylinder barrel. A detailed
explanation of this principle is offered in your recommended resource text.
Sometimes this type of pump is known as a swash plate pump. The pump casing
contains or supports the following components:
●●

drive shaft, bearings and seals

●●

swash plate and yoke (sometimes including a ‘stroke’ control that will alter the
pump’s displacement)

●●

rotating group, consisting of pistons, piston slippers or shoes, cylinder barrel and
loading spring. The loading spring seals the cylinder barrel against the valve plate
during start-up.

●●

retention plate (shoe plate)

●●

valve plate, usually incorporating a port plate with inlet and outlet connections.

Before start-up, the pump case needs to be primed with oil. This is to ensure that all
the working parts are lubricated. The pump case drain should be located at the highest
part of the pump to ensure that the case remains full at all times. The oil from internal
leakage will replenish the case.
Pistons
Cylinder barrel
Retention plate

Figure 35: Rotating group
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Piston
Cylinder barrel

Piston slipper
Retention plate

Figure 36: Rotating group parts

The splined drive between the cylinder barrel and the drive shaft rotates the rotating
group. The piston slippers follow the tilt angle of the swash plate, causing the pistons to
reciprocate in their bores. Varying the angle of the swash plate will change the pump’s
displacement.
The valve plate has kidney-shaped ports to allow sufficient time for the fluid to enter
and discharge from the pumping chambers.
During the pump rotation, the piston slippers are held on the swash plate by a retention
plate (or shoe plate) on the inlet stroke and by oil pressure on the outlet stroke. The
retention plate prevents slipper lift.

Activity 7 – Hydraulic pumps
The following questions are designed to allow you to check your understanding of
hydraulic pumps.
Answer each question by ticking the relevant box. When you have completed this
activity, check your answers.

Question 1
The wear plates in a gear pump are designed to:


a)

improve lubrication of the rotating gears and direct fluid flow



b)

increase the hydraulic imbalance caused by the rotating gears



c)

compensate for wear between the gears and the side of the pump's casing



d)

fix the gear’s location.

Question 2
In a gear pump, the oil gallery connection on the pump’s inlet is to allow:


a)

pilot control of the gears



b)

the return of the bearing lubrication oil



c)

pressurisation of the seal and bearing chamber



d)

a reduction in gear crowding.
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Question 3
The pump illustrated at right is:


a)

a variable-displacement gear pump



b)

an internal gear pump



c)

an external gear pump



d)

a gear-rotor pump.

Question 4
The noise generation in a gear pump is caused by:


a)

the pulsation of the delivery flow



b)

pumping chamber friction



c)

bearing wear



d)

the gear meshing action



e)

a) and d).

Question 5
Pump manufacturers can reduce the hydraulic unbalance in their external gear pumps
by:


a)

allowing pressurised oil access to the back of the gear tooth profile



b)

increasing the outlet port size in the pump casing



c)

using roller bearings



d)

increasing the clearance between the gear teeth and the pump housing.

Question 6
In a vane pump the vane’s tip leakage is controlled by:


a)

centrifugal force



b)

hydraulic pilot pressure



c)

spring force



d)

any combination of the above.

Question 7
A balanced vane pump has an elliptical cam ring with two inlet and outlet ports to
provide:


a)

noise reduction



b)

a balanced force on the bearings



c)

improved heat dissipation from the pump



d)

faster filling and emptying of the pumping chambers.

87

Section 3

Hydraulic pumps

Question 8
The flow rate from a balanced vane pump can be increased by:


a)

increasing the size of the inlet connection



b)

increasing the size of the outlet connection



c)

increasing the size of the inlet and outlet connections



d)

increasing the size of the cam ring and rotor assembly.

Question 9
Name the elliptical-shaped component found inside a balanced vane pump that
controls the pump’s displacement:


a)

rotor



b)

cam ring



c)

cartridge



d)

gerotor assembly.

Question 10
The slotted component that carries and turns the vanes in a balanced vane pump is
called a:


a)

cam ring



b)

rotor



c)

cartridge



d)

gerotor assembly.

Question 11
The spring on the main shaft of an axial piston pump is to allow for the:


a)

sealing of the barrel and valve plate at start-up



b)

start-up torque slippage of the drive motor



c)

reduction of cavitation at low inlet pressures



d)

unbalanced piston forces.

Question 12
The retention plate in an axial piston pump is used to stop:


a)

bearing movement



b)

slipper lift



c)

uneven piston loading



d)

start-up oil leakage.

88

MEM18020B

Maintain Hydraulic System Components

Question 13
The manufacturer’s specifications rate a piston pump at 44 litres per minute at
1500 rpm. A pump test measures the pump’s flow rate at 39 litres per minute.
What is the volumetric efficiency of the pump?
actual flow rate x 100
Note:
Volumetric efficiency percentage (ηv ) =
geometric flow rate


a)

76.7%



b)

78.3%



c)

81.7%



d)

88.6%

Question 14
A piston pump housing must always be filled with oil (primed) before start-up to:


a)

reduce internal leakage



b)

balance the piston loads during start-up



c)

prime the pump for pumping



d)

ensure lubrication of the bearings and wear surfaces.
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Question 15
70

10 Bar
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Pump rpm
From the pump-performance graph shown above, estimate the P4-16 pump’s flow rate
at a system pressure of 250 bar and a drive speed of 2500 rpm.


a)

30 L/min



b)

49 L/min



c)

40 L/min



d)

42 L/min

Question 16
The yoke and swash plate in a piston pump controls the:


a)

pump’s displacement



b)

internal lubrication of the pump



c)

speed of the pump



d)

displacement outlet pressure of the pump.
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Question 17
Piston pumps are very efficient due to their:


a)

large number of pistons



b)

close running clearances



c)

quiet operation



d)

variable swash plate



e)

a) and c).

Question 18
What is the flow capacity (in litres per minute) of a gear pump that has a displacement
of 40 cm3 per revolution, an electric drive motor operating at 1500 rpm and an
efficiency of 96 per cent?


a)

65.1 litres/min



b)

59.2 litres/min



c)

67.0 litres/min



d)

57.6 litres/min

Note: Q = V x rpm x ηv
1000 cm3 = 1 litre

Question 19
The manufacturer’s specifications rate a piston pump at 36 litres per minute at
1000 rpm. A pump test measures the pump’s flow rate at 34 litres per minute. What
is volumetric efficiency of the pump?


a)

91.5%



b)

79.3%



c)

94.4%



d)

97.6%
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Section 4 – Hydraulic control valves
Directional control valves
Directional control valves (DCVs) control flow direction in a circuit. A DCV is identified
by:
●●

its number of ports

●●

its number of switching positions (ways)

●●

how it is activated

●●

spool condition at rest.

The identification of valve symbols was covered in Section 1 of this resource and you
may wish to review this topic area before proceeding here.

Spool overlap
Two-position DCVs are actuality three‑position valves with a distinctive centre condition
called cross-over or transition condition. Generally, the cross-over condition of
two-position DCVs is either a fully open or fully closed condition. These conditions
can be achieved by modifying the spool lands.

			Negative overlap

Positive overlap

Positive-overlap spools have large spool lands that block off all internal galleries and
hence the ports during valve activation. This cross‑over condition will produce the
following characteristics:
●●

no actuator movement between DCV selection

●●

undesirable pressure peaks.

Negative-overlap spools have small spool lands which will allow all internal oil
galleries to be open to each other during cross‑over. This will produce the following
characteristics:
●●

undesirable actuator movement between DCV selection

●●

pressure-peak-free switching.
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P

B

A

P

B

T

T

Figure 37: Negative-overlap spool

Figure 38: Positive-overlap spool

Sliding spool valves
Sliding spool directional control valves consist of a valve body with a number of internal
passages that are connected and disconnected by a sliding cylindrical spool, as shown
in the illustration below.

Pressure port
Cylinder port A

Cylinder port B

Detent

Lever

Sliding spool

Tank port

Figure 39: Sliding spool valve – structure

This type of directional control valve has four distinct passages: pressure (pump), tank
(return) and two actuator-service passages (A and B in the diagram). Valves of this
type of construction are known as ‘four-port, three‑position valves’ because it permits
the operator to select three fluid flow paths in different positions of operation (extend,
retract and stop), as shown on the following page.
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Figure 40: Extending the cylinder

Figure 41: Retracting the cylinder

By shifting the spool to the other extreme, flow is directed to the other side of the
cylinder and the piston rod retracts, as shown above.
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Figure 42: Stopping the cylinder

In this position, all ports are blocked. This will result in fluid being trapped on both sides
of the cylinder piston, causing it to stop moving and lock into position.

Valve configurations
Several types of valve configuration exist. The most common are illustrated below.
A

P

B

T

Figure 43: Closed centre
A

P

B

T

Figure 44: Tandem centre
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A

P

B

T

Figure 45: Float centre

A

P

B

T

Figure 46: Open centre

A

P

B

T

Figure 47: Regenerative condition
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Check valves
Fluid passes through a check valve in one direction only. Because of this, check valves
are often known as non-return valves.

Spring

Poppet

A

Seat

P

Figure 48: Check valve
A

P

Symbol

As shown above, when fluid attempts to enter through the outlet port (A), the poppet is
held in its seat by the spring flow through the valve is blocked.
When fluid enters through the inlet port (P), the poppet is pushed off its seat and flow
through the valve is allowed to occur, as shown below.

Reverse flow
A

P
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Pilot-operated check valve
In some applications of a check valve, the ‘no-flow’ feature may be required for only
part of the hydraulic system’s cycle – for example, when locking a cylinder with a heavy
load in the raised position for a long period of time.
A pilot-operated check valve will lock the load in a fixed-position – but will also allow the
load to be lowered.
Poppet

A
Plunger

X
P

Figure 50: Pilot-operated check valve

A

P

X

Symbol

In construction, the pilot-operated check valve is similar to the standard check valve,
except that directly opposite the poppet is a plunger piston which is biased in the
retracted position by a light spring, as shown in the preceding diagram. The purpose of
this plunger is to unseat the valve poppet and permit reverse flow. The plunger spring
chamber has a drain which prevents any oil that passes the piston from being trapped
in the spring cavity.
When enough pilot pressure is sensed at the plunger piston, the plunger is moved and
unseats the check valve poppet. Flow can then pass through the valve for as long as
sufficient pilot pressure is acting on the plunger piston, as illustrated below.

A

X

P

Figure 51: Pilot-operated check valve activation
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Flow-control valves
Flow-control valves are used in hydraulic systems to control the rate of flow from one
part of the system to another. They are used to regulate the speed of linear actuators
and hydraulic motors by controlling the flow rate to or from the actuators.

Types of flow control
The following types of flow control device are commonly used in hydraulic systems.
The type of flow control used depends upon the application and accuracy required in
actuator control.
●●

Fixed orifice

●●

Needle valve (variable restrictor)

●●

Pressure-compensated valve (adjustable)

●●

Adjustable pressure-and-temperature-compensated valve.

Major factors that will affect the rate of flow through an orifice are the:
●●

cross-sectional area of the orifice

●●

temperature of the fluid

●●

viscosity of the fluid

●●

length of the restriction

●●

pressure differential across the orifice.

Fixed-size orifice (restrictor)

Figure 52: Restrictor
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The fixed orifice, or restrictor, has limited applications because the flow rate through the
valve is susceptible to temperature, pressure and viscosity changes. It will control the
flow rate in both directions.

Adjustable-needle valve
The adjustable-needle valve allows the operator to make adjustments to flow to meet
the machine’s requirements. Despite the adjustment capability, this flow‑control device
is still susceptible to the influences of pressure, temperature and viscosity variations.
The flow control illustrated below has a built-in check valve. This will allow free reverse
flow through the valve.

			

Regulated flow

Free reverse flow

Figure 53: Adjustable-needle valve with free reverse flow

Temperature-compensated flow control
Changes in temperature will affect a fluid’s viscosity, which is one of the factors that
determines the amount of fluid that will pass through an orifice in a given time. The
length of the restriction is another factor – in that heat is generated in a restriction and
the longer the restriction the greater the heat and, therefore, reduction in viscosity.
One way of reducing the length of restriction (and hence heat build-up) is to use a
sharp-edged orifice. The illustration on page 79 of Rohner’s Industrial Hydraulic Control
is a good example of this.
Metals also expand and contract with temperature. One characteristic of a metal
rod is to expand more in length than in diameter when heated. This attribute can be
used to automatically throttle a flow control, as illustrated below. An increase in fluid
temperature will reduce the size of the orifice by way of the rod’s expansion.

				
Cold fluid

Hot fluid
Figure 54: Effects of temperature
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Pressure-compensated flow control
When the pressure at port A (in the diagram below) exceeds the tension of the
compensator spring, the spool will move to the right and allow fluid to the needle valve.
Any fluctuations in pressure at port B (downstream from the valve) will be sensed at the
compensator spring area. The pressure differential across the needle valve’s orifice will
always equal the value of the spring’s tension.
Compensator spool

Compensator spring

B

A

Flow control

Using this principle, a constant flow is generated through the orifice irrespective of any
fluctuations in system pressure.

A

B

Figure 55: Pressure-compensated flow control

Now that you have an understanding of the types of flow-control valve used in hydraulic
systems, undertake the following recommended reading and viewing.
Recommended reading
Chapter 2, pages 9 to 27 on ‘Direction control valves’, and Chapter 6, pages
77 to 83, on ‘Flow controls’, in Industrial Hydraulic Control (Rohner).
Recommended viewing
Industrial Hydraulic Technology video series:
‘Control of Hydraulic Energy’.
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Activity 8 – Hydraulic control valves
The following questions are designed to allow you to check your understanding of
hydraulic control valves.
When you have completed this activity, check your answers.

Question 1
Sketch the following directional control valve centre conditions.
		i)

B

P

T

Tandem centre

		ii)

Float centre

		iii)

Open centre

iv)

A

Closed centre

Question 2
A check valve is used in conjunction with a flow‑control valve to allow:


a)

flow control in both directions



b)

regulated flow and free reverse flow



c)

temperature‑compensated flow



d)

pressure‑compensated flow.

103

Section 4

Hydraulic control valves

Question 3
Which of the following diagrams represents an electrically activated, pilot-operated
valve actuator?


a)



b)



c)



d)

Question 4
Component ‘A’ in the figure at right is a:


a)

check valve



b)

flow-control valve



c)

pilot-operated check valve



d)

pressure-control valve.
A

Question 5
The component represented by the figure below is a:


a)

4/3 pilot-operated directional control valve



b)

3/4 solenoid-operated directional control valve



c)

6/3 spring-operated directional control valve



d)

4/3 solenoid-operated directional control valve.
A

B

P

T

Question 6
Sketch the symbols for the following adjustable flow controls.
i)

Needle valve

ii)

Pressure-compensated valve
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Question 7
Explain the purpose of the ‘choke block’ mentioned by Rohner (in Industrial Hydraulic
Control) when discussing master–slave directional control valves.
_____________________________________________________________________
_____________________________________________________________________
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Section 5 – Hydraulic pressure-control
valves
Introduction
Pressure valves are used for several purposes in a hydraulic system, including limiting
maximum pressure, maintaining or reducing pressure at certain times and in certain
places, unloading unusable pressure and controlling oil flow to particular parts at set
pressure levels.
Different types of pressure-control valves have the following specific functions:
●●

to protect against overload in a circuit or sub-circuit by limiting the maximum
attainable pressure (relief valve – direct-acting or compound)

●●

to divert unwanted oil flow from the pump back to the reservoir at low-demand
times, either while system pressure is maintained or reduced – that is, during
system unloading or off-loading (unloading valve)

●●

to charge an accumulator and maintain a working pressure and volume there
(accumulator-charging valve – a variation of unloading valve)

●●

to protect against ‘run-away’ conditions in actuators by providing a
counterbalancing force (counterbalance or brake valve)

●●

to allow oil to flow to a sub-circuit at a set pressure level – usually to control the
sequence of actuator operations (sequence valve – direct-acting or compound)

●●

to reduce main-circuit pressure for a sub-circuit and maintain sub-circuit pressure
irrespective of main-circuit fluctuations (pressure-reducing valve – direct-acting or
compound).
Recommended reading
Chapter 5, pages 62 to 75, on ‘Pressure controls’, in Industrial Hydraulic
Control (Rohner).
Recommended viewing
Industrial Hydraulic Technology video series:
‘Pressure Control Valves’.

Relief valves
Direct-acting relief valve
Hydraulic system protection is provided by using a pressure-relief valve. This limits the
maximum attainable system pressure by diverting some or all of the pump’s flow to the
reservoir when the pressure setting of the relief valve is reached.
The two main types of direct-acting relief valve are the ball and poppet types shown on
the following page.
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Pressure inlet

Tank port

Figure 56: Ball type

Pressure inlet

Tank port

Figure 57: Poppet type
Ball type

Poppet type

Applications:

Applications:

●●

infrequent safety relief

●●

infrequent safety relief

●●

thermal expansion

●●

remote piloting in low-flow applications.

●●

remote pilot for pilot-operated pressure
control.

Characteristics:

Characteristics:

●●

simple in design and cost-effective

●●

simple in design and cost-effective

●●

suitable only for small flows

●●

●●

noisy

can handle larger flows than the ball
type

●●

unstable.

●●

less noisy than the ball type

●●

more stable than the ball type because
the cone has a tendency to centre itself
in the flow stream.
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The symbol for a direct-acting relief valve is shown below.

P

T

Cracking pressure, full-flow pressure and pressure override
Understanding the following terminology is important when describing, and
consequently selecting, a valve for a certain application.
Cracking pressure is the pressure at which the valve starts to open and pass fluid.
Full-flow pressure is the pressure at which the valve passes its full quantity of oil.
The difference between these two pressures is called pressure override.

T

T

P

P

Figure 58: Cracking-pressure

Figure 59: Full-flow pressure

When we compare the difference in operation between direct-acting and pilot‑operated
valves, you will see that the pilot-operated valve is more responsive. If a system is
continuously operating around the cracking pressure of a direct-acting relief valve,
noise and unnecessary heat are being generated. The difference in operating
characteristics can be seen in the following graph.
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Pilot-operated
F
l
o
w

Full-flow
pressure

Direct-acting

Cracking pressure

0

Pressure

100%

Figure 60: Comparison of direct-acting and pilot-operated valve performance

Compound (pilot-operated) relief valve
The compound relief valve shown below is commonly used in industrial systems
to provide a safe and economical solution. Pressure override is minimised to
approximately 100–150 kPa and pressure peaks are almost eliminated. When the
cracking pressure of the direct-acting relief valve is reached, a pressure imbalance is
created and system pressure moves the main spool, allowing hydraulic fluid to vent to
tank.
External drain

Main spool
System pressure

Tank

Figure 61: Compound relief valve
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Unloading valve
The unloading valve is used to reduce system running costs and stop heat build-up by
unloading the pump at low pressure when the system’s demand is low. The symbol for
this valve is illustrated below. You will notice that it has a remote pilot signal (X).

T

P

X

Unloading valve symbol

A variation of the unloading valve is used to charge accumulators to maximum system
pressure and maintain a working volume and pressure in the accumulator and to
unload the pump when the desired accumulator pressure is reached. (The unloading
valve is also called an accumulator-charging valve or differential-unloading valve.) This
valve’s symbol and an accumulator circuit are illustrated below.

A
P

Accumulator-charging valve
symbol (with internal drain and
check)

T

M
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Sequence valve
The sequence valve uses pressure sensing to allow fluid to flow to a secondary
circuit. The pilot pressure signal reaching the valve indicates that the function of the
primary circuit has been satisfied. This pressure must be sustained for the valve to
remain open. The main purpose of the sequence valve is to sequence the operations
of actuators. The sequencing pressure setting of the actuators is obtained through
the sequence valve pressure-adjustment screw. The sequence valve is very similar to
the relief valve and, like it, is manufactured in direct and pilot operated forms. In the
sequencing circuit illustrated below, Cylinder A will extend when the DCV is moved to
the left. When the cylinder deadheads, the back‑pressure will activate the sequence
valve, allowing Cylinder B to extend.
Cylinder A

Cylinder B

M

When the opposite selection is made on the DCV, both cylinders will retract. Because
the pressure has been reduced on the return side of Cylinder A, the sequence valve
will close. This means that the oil on the return side of Cylinder B must pass through
the sequence valve’s check valve.
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Counterbalance valve
A counterbalance, or over-centre, valve is used to prevent a suspended load on a
hydraulic cylinder or motor from free-falling (run-away condition) because of gravity, as
illustrated below. The valve counterbalances this gravitational pull through the use of
back‑pressure.

M

When the DCV is moved to the left, system pressure is applied to the top of the
cylinder. The fluid on the return side of the cylinder will be trapped between the cylinder
and counterbalance valve. Therefore, the cylinder will not extend and pressure will
continue to build up in the top of the cylinder. When the pressure reaches the pressure
setting of the counterbalance valve, the valve will open and allow the cylinder to
extend. Should the cylinder extend too rapidly, the pressure in the top of the cylinder
will become less, resulting in a drop in pilot pressure at the counterbalance valve. The
counterbalance valve will now close, preventing a run-away condition of the cylinder.
When the opposite selection is made on the DCV, the pressure on the return side of the
cylinder is reduced and the sequence valve will close. This means that the oil applied to
the retraction side of the cylinder must pass through the counterbalance valve’s check
valve.
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Brake valve
The brake valve is used to prevent:
●●

over-speeding when an over-running load is applied to a motor shaft

●●

excessive pressure build-up when decelerating or stopping a load.

As illustrated below, the brake valve senses both the input and output side of the
hydraulic motor. The pilot signal that senses the input side of the motor is used to
open the brake valve on start-up. This signal acts on a piston with a large surface
area, which means that a relatively low pressure is required to open the valve. When
a run-away condition occurs, the pressure is reduced at both the motor inlet and
its pilot line. This reduction in pressure will allow the brake valve to close, resulting
in a back‑pressure. The back‑pressure at the motor’s outlet will prevent the motor
from rotating. However, if the motor has a large inertia, it will continue to rotate and
momentarily turn into a pump. The pressure generated at the outlet side of the motor
will continue to increase until the pressure sensed at the outlet is large enough to
momentarily open the brake valve. This will allow the high pressure generated at
the motor’s outlet to bleed to tank. The back‑pressure will decelerate the motor and
prevent it from rotating.

M
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Pressure-reducing valve
The main function of this type of pressure valve is to control the pressure in a
sub‑circuit, regardless of pressure fluctuations in the main circuit. This valve can
also be used to control the force exerted by a cylinder, as illustrated in the circuit
diagram below. The pressure-reducing valve is a ‘normally open’ valve and the spool
is held open by a preloaded spring which determines the valve’s closing pressure.
The greater the spring tension, the greater is the force that will be produced by the
cylinder. The majority of today’s pressure-reducing valves are pilot-operated rather than
direct‑operated.

Force

M

Summary
To summarise what you have covered in your readings, pressure valves are used to:
●●

limit system pressure

●●

reduce pressures

●●

set the pressure at which oil enters a circuit

●●

unload a pump.
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Activity 9 – Pressure‑control valves
The following questions are designed to allow you to check your understanding of
pressure-control valves.
When you have completed this activity, check your answers.
Question 1
The pressure valve used to control motor deceleration is a:


a)

flow-control valve



b)

brake valve



c)

pressure-reducing valve



d)

unloading valve.

Question 2
The pressure valve used to control and lower the pressure in a sub-system is a:


a)

check valve



b)

counterbalance valve



c)

pressure-relief valve



d)

pressure-reducing valve.

Question 3
A valve that can used to prevent loads from free-falling is a:


a)

counterbalance valve



b)

sequence valve



c)

priority valve



d)

unloading valve.

Question 4
The valve used to charge accumulators is also called a:


a)

flow-divider valve



b)

pilot-operated relief valve



c)

pressure-dump valve



d)

differential-unloading valve.

Question 5
Name the term used to describe the difference between cracking pressure and full‑flow
pressure.
_______________________________________________________
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Question 6
The pressure valve used to ensure that one cylinder extends before another is a:


a)

unloading valve



b)

time-delay valve



c)

sequence valve



d)

direct-operated relief valve.

Question 7
The spool in a compound relief valve is operated by a:


a)

differential in pressure



b)

pilot signal



c)

pressure-sensing valve



d)

change in flow.

Question 8
The pressure-reducing valve is:


a)

used to send excess flow to tank



b)

a pilot-operated valve



c)

a flow-control valve



d)

a ‘normally open’ valve.

Question 9
The pressure-reducing valve senses pressure from:


a)

upstream of the valve



b)

the pump outlet



c)

downstream of the valve



d)

the accumulator inlet.

Question 10
Compared to pilot-operated valves, one benefit of using a direct-operated relief valve is
its:


a)

noise generation



b)

lower cost



c)

ability to handle higher flow rates



d)

small outlet.
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Additional exercises – Hydraulic circuit
construction
The following exercises are designed to familiarise you with hydraulic components
and their functions in a system. These exercises are non-assessable and, although
recommended, are optional.
Read the notes below before constructing the following four circuits on hydraulic
trainers.
1.

Examine the hydraulic circuit, starting at the reservoir and finishing at the actuator,
to ensure you understand the circuit’s operation and can identify all components.

2.

Locate the hydraulic components on the circuit trainer or in the mobile storage unit
and mount on the circuit trainer.

3.

Fit a ball valve to the pressure connection on the trainer. This valve must be closed
during circuit construction to isolate the pressure line.

4.

Select suitable hoses and connect to the circuit components.

5.

On completion of circuit construction, check the following:
–

oil flow paths

–

correct connection of hoses (that none are kinked or twisted)

–

that hose bends are larger than the minimum permissible radius.

6.

Start the trainer and test the circuit by operating the directional control valve in
both directions. If the circuit does not operate correctly, check the following:

	

–

that all hoses are correctly connected

–

that the correct components have been selected

–

that all the components on the circuit drawing have been included in the
circuit construction

–

the pump flow (direction of rotation of the electrical motor)

–

system pressure – the relief valve may require adjustment.
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Circuit 1
Type: counterbalance circuit
Operation: to impose a hydraulic resistance on a cylinder and prevent uncontrolled load
drop.

#1

#2

A

B

P

T

#3

#5

#4

M

#6

Equipment identification
Identify the following components:
#______ = pump

#______ = relief valve

#______ = pressure gauge
#______ = cylinder
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#______ = directional valve

#______ = counterbalance valve
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A counterbalance circuit provides a means of supporting a load and preventing
uncontrolled load drop. With the counterbalance valve in the circuit and the handle of
the DCV (#3) shifted to the left (P to A), oil from the pump is directed to the rod end
of the cylinder. Discharged oil from the cap end of the cylinder is blocked at valve
#2, which is set to open at a pressure slightly higher than that generated by the load.
Therefore, an additional force is needed to open valve #2 and permit the load to be
lowered.
As more oil is directed to the rod end of the cylinder, pressure will build up and cause
valve #2 to open. So long as the pump maintains pressure on the rod end of the
cylinder, valve #2 will remain open, allowing the cylinder to be forced down under
positive control. A check valve in valve #2 permits unrestricted flow from the pump to
the cap end of the cylinder when it is being raised.
Assume, briefly, that counterbalance valve #2 is omitted from the circuit. With valve
#3 in the neutral position, the blocked cylinder ports would support any load that could
be raised. However, if the handle of valve #3 was shifted, the oil discharged from the
cap end of the cylinder could flow freely back to the reservoir through valve #3, B to T,
allowing the load to fall.
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Circuit 2
Type: hydraulic circuit with speed control
Operation: extend (at controlled speed rate), rapid return and stop.
#1
#2

#3

#4

A

B

P

T

#5

#6

M

#7

Identify the following equipment:
#_____ = pump

#_____ = relief valve

#_____ = directional valve

#_____ = flow-control valve

#_____ = cylinder

#_____ = check valve

#______ = pressure gauge
Some machining operations require that the work piece, or tool, moves at a controlled
feed rate. The flow‑control valve #4 in this circuit has been installed to meter oil into
cylinder #1 to control its rate of travel. This is called a ‘meter-in’ circuit and is used
where the load always opposes the cylinder forward travel, as for table feeds on
grinding, welding and milling machines. Where the load tends to ‘run away’ or pull the
cylinder, as may happen on drilling, reaming and boring machines, a ‘meter-out’ circuit
should be used. In this case, the flow-control valve would be installed in the cylinder
discharge line to meter oil from the rod end. The feed rate could never exceed that set
by the flow-control valve.
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A third method to control rate of cylinder travel is by means of a ‘bleed-off’ circuit. In
this circuit, the flow-control valve is ‘teed off’ the pressure line between the pump and
the cap end of the cylinder. Oil which is ‘bled off’ from the main pump supply is directed
back to the reservoir. Increasing the amount of oil bled off through the valve will
decrease the rate of cylinder travel and vice-versa. A bleed-off circuit is not as accurate
as a meter-in or meter-out circuit, since the measured flow is to tank rather than to or
from the cylinder.

Circuit 3
Type: hydraulic rotary drive with speed control
Operation: to control motor speed in either direction with bleed-off flow control.
#6

#5
#4

#3
#2

M

#1

In this circuit, speed regulation of hydraulic motor #6 is accomplished through the
use of flow-control valve #4. Bleeding off fluid from the supply line permits the pump
to operate at the pressure required to drive the motor and controls speed in both
directions. It would not, however, control over-speeding in the event of an overhauling
load. Should this be a problem, a meter-out circuit could be used – that is, one in which
a flow-control and check valve would be installed between the hydraulic motor and the
directional valve.
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Circuit 4
Type: sequencing circuit with speed control
Operation: to have one operation occur before another operation and to have adjustable
speed in the second operation only.
#1

#2

#4

#3
#5

A

B

P

T

#6

M

In addition to controlling the sequencing of two cylinders, it may be necessary to control
the rate of travel of one of them. Assuming in this circuit that cylinder #1 is to be used
for clamping, sequence valve #3 assures that it will move first when valve #6 is shifted
to the right. When pressure in the cap end of cylinder #1 exceeds the spring setting of
valve #3, the valve will open and admit oil to the cap end of cylinder #2.
The forward speed of cylinder #2 can be regulated by flow control valve #5 located in
the discharge line in a meter-out arrangement. When valve #6 is shifted left, integral
check valve in valve #3 and bypass check valve #4 permit both cylinders to return at
maximum speed.
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Answers
Section 1
1. a

2. b

3. c

4. c

5. c

6. a

7. a

8. d

9. a

10. b

11. d

Section 2
1. 1233.3 rpm

5. 4.96 seconds or 5 seconds

2. 100.53 kN

6. 379.35 rpm or 379 rpm

3. 2.01 seconds

7. 3 494.813 Nm or 3.5 kNm

4. 230 907 N or 231 kN
Section 3
1. c

2. b

3. b

4. e

5. a

6. d

7. b

8. d

9. b

10. b

11. a

12. b

13. d

14. d

15. a

16. a

17. b

18. d

19. c
Section 4
1. i

1. iii

1. ii

1. iv

2. b)

3. b

6. i

4. c

5. d

6. ii

7. To control the speed of the main spool shift.
Section 5
1. b

2. d

3. a

4. d

5. Pressure override

6. c

7. a

8. d

9. c

10. b
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