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Foreword

Modern hydraulic drives and control systems have achieved wide-ranging significance. Together
with mechanical, electrical and pneumatic drives they are “state-of-the-art” equipment and have
some important advantages which make them outstanding.

Since hydraulic systems are being used in almost every branch of industry there has naturally been
a growth in the demand for good, useful information on the subject. This explains the numerous
publications dealing with the components of hydraulic systems and their applications.

It has become apparent, however, that it is no longer sufficient to study individual components in
isolation. The correct interplay of the various parts of a system is more and more the principal,
overriding factor. Users expect, and quite rightly so, that firms who market hydraulic systems should
also be accountable for those systems.

Of course, this presupposes full competence in the technology. And, increasingly, the users of
hydraulic systems are having to acquire the same technical competence.

A large number of excellent books have already been written on the subject of hydraulics but none
of them deal specifically with hydraulic “systems”; most of them confine themselves to the
components.

This manual Planning and Design of Hydraulic Power Systems attempts to fill the gap.

The manual deals with the way in which the components of hydraulic systems work together. The
authors describe exactly what should be involved in the planning, design, manufacture and execution
of hydraulic systems. There are numerous tables, diagrams and illustrations to clarify the functional
relationships and interdependent aspects of the systems. They are a very useful aid in day-to-day
working. Practical examples and the principal relevant standards will be found at the end of each
chapter.

The manualis notonly intended for users, it can also be very useful to those undergoing initial training
or retraining.

The framework of professional training for hydraulic drive and control technology is constantly
expanding. This manual will prove a valuable aid to those interested in keeping their knowledge of
the subject up-to-date.

The manual is the result of a team effort and thanks are due to all the authors for their contributions.
Special thanks must go to Messrs. Hans H. Faatz and Rudi A. Lang who undertook the general
coordination of the project.

Mannesmann Rexroth AG
Lohr am Main
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Planning Hydraulic Systems

Planning Hydraulic Systems
Dr. Harald Geis

1 Introduction

Basically, hydrauiics is concerned with the transmission
of force and power by means of the static pressure of a
fid.  The tasks are performed by hydraulic systems
which, in the market place, are in competition with mech-
anical, electrical and pneumatic systems. Hydraulic
systems have a number of advantages over the lafter but
there are also a few disadvantages.

Advantages of hydraulic systems

- transmission of high forces within a small space
~ high energy density
- energy storage capability

~ stepless variation in motive quantities, such as
speeds, forces and torques

- @asy monitoring of forces

~ rapid reversal due to low component masses (low
inertia)

~ {ast operating response
— uniform motion {free from shock and chatter)
- wide fransmission ratio

~ simple conversion from rotary to linear motion or vice
versa

~ design freedom in the arrangement of components

— physical separation of drive input and output by pipes
or hoses

~ automatic control of alt types of motion by pilot valves
and electric signals

—~ easy usage of standard components and
sub—assemblies

- overload protection

— minimum wear rates because hydraulic components
are lubricated by the operating medium

- long service life

— energy recovery capability

Disadvantages of hydraulic systems

— pressure and flow losses in pipes and control devices
(Huid friction)

- fluid viscosity sensitive to temperature and pressure

- leakage problems

— compressibitity of the hydraulic fluid

15



Planning Hydraulic Systems

The basic design of a hydraulic system and the power
flow within it is shown in Fig. 1.

Electric

motor .
Hydraulic

_ bump
IC engine

Hydraulic
motor

Fig.. 1 .Sc.h.ematfc diagram of a hydraulic sys.tem

In & hydrostatically driven machine, powered by an elec-
tric motor or intermal combustion engine, mechanical
energy (M, ) is converted into hydraulic energy (Q,
Ap). The control unit directs the hydraulic energy to the
hydrostatic prime mover through various devices which
regulate the pressure, direction and magnitude of the
flow of fluid. The hydrostatic prime mover converts the
hydraulic energy back into mechanical energy; it can be
either rotating (M,, , ), linear or reciprocating (F.. v,.)
depending on what the output requires. In addttion there
are such items as pipes, filters, heat exchangers, hydrau-
lic accumulators, efc. that are not shown in Fig. 1.

The specific needs of hydraulics must also be taken into
account so that the stated advantages of hydraulics
compared with other forms of controf can be fully utilized.

2 Planning procedure

The most important prerequisite for achieving a satistact-
ory answer to any problem in hydraulics is the adoption
of a systematic procedure for the planning and execution
of the hydraulic system. Fig. 2 shows the sequence of the
planning procedure in the form of a fiowchart.

16

3 A description of the flowchart

Fig. 2 shows how, before the actual solution fo the
problem is produced, there are a large number of indivi-
dual thoughts and ideas, i.e. the past experience of the
planning engineer, which first have to be arranged in the
proper sequence. This demands a careful approach
otherwise the satisfactory functioning and economic effi-
ciency of the installation can be compromised.

The impetus fo plan and design a hydraulic system can
come from any of the following sources

|

request from sales

— customer's problems and enquiries
— competitors’  advances

- market analysis

— trend studies

- own ideas

— patents

3.1 The task and its formulation

An important starting point for successful planning is a
clear and detailed statement of the task involved.

it i
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Planning Hydraulic Systems

The first step of the planning procedure is to gather all the
data and arrange it in a clear, easily—accessible way. A
sensible course of action is to prepare a general ques-
tionnaire to which extra questions relating to specific
projects can be added when necessary. This question-
naire will form the framework of the planning procedure
and, amongst other things, it should contain the following
facts:

The motien sequence with the force or torque require-
ments of each motion and the necessary dynamic re-
sponse and natural frequency. The load sequence, i.e.
including the intervals when there is no fluid or pressure
requirement or where only pressure is required. This is
particularly advantageous for optimum design when con-
sidering hydraulic accumulator systems, for example.

A motion sequence expressed in words is often difficult to
understand, incomplete and, primarily, unclear. This is
particularly true of difficult sequences involving several
actuators whose motions overlap.

A diagram, on the other hand, provides both user and
manufacturer with a common, simple and clear means of
communication with brief notes inserted where necessa-
ry for even better understanding.

Take a plastics moulding machine as an example. Here
we use a movement—time diagram in which the motion
sequence is shown as in Diagram 1.

The ram moves in rapid traverse up to the moulding
charge, ie. as quickly as possible, is decelerated and
then compresses the charge with a force which increases
in a predetermined time sequence.

The forward motion has to be stopped when a certain
force is reached but the force must to be sustained for a
short time.

After curing comes controlled decompression followed
by the ram travelling back to its starting posttion. This is
followed by a fixed interval for ejection and the introduc-
tion of a new charge of plastic.

It is easy to see that the diagram provides a good over-
view of this procedure, especially when there are several
similar and overlapping sequences in a system.

Brake Press Sustain
!
|
i
E
I
I

Rapid
traverse

|
|
|
!
|
|
|
|
!
!
|

s
|
|
|

Diagram 1: Movemeni—time diagram
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Planning Hydraulic Systems

There are basically 2 types of function diagram [1].

a Movement diagram

This shows the interplay of the various elements. It is
suitable for simple sequences, draft designs and tender
skeiches.

b Siate diagram

This shows the sequence of functions of the elements
involved as a motion diagram with its interlocking con-
trols.

Byiagram 2: Siate diagram for a hydraulic cylinder [2]

The actual design of the hydraulic system can begin once
the list of requirements and function diagram have been
established.
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Planning Hydrauiic Systems

3.2 Designing the output drive

Deciding on the value of operating pressure is very
important in selecting a suitable hydraulic actuator, ie.
linear or rotary. Together with the forces and speeds
required for the particular task it helps determine the size
of the machine and therefore its cost.

In selecting a maximum operating pressure it must be
remembered that it must be at least equal to or greater
than the sum of the rated pressure of the system and its
losses.

* pinst. fosses (1)

=3
meax‘ > Pmax. = pinslaifation

3.2.1 Estimating the maximum system pressure

required

A useful first step is to make a rough estimation of the
rated pressure from the nominal forces required. In
practice, a correction based on experience and depen-
ding on the particular type of system (open or closed loop)
would then be added to this value. Itis, in fact, an estimat-
ed pressure drop. A more accurate determination of
Pt sses €N ONly be made when the type of equipment to
be used in the system has been decided.

Determining the system pressure needs experience.
Table 1 can be used for guidance for some common
types of system.

The following example of a cylinder shows how an
approximate theoretical determination of the operating
pressure is performed:

The required nominal force F,, neglecting the losses in
the cylinder, can be calculated from the following formula:

Fi=p+ A (2)
for continuity of fiow:

Q=v+A->A=-Qv (3)
and substituting Equation 3 in 2 gives:

Q

Fy=p i {4)
This simple example shows how, when certain forces are
required for example, the level of operating pressure in-
fluences both the volurnetric flow (adapting the displace-
ment or delivery to the particular task) and the size of
equipment. Also, maximum values of operating pressure

are laid down for certain fluids. Let us examine the indi-
vidual parameters and their influences.

20

a Pressure level

According to Equation 2, increasing the pressure level
allows smaller {i.e. cheaper) equipment, smaller bore
pipes and improved specific pressure loss efficiencies

pinst. fosses
TRER iasiad
Pryax

On the other hand, the cooling properties are poorer
because the volumetric flow is less and therefore the tank
volume is made less (less tank surface area).

In addition, ieakage is greater, there is more wear due to
friction and erosion (undissolved gas bubbles trapped in
the sealing clearances) therefore shorter service life and
volume variation due to compression, reduced stifiness
in the system, less favourable dynamic characteristics
and higher noise levels due to higher peak pressures
during control movements.

b Volumetric flow

According to Equation 3, increasing the volumetric flow in
the system also increases the flow velocity.

It must be remembered, however, that pressure loss
increases with the square of the velocity.

2
pins!. losses © © ° “%— '(2 A "é“ ""Z -E_,) (5)

i= f=

n n
1

c Size of equipment

This influences the weight and, especially, the capital
cost of an installation. The space available for installation
and the directly associated pressure iosses must also be
taken into account when making a choice.

In addition to the points that have been mentioned there
are other economic aspects such as the question:

“What valves and devices are available as standard?”

In the case of an installation that is operated continucus-
ly, for example, the need for high efficiency is much more
important than for a system that is used only occasionally.
In actual practice, certain pressure ranges have become
the norm for frequently—used systems which ciosely
approach the optimum in terms of function and economic
efficiency. The examples in Table 1 show some of the
most common pressure ranges employed in various
industries.

Planning Hydraulic Systems

Application Subdivision into market areas Hydraulic systems in Operating
pressure
range
Peg ir bar

Foundries and roliing mills Walking beam conveyors, 160 to 180
handiing systems, rolf frames 315 to 420
Machine tools Planers, slofters, drills, lathes and grinders, 50 to 166

- o hydraulic clamps
50 to 300
international automoblle industry 168 to 120
Industrial Presses General presses, 250 1o 315
hydrauiics special-purpose  presses, 400 to 600
high-pressure  presses to 1000
Plastics machinery En;'ect%o;z-rhou{éing and 150 to 210
SR blow-maoulding machines, 250 o 315
special-purpose’ machines 300 to 450
Test stands test beds Maieriais iest stands 250 w 290

Simulators

Hydraulics in steel- Steeiwork construction and Theatre engineering, moving stages, 100 o 150

work construction, civil engineering, winches, curtains, &tci

civil engineering theatre engineering reactor engineering, air locks 50 o 100

and power stafion steam tirbine governors, 120 o 250

construction weir systerns, focks, 100 to 220

moving bridges, ropeways and lifis 160 1o 250
Hydrauiics in Mining and water hydraulics Hydrauiic ropeway drives, - - 200 to 250
mining loaders,” cutters, - ' 200 o 280
roof supports, - 320 1o 420
tunnel driving machines
Agricultural  engineering Tractors, combine  harvesters, to 100
harvesting :machines - Co
Mobiie . : : :
hydrautics Mobile hydraulics Transport systems, cranes, 1680 {o 250
fork-iift trucks, bulldozers, o
excavators, funnefling machines 350 to 420

Transmigsions, - . 150 to 400

aircraft rudder .actuators .

Piston’ pu'mpsf Specéai—;ﬁ_u'rpbsg méchines, to 315

Special-purpose Hydrostatic . transmissions rotating drives for

hydraulies: - ~industry to 315
o — mobile machines - to 420

~ testbeds .+ - fo 300

secondary confrol sysfems to 300
winches fo 200

Piston pumps/ Steering gear, 150 to 250

Marine Hydrostatic transmission deck cranes, 150 to 300
hydraulics bow deors, to 200
: bulkhead vaives to 200

Table 1: Normal operating pressures in some lypical hydraulic systems and instaliations
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Planning Hydraufic Systems

3.2.2 Selecting oulput devices

When the operating pressure level has been estimated,
the next step is to begin deciding on the type of output
cevices required. In general, the output unit comprises
either hydraufic cylinders or hydraulic motors.  Both will
new be described in some detall.

3.2.2.1 Hydradiic cylinders {linear motion)

There are 3 basic requirement criteria
a Velocity

b Stroke {position)

¢ Force

it is possible for them to occur either singly or in different
combinations.
As the basis for selecting a hydraulic cylinder the follg-
wing performance details are taken from the statement of
task, such as:

~ Required force sequence

It must first of all be remembered that in addition to the
required force on the piston various other forces are
present. These are:

F.. = frctional force between piston, guides and seals
= acceleration forces

the force required to eject the oil out of the other
end of the cylinder(at the reguired cylinder speed)
F, = force due weight

F
FG

i

il

i

These are additive:
= FN + Fﬁ + Fa + £

off

pislon + FW (6)
The calculation of the piston area takes into account the
approximate supplementary force F. through the
hydraulic-mechanical efficiency. Flow losses within the
hydraulic cylinder are not taken into account because of
their insignificant magnitude provided the sizes of the
connections are appropriate.

Within the rated pressure range and when a single—rod
cylinder is extending, a guide value for the hydro-mech-

anical friction is n,,= 0.95 and for the retumn stroke,

N, = 0.8510 0.9. The specific vaiue of depends on the
tolérances at the piston and piston-—rod guides and the

seal type.

Fig. 3 Forces acting orr piston and piston rod
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Case 1: Extending hydraufic cylinder

=g
Fzﬁﬁﬁﬁ p‘laA’Uhmf' (7)
Nrme
A= Dz*' ¥is
4
4
a= A g%
4

p, can be neglected if i is equal fo atmospheric pressure.

Case 2: Piston return (stroke)

Py o A

Py es™ P2 28 Ny =

(8

in this case it must be pointed out that, with single-rod
hydraulic cylinders, there are design reasons why the
area ratic must not be less than a certain figure [31.

1
Aimit= T2

- Speed of rapid fraverse,
working and return strokes

The following relationships are applicable to the two
cases mantioned above — Case 1 (extending) and Case
2 ({retracting):

e (9)

v, = ;:? (10)
which give:

—:—:'- s ~§~ = ¢ (11)

where ¢ is the area ratio.
— Piston travel, stroke time,
dweli time and operating pressure

These depend on the size of the equipment and are taken
into account in the design of the hydraulic cylinder [4]. For
very strict demands on accuracy of positioning there are
three different possible solutions

a Servo cylinder
b Electro-hydraulic linear amplifier
¢ Multi-position cylinder

A more detailed description of the construction and mode
of operation of these items will be found in [2] and [5].
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Buckling

it & piston rod is refatively thin and there is a high thrust
acting on it, it is advisable to calculate the buckling {8].
This is particularly important in the case of “strength” hy-
dradlic cylinders with long strokes which are instalied at
or near the horizontal because they are then subiect 1o
adclitional lateral forces due 0 bending (as shown in
Fig. 4 )

nggik 4 Fo}cés .écffng ona hydrau/ib cylinder instafied horizontally

3.2.2.2 Hydraulic motors (rotary motion)

When selecting hydraulic motors it is necessary 1o lake
0 account performance quantities such as

—~ speed and speed ranges

- ‘torque and power, both peak and continuous

- type of load (constant or fiuctuating)

- type of duty

-~ constant or variable displacement

— angular acceleration

- swivel times of control systems

- magnitude of starting torque

— steady—state meotion in the low speed range

- type of gperating medium

With these operating parameters in mind, the project
engineer can select a suifable hydraulic metor from the
maker’s catalogue [5]. As an aid o selection, Table 2lists
the basic design features and principal characteristics of

hydrauiic motors. It is advisable to discuss the planned
application with the manufacturer.

When sefecting a hydraulic metor it must be remembered
that the losses which occur depend both on the type of
construction and the size of the motor. This point is
particularly impartant with large installed powers and
long working hours, i.e. when there is high utifization of
the motor.

The causes of iosses are the same with all hydraulic
machines, motors and pumps alike. Leakage losses in-
crease the effective displacement whereas hydraulic—

mechanical losses effectively reduce the output torque

below the thecretical value. Remember that the max-
imum pressures listed in Table 2 are above the permitted
continuous operating pressures of the systems. The
pressures are guoted in accordance with DIN 24312,

As high system pressures are being used # is essential,
in order to avoid high volumetric losses, for the dispiace-
ment element to move within its surrounding walls with
minimal clearance. At the same time, however, the gap
between the displacement element and the surrounding
walls, eq. a piston in a cylinder bore, must not be tco
small otherwise the friction Josses will be excessive, i.e.
those from the hydraulic-mechanical source.

These facts are applicable to all types of displacement
machines and it can therefore be concluded that the
volumetric and hydraulic-mechanicat losses are the
main factors governing the efficiency and operating
characteristics of hydrostatic machines and installations.

Dnég;;am' 3: Schematic of the losses in a hycﬁrbstaﬂc machine
(motor)

We will now examine the main types of losses.
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‘1 Nominal size, [0

- displacement s p
omen® |

Fixed displaoementmolors

: ?ism"} FES R ¢
Cmotors: L type

Oiiype
mowors

Table 2: Comparison of different types of motor from their principal characteristics. The daia is taken from catalogue data 5] and refers
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fo mineral oil as the operating medium

Volumetric losses

These arise fram the flow through clearances when there
is a pressure differential present and other forms of
leakage.

This gives:
Q =Q, +0q, {12}
€ = Effective volumetric fiow

[

Q Clearance flow

sp

i

and the volumetric efficiency becomes:

g b %% %
?VM_ Qe - Oe - Qe

Friction in narrow clearances befween components
moving relative to each other cause hydraulic-mecha-
nical losses, with the result that the motor output torque
M., is less than the theoretical motor torque M, based on

the pump pressure and the theoretical displacement
volume of the motor.

M. =p-Q,

Mow= My~ M = Nymm = )

Thus, the overall efficiency becomes

th-w

7 = N My
tot M hm M VI Ap . Qe
where =2+t n
This means that the ouiput power is:

Pz M, o=Ap-Q 0. u {15)

out

Flow iosses

These arise due to changes in flow direction and at
throtiling points and variations in cross section. The flow
of fluid loses some of its energy in overcoming these
resistances.

The actual amount must be determined by experiment
and depends on the geometry of the component, the
velocity and the specific gravity of the fluid. Because of
the close relationship between frictional losses from in-
ternal components and changes in direction, vortices,
etc., in practice, designers use a loss index & .

! )
zX A s+ £
d+ ¢ (16)

L33

}

]

where Pipe friction coefficient

Pipe length
Pipe diameter
= Loss index of individual components

i

EAA T = Rl
H

The pressure loss can then be determined from:
2

e P
Ppipe-toss = ©* 5" V (17}

where ¥ is the mean velocity of the fluid.
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3.3 Selecting the control unit

3.3.1 Task of the controf unit

The task of the control unit is fo link the function of the
input drive system with that of the output drive system
according to predetermined rules.

It is necessary to distinguish between

a Power flow

or the flow of the fluid in direction, magnitude and pres-
sure level from the hydraulic tank to the actuator, includ-
ing any necessary devices such as valves, and

b Signal flow

the task of which is to collect and process all externat data
necessary for controlling the power flow according the
function to be performed. The signal flow thus transfers
information smoothly into power flow,

Fig. 8 How signal flow works logether with power flow

Once the circuit diagram and required output power are
known, the nominal sizes of the individual actuators and
control devices are also fixed. A free choice of valve
actuation remains. This can be mechanical (lever or
cam), electrical, electronic, hydraulic or pneumatic or, for
optimum operation, a combination of one or more of
these.
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3.3.2 Determining the signal flow

The rules for determining the signal flow are laid down in
the function diagram to VDI 3260 (see Section 3.1) and
in the statement of task for the instaliation. In many cases
the planner of the hydraufics does not have an overview
of the complete signalling system, so close co-operation
with other experienced control specialists, i.e. electronic
and electrical engineers, is necessary.

Planning Hydrafic Systems

333 Determination of the control of the power
flow

At this stage of the planning i is sensibie to decide on the
confrol of the power flow — which is naturally closely
finked o the signal flow — i.e. to select all the valves and
fitings necessary for praper functioning of the hydraulic
system.

The basis for this is once again the function diagram and
the peripheral factors of the statement of task which
govern the type and size of the valves.

It s also necessary to decide where, in the hydraulic
system, the individual valves must be fited in order to
perform their iasks.

This is particularly true of pressure valves, flow valves
and check valves, and it also has an effect on the accessi-
bility of the instaliation and its flow characterstics.

Mode of operation and technical data of the individual
devices are dealt with in [5], [6] and [7].

When selecting the different conirol elements, there are
certain commen features that can be formulated:

- mode of operation (binary, digital, analog, propor-
tional)

— static and dynamic characteristics

- afficiency

-~ space required

— cost

- refiability

— sdafety features

— maintenance costs.

Devices which take their function signals from the signal

fiow must be coordinated with it so that no uncontrolled
reactions can take place.

3.34 Selecting & method of measurement

in order to ascertain the effect of the signal flow on the
power flow it is necessary to measure vanous operating
states, primarily hydraulic varfables such as pressure,
flow and temperature. In addition, it may be necessary to
measure mechanical variables such as travel, force,
speed, veloclty and acceleration.

A measuring system is selected according to the follo-
wing key factors:

- ihe measuring accuracy required {resolution, hyster-
esis)

—~ measwring range

— upper and lower frequency limits

- permitted temperature range

- permitted pressure range

— electrical and mechanical disturbances

— distance between sensor and signal processor

- reaction 1 environmentai factors

- availability of suitable eguipment

-~ ¢ost

Generally speaking, measuring sensors should be sim-
ple, cheap and universal in application. They should also
be interchangeable. But their most impoertant characteri-
stic Is stability in order to ensure that the absolute

measured-values are reproduced reliably according to
the criteria specific 1o the installation.
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3.4 Selecting the power unit

Once the output actuator and control unit have been
selected, and hence the required power output and
losses in the hydraulic system are known, attention can
be tumned to selecting the required power unit which
comprises a pump, tank and accessories such as filter
and cooler,

3.441 A preview of the different power systems
The first step is to clarify what type of circuit is to be

employed. Table 3 lists the various factors which help in
this decision.

Table 3: Criteria for selecting the type of cifcbft —

In this connection it must be pointed out that, in actual
practice, the decision on the type of circuit ultimately
depends on the particular application of the system and
on the experience of the planning engineer because it is
usual for there to be a mixture of the various factors listed
in Table 3.
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Apart from selecting the type of circuit, the type of power
system to be employed is also important. The two basic
forms are the individual power unit and the centralized
fluid supply system, the latter being used primarily for
larger hydraulic systems.

Planning Hydraulic Systems

3.4.1.1 Individual drives

These are normally used when it is necessary to prevent
any mutual interference between different motions. Dif-
ferent types of pump can be used depending on the par-
ticular duty.

Fixed displacement pumps

The advantages are the relatively fow price and the
constant delivery volume per revolution. If the hydrauiic
system is working considerably below the maximum deli-
very a reduction in the efficiency must be anticipated. The
reason for this is the need to return the unwanted delivery
pack to the tank via a branch line {i{he pressure relief
valve).

P =(Q

losses

pumg oac!uaior) ‘P N {i 8)
Where p, is the maximum continuous operating pressure
setting.

Variable displacement pumps

By using a variable displacement pump # is possible o
match the delivery to the needs of the actuaior. Its dis-
advantage is its greater initial cost.

Combination of pumps

Ancther method of obtaining different volumetric flow
rates is to use several fixed displacement pumps connec-
ted in parallel. With this arrangement the drive power can
be matched to the required hydraulic power in steps, so
there is no major excess drive power.

Yet another economic alternative is a combination of
constant displacement pump and hydraufic accumulator
which can be used in cases where there is a high flow
demand for a short period of fime.

Q... within the cycle time (0.5 to 0.66)

Ancther factor is whether the hydraulic system is to be
stationary (industrial} or mobile.

Unlke an industrial installation a mobile hydradlic system
can only employ a certain number of pumps because of
the limitations of the engine available. The problem is
optimizing the utilization of the power provided by the
common engine. This can only be achieved economically
with variable displacement pumps [8] to {14] since fixed
displacement pumps are much less suitable.

3.4.1.2 Centralized fluid supply system

This type of system is used when

— there are several similar actuators in use which are
not all needed simultanecusly

— several actuators with very different requirements are
{0 be combined

— the demand for fluid pressure is smail compared with
the time of a work cycle.

The best course of action is to divide the lotal power
between a number of pumps which should be identical if
possible. Depending on the requirements, the central-
ized fluid supply system can be arranged as follows.

Pressure fiuid system with fixed displacement pump
and accumulators

The task of the accumulators is to provide the system with
sufficient energy at times of peak power demand.

The fixed displacement pump or pumps is/are started
and stopped according to the state of charge of the
accumulators. This type of arrangement is good when
there are a number of actuators connected to the system
and the work cycles are long, e.g. on machine tools.

Other advantages of such accumulator installations are:

|

savings on pumps, drive motors and tanks

lower installed power

f

iess space required

iower noise level,

Disadvantages are:

- similar power losses fo constant pressure systems
{throttling control)

— hydraufic accumuiators are subject to special app-
roval regulations.

The design and mode of operation of accumutators and
the criteria for their selection are dealt with in defall in the
chapter on hydraulic accumuiators. The pumps must be
rated so that the volume of fluid taken from the accumu-
lator can be replaced after the work cycle.

Pressure fluid system with variable displacement
pumps

With this type of system the pressure in the common line
i maintained by variable displacement pumps. It should
be noted that, when large quantities of pressure fiuid are
taken from the common fine, the controt time of this type
of pump means that dips in the pressure can occur.

Pressure fluid system with variable displacement
pump and accumulators

Peak demands are covered by the hydraulic accumula-
tors so that the instalied pump power can be reduced
compared with a system empioying only variable dis-
placement pumps and the recovery times of the purnps
can be faster.
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3.41.3 Power matching (or saving)

Hydrauiic systems convert mechanical power into hy-
draulic power, which is easy to transmit, control and
distribute, and which is subseguently converted back into
mechanical power by hydraulic cytinders or motors. If the
pump has to supply several vaive-controlled actuators
and the operating conditions are unfavourabie, there may
be a substantial power loss due to throttling which also
heats up the fluid. Such operating conditions arise in the
part-oad range when the pump is delivering more fluid
than needed by the actuators or when the pump pressure
has been set above the pressure required by the actua-
tors. Conseguently, it is energy—efficient if the drive
power {i.e. pump delivery and pressure) can be matched
to the demand (i.e. load sensing, load matching control).

in addition to hydradlic concepts for matching input
power to output power there are also electrically—based
systems. A comparison of electrical and hydrostatic
drives has been carried out by Metzner [15].

He lists the following advantages of load matching control
{secondary control) over electrical speed control:

- better dynamic response

— more compact

- lighter

~ low inertia

~ lower systems cost above 50 kW.

Fig. 7 gives an overview of the capabilities of hydrostatic
drive systems.

Hydrostatic
drive concept

.:_ A Systems with
: flow coupling

B Systems with

pressure coupling

Resistance control
{throttle control)

Displacement controf

With constant displacement.purp || L

Fig. 7: Hydrostatic power systems
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A Systems with fow coupling

This systemn, known in practical circles as hydrostatic
ransmission, employs the principle of a pump (the prim-
ary unity drawing power from the energy source and
iransmitting it hydraulically to one or more hydraulic
motors (the secondary uniis). At that point, the hydraulic
energy is re-converted into mechanical power, usually in
the form of a rotary metion.

Deapending on the particular application and the contral-
lability required, there are further variations in the sys-
mms)

£1  Systems with variable displacernent pump and
fixed dispiacement motor (primary controf)

Open—toop circuit — open suction (Fig. §)

Fig. 8: Pump control in an open-ioop circuit — suction circuit

With an open—loop circuit the fluid flows from the tark to
the hydraulic pump from whenge it is delivered to the
hydraulic moter. From the hydraulic motor the fluid flows
back to the tank at low pressure and is subseguently
drawn into the pump suction again.

The output direction of the hydraulic motor can be chan-
ged by interposing a directional control valve,

A pressure relief valve protects the hydrostatic drive from
overloads. Filtration usually takes place in the return line.

Closed-loop circult —~ boosted cireuit (Fig. 9)

Fig. 8: Pump control in a closed-loop cireuit ~ boosted circuilt

In the closed-loop circuit the fluid discharged from the
hydraulic motor is returned directly to the hydraulic pump.
For filing the circuit initially and for topping up o replace
the unavoidable leakage there is a boost pump which
must usually have a delivery of about 15% of the main
pump delivery. When there are rapid changes in load it
can sometimes be necessary to boost up to 100% of the
main pump delivery, which can be done from hydraulic
accumuiators. Two separate adjustable pressure relief
valves protect the hydrostatic transmission against over-
ioad. Filtering of the fluid takes place in the return line of
the flushing valve or in the boost delivery line itseif.
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The closed-ioop circuit allows pump and motor to inter-
change functions so that torques and forces at the output
can be fransmitted to the prime mover through the
hydraulic pump. This reversal of the energy flow provides
almost entirely loss—free braking.

However, this is only true if the pump and motor are of
approximately the same size.

Semi open-loop circuit - with make-up (Fig. 10)

Fig. 18: Pump control in a semi open—locp circtit —
with make—up

With & semi open—loop circuit there is an insufficient flow
of fluid in one direction from the hydraulic motor back to
the pump,

The quantity lacking is made up from the tank through
make-up valves.

The output drive element is usually a single—rod cylinder
s0 that more fuid is returned in the other direction to the
hydraulic pump than it can deal with. The difference is
diverted back to the tank through a directional valve. Two
pressure relief valves protect the hydrostatic transmis-
sion against overload.
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Pump control is used mainly for individual drives, high
powers and continuous operation. The main difference
between the open—oop circuit and the closed—oop cir-
cuit is the reversibility. A disadvantage of both systems is
that their dynamic response decreases with increasing
length of connecting pipework.

A2 Systems with constant displacement pump
and variable displacement motor (secondary
control)

This version has fewer practical applications. Its disad-
vantage compared with the A1 version is that a minimum
speed must be maintained.
n_. R | . Vpump
min motor pump

max moior

A3  Systems with variable displacement pump and
variable displacement motor (primary—secon-
dary control)

This combination system is used when a very wide range
is needed.

There are no losses inherent in the system. The only
fosses which occur are the power losses in the motor and
pump and in the boost pump.

B Systems with pressure coupling

BA  Hesistance {throtiling) control

This is often used for intermittent operation and for
multiple drives, e.g. machine tools and mobile instalia-
tions, Figs. 71 to 14 show various options with resistance
conirol whereby the Fig. 71 version is preferred for lower
powers and the Fig. 13 version for higher powers.

BA1 Resistance conifrol with constant dispiace-
ment pump (Fig. 171)

F-"lg 11: Resistance [{throttiing)control  system  with: constant
displacement pump

In a hydraulic system as shown in Fig. 11, which uses a
constant operating pressure, confrol is exercised by
throtting aione, i.e. the operating pressure is regulated
by a pressure refief valve. The pumyp delivery not needed
by the actuating device is converted into heat at the pres-
sure relief valve and so goes down as a loss in the energy
balance. The pressure differential (B, — p.) not neaded by
the actuating device is dissipated at valves 1 and 2 and
also goes down in the energy balance.

Systern—related power loss
P (Q=-Q: b+ Qu(p—-py)

BA2 Resistance control with variable displacement
pump({Fig. 12

Fig. 12: Resistance control system with variable displacement
pump

Unlike conventional installations, this system uses a
variable displacement pump. The swivel angle of the
pump, i.e. its delivery, is regulated by the system pres-
sure in the pump line. The pump only delivers the precise
quantity needed by the actuating device at any moment,
The disadvantage of this system is that the response
pressure must be set very high so that the actuating
device can continue 1o be supplied when under high load.

System-related power loss

Pvm(pp“pm)‘ou
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BA3 Load sensing

BA3.1 Load sensing with variable displacement
pump (ciosed centre) (Fig. 13)

Fig. 13: Resistance conirol system with load sensing and va-

riable displacement pump (used primarily for motile
machines)

By means of a load pressure feedback system the
pressure and flow can be matched to the needs of the
actuator. Only slightly more hydraulic power is provided
than is needed by the various, individual actuators; thus,
energy is saved. This type of control is very sensitive and
is almost independent of the load pressure: meaaning
easy operating control.

System—related power loss with variabie displacement
pump

Py=(pp-p) - Q,, where p, - p, = constant ~ 15 bar
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BA3.2 Load sensing with constant displacement
pump (open centre) (Fig. 14)

vall Bl

Fig. 14: Resistance controf sysmi%v wit;?&zad sensing .and co:;;
stant displacement pump (used primanly for mobile
machines)

System—related power loss with constant delivery pump
PV = (Qp - Qm) * Pp + QM (pp - pL)
Py=(Co~ Q)+ (p + 15+ 10° Nim?) + Q,, + 15 + 10° Nim?

where Py — b, = constant ~ 15 10° Nim? =15 bar

P
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BB Displacement control (load matching systems
[with secondary control] )

BB1 Load matching — Secondary control (Fig. 15)

Either of these terms means control of the displacement
of secondary unit, i.e. the actuator. A good example is
speed control of a hydraulic motor. When, as in certain
cases, external energy is fed into the system, the motor
works as a pump in order 1o keep the velocity or speed
constant. This is why we speak of the unit as a “secondary
unit” and not of a hydraulic pump or hydraulic motor.

The system is described in more detail in [10], [15] and
[16]. As with the systems described in Section A, there
are no system—elated losses. An interesting fact, ac-
cording to [17], is the application of secondary control in
the following cases:

— When various actuators work in parallet and with
different sequences (e.g. on ships) and energy can be
recovered from those units that are braking (i.e. re-
generating} in order to be used for other units that are
motoring (e.q. in lifts and elevators). It means that the
total installed power can be substantially reduced.

— When there are considerable distances between the
hydraulic power unit and the actuators. The compres-
sibility of the fiuid plays no part here because control
is exercised directly with the motor. Therefore, high
dynamic response control is possible.

- When a good power-io-weight ratio is needed, a.g.

on ships, vehicles, machine tools, etc. The hydraulic
units are considerably more compact and lighter than
comparable electrical units {15}

— When work cycles are repeated systematically and it

is possible to recover energy. Typical examples are
vehicles, e.g. town buses, fork—ift trucks, ships’ win-
ches, centrifuges, efc., where the hraking energy can
be stored and utilized later for acceleration.
Track—driven vehicles are another possibility as,
when driving round a bend, the inner units act as
generators and the outer units as motors with the
result that, for a specific speed, energy can be reco-
vered.

Of course, it must be debated whether the success of
such a system is worth the cost of its installation.

Fig. 15: System with pressure coupling
(secondary control}

Driven
machine

35



Planning Hydraulic Systems

3.4.2 Selecting the pump

From what has been said so far, and having determined
the operating pressure, we are now in a position to con-
sider the type of pump to be employed. Table 4 lists the

different types and nominal sizes of hydraulic pumps and
permits them to be compared.

Table 4: Comparison of the principal characteristics of hydraulic pumps. The“a:avta is taken .from .t.f.re varrdus déta sht;efé [5} .with” rh;é

units used on mineral oil.
The requirements contained in “the statement of task”
narrow down the type and size of pump even further.
Typical key factors are:

~ Pressure range — continuous and maximum pressure
with service restrictions, behaviour with frequent
pressure changes

- Speed range — top and bottom limits
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Relation between pressure and speed

Life expectancy with various load profiles (continuous
load, part load, overload, pressure peaks)

Fluid used - purity and temperature requirements
(NAS, viscosity); see chapter on Hydraulic Fluids

Efficiency characteristics for different types of foad

Planning Hydraglic Systems

-~ Suitability for uniform or sharply fluctuating demand
- Operating reliability and noise

~ Variable displacement pumps — control rate and ran-
ge, internal leakage losses, choice of control devices

- Ease of maintenance and repair

Let us examine one or two of these points in detail.

Efficiency n

This is primarily of interest at high powers and high
utilization factors = (operating hours/iotal hours).

A lower efficiency or a higher power loss heats up the fluid
and necessitates more cooling.

The utilization factor also plays an important role in this
connection.

{(19)

v
A Vmax

Table 5: Guide values for V > 0)

Service life

This is very dependent on the operating pressure {e.q.
the life of ball bearings is reduced by 7/8 if the operating
pressure is doubled) and on the purity of the fluid and its
temperature.

Noise level

All positive displacernent machines work on ‘similar prin-
ciples.

Their chambers are filled in & continuous sequence as
they rotate, being closed afterwards to prevent any back
flow and then being opened again subsequently to expel
the contents.

This intermittent process causes pressure pulsation and
hence vibration which is transmitted to other parts of the
installation in the form noise, carried either by the fluid or
the mechanical structure. Pumps also radiate air—borne
noise from their outer surfaces as a result of their opera-
ting principle.

The usual methods of reducing such noise are:

— to de—couple the siructure—bormne noise (by mounting
on anti-vibration mountings, eic.)

— by restricting the transmission of fluid and airborne
noise {with accumulators and silencers)

- by avoiding additional sources of vibration.

More detailed information on this subject will be found in
the chapter on Noise Reduction and in {18],

Fluid

If i is intended 1o use fiuids other than mineral oil i is
advisable to consult the manufacturer of the hydraulic
eguipment first,

3.4.3 The tank or reservoir

Another important gem in the power unit is the tank in
which the operating fluid is stored. Apart from storing the
fluid used in the system, #s tasks are alse to assist in
removing contamination and water, air separation, to act
as a heat exchanger and to allow the return fluid to settie.

In the majority of applications it should also be able to
support the hydraulic components, namely pumps,
valves and other accessories such as accumulators,
filters, etc. in the case of large installations with a centra-
lized fluid supply system this is not always necessary.
All the peoints that have been mentioned make certain
demands on the construction and size of the tank. They
are formulated in VDI 3230 as follows:

- static and dynamic rigidity
- good dissipation of heat due to losses

— easy maintenance.

Further details will be found in the chapter on Steelwork
Design for Power Units.

3.4.4 Accessories

Grouped under this subheading are those devices which
perform filtration and storage of the fluid, regulate the
thermal status of the installation (e.q. coclers and hea-
ters) and indicate the opserating variables such as pressu-
res. The criteria for selecting such items, their design and
consiruction features will not be dealt with here because
later chapters cover them comprehensively.

Later chapters also deal in considerable detail with the
other principal aspects of planning and design such as
the pipework connecting the individual components,
noise reduction, corrosion protection and commissioning
and maintenance.

37



Planning Hydraulic Systems

4 Documentation
of practical experience

In this connection, documentation means the systematic
collection of information, its analysis and its preparation
inte a convenient form for use. It should be rememberad
that even the best documentation is worthless i i is
neglected.

The main source of information, apart from magazine
articles, patents, eic., is the practical experience gained
from the design and execution of other hydraulic instalia-
tions. The information gathered has an exciusively prac-
tical slant, which means that # should be used and not
merely gather dust!!

Basically, documentation covers two aspects:

1 Indicating to the planning engineer the current
state—of—the—art

2 Indicating possible and practical methods and solu-
tions which have afready proved successful and are
available. The economic aspect is an integral part of
this.

in general, engineers solve the problems that confront
them with expertise and the greatest possible economy
in mind.

In the search for the correct solution, many decisions
must be taken the value of which is in direct proportion to
the nearer the approximate the ideal solution and the
quicker they can be obtained. Such decisions are easier
to achieve if the necessary information is available at the
same time, i.e. when planning begins. Good documenta-
tion is therefore, one of the best ways of arriving at good
solutions to future new problems, i.e. saving, storing and
imparting the knowledge of experience gained.

Fig. 16: Breakdown of the total cost of a hydraulic system
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5 Economics

In order to have a clear view of the economics of an
installation it is essential to break down the costs into a
more easily assimilated pafttern.

From Fig. 16 it will be clear that it is impossibie for the
pianner to forecast the costs at the beginning of a project.
Consequently, any initial calculations make use of past
experience from comparable projects. The extent to
which the tender prices agree with the final prices is also
pari of the tenderer's know--how. It has been established
that there is always a cost advantage for the user in
purchasing a complete system and, at the same time, he
i5 assured of good service. Another plus point is the
reduced number of possible sources of error, i.e. practic-
ally no interface probiems, and optimum coordination of
the electrics and electronics with the hydraulics. Since
only the project engineer bears responsibility for the
planning and execution, the user's risk is also minimized.
Another worthwhile exercise is a comparison of purchase
price with operating costs. Operators often go for low
tenders without giving due consideration to the very
important after—costs associated with commissioning,
maintenance and energy.

Planning Hydraulic Systems

6 A guide to project design

The procedure for designing a system

A The hydraulic cylinder

p,*: Provisional system pressure
{see Table 7 for empirical values)

The size of a suitable hydraulic cylinder can be taken from
the catalogue [5] (A >A}.

Fig. 17: Diagrammatic layout of a hydraulic installation; x, X , Fare the oulput performance values required by the user

B The power unit

V,: Pump displacement (geometric)
m Speed
n,. Volumetric efficiency, see catalogue [5]

A suitable combination of hydraulic pump (Vg) and elec-
tic motor () must be selected to satisty the require-
ments.
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. Total efficiency of system

Table 8: Guide values for total efficiency of a sysz‘ém depending
on the pumg used

Cc The control valves

Selecting the nominal size of valve depends partly on the

performance limit, the flow rate Q and the pressure drop

AR = f(Q).
Betails will be found in the catalogue (5]

[ The hydraulic power required {pump)

1, Total efficiency of pump, see catalogue 5]

where p, = F/A_ + Ap,
Ap, is an empirical vaiue between 10 and 50 bar depen-
ding on the type of installation. It is refated to the flow
velocity and to the type and length of pipe.

E Pipe sizes (empirical values)

v This depends on the pipe length, operating pres-

i

sure and instaliation details
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Table 7: Guide values for fluid velocity in pipes

F The tank volume (empirical value)

Ve = 3105 x Q (Q In L/min)
For large hydrauiic cylinders
V o =3x Va

fani

G The cooling system

The amount of power loss convered into heat in a
hydraulic system is very dependent on the type of instal-
fation.

Table 8: Empiricai values for determining cooling capacity

Note

Refer to the appropriate chapters for details on the design
of hydraulic accumulators and the fitting and filtration
rating of filters.

Planning Hydraulic Systems

7 An example of project design

The following simpie exampie of a canal lock gate system
is intended 1o illustrate the procedure to be adopted in the
project design of the hydraulic system in such an the
instaltation.

The customer has laid down the following basic require-
ments:

— Working travel of the individual gates
s=1m

— Power required
B, =80 KW

- Simple construction

- No electrical interlocks

— Operation must be reversible at any time (for safety)
— Lock transit ttime approx. 5 min.

The first step is to prepare a precise statement of task, i.e.

a number of extra variables needed for the design must
be ascerained:

- Pushing and pulling forces on the gates
Fis = 64 kN

— Pushing and pufling forces on the siuices

Foo= 14 kN

~ Opening time of the gates
Lo =30s

- Closing time of the gales
L,,=60s

— Opening time of the sluices
to. = 1808

~ Closing time of the sluices
t.,=30s

I there is no background from previous similar instafla-
tions it will be essential to draw up & circuit diagram (Figs.
18 and 19) and a function diagram (Fig. 20).

As the system will operate intermittently and*work at low
pressure, as well as having o be simple and cheap, the
open-loop circuit is the one to choose according to Table
3.

The operating pressure is decided according to DIN
19704 — the standards referring to hydraulic steel struc-
tures - and is set at 120 bar max. because of the emer-
gency and manual operation required.

The rated pressure of the system is calculated as follows:

Paot. N = Prax ™ Pany

whereby the losses are estimated at 30 bar and therefore
the usable system pressure is fixed at 90 bar.

As shown in the circuif diagrams (Figs. 18 and 19)
hydraulic cylinders are being considered as the output
drive elements. The cylinder size can be estimated as
follows, neglecting losses:

FNmp-A or
A =Fip

For cylinders 1 and 3:

64000 N

o i T oM
12”300 Nom?
For cylinders 2 and 4:
Ay - _JO0oON 15,5 cm?
900 Niem?

Note:
With single-rod cylinders there are two different piston
areas and working speeds.

With the aid of the catalogue [5], the pressure and the
geometry, the individual cylinders can be selected:

Cylinder 1 CD 250 B 125/70 x 1030
Cylinder 2 CD2508 6345x 350
Cylinder 3 CD 250 B 125/70 x 1030
Cylinder 4 CD250B 6345 x 350

Remember that, according to the formula Q= v < A, the
choice of hydraulic cylinder also has an effect on the size
of the pump. Once the operating pressure, volumetric
flow and circuit diagram are known, the sizes of the indi-
vidual components can be ascertained, and hence the
components themselves, e.g. the valves.

Knowing the output power and the losses of the individual
control devices, and hence the drive power required for
the hydraulic system, it is possible 1o establish the power
unit, comprising pump, tank and accessories such as
fiter and breather. For reasons of cost, standard units
should be installed whenever possible With this particular
project standard components can be selected and moun-
ted on a special size of tank.
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upatream

Fig. 18

diagram of a canal lock (travelling upstream)
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Planning Hydraulic Systems

An initial calculation of the cost of the system, including
planning, is made, to which must be added the installation
and commissioning costs which can be either a fixed
price or at cost according to the circumstances. If the
customer is happy with the quotation, progressing of the
job begins with the design and construction of the system
and its components.

Fig. 20: State diagram for the canal lock in Fig. 17
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8 Symbols and subscripts

Symbols

Subscripts

Dimensionless symbols
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Hydraulic Fluids

Hydraulic Fluids

Peter Drexler

1 Introduction

Theoretically, any fluid can be used as the operating
medium in hydraulic systems since they all follow Pas-
cal's Law.

Water was used in the early days but since, in its pure
form, it does not prevent wear and, in conjunction with
OXygen, can cause serious corrosion it is unsuitable for
the demands of modern hydraulic power systems.

Mineral off has come to be the most popular choice
primarity because of its good lubricity and excellent
protection against corrosion. With the help of special
additives the mineral oils have been continually improved
over the years.

One of its disadvantages, however, is that it is flammable.
Consequently, fire-resistant fluids are often used in
hydrautic systems operating in the vicinity of naked
flames, molten metat or other high temperature areas.

There is no such thing as the ideal hydraulic fluid. This
means that careful selection is absolutely essential in
order to find the fiuid that will give the best performance
for a particular hydraulic system.

2 Requirements
of hydraulic fluids

Numerous demands are made on hydraulic fluids, the
most important ones being listed below:

— good lubricity

- no corrosion of matenals

— good viscosity-temperature characteristics
— good resistance to oxidation and thermal ioading
~ low compressibility

~ minimum foaming

- high specific gravity

— good thermal conductance

— fire resistance for special applications

-~ non-toxic

— cheap

— wide availability

~ low maintenance cost

— easy disposal
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3 Properties and selection crite-
ria of mineral oil-based hydrau-
lic fluids

Most hydraulic power systems use hydraulic fluids which
have a mineral oil hase. Choosing the correct fluid is
essential to satisfactory operation of the system, the
operating conditions of which must be carefully re-
searched.

The properties of hydraulic #uids depend on:

— the type of base oil
-~ the amount of refining

— the type and quantity of additives.

Fluids with good low temperature flow characteristics are
made from naphtha-based oils. They are used in hydrau-
lic systems with low starting temperatures and maximum
fuid temperatures up to 30°C .

If the low temperature flow characteristics are not the
goveming factor for selection, it is better o use paraffin-
based fluids which possess greater resistance to oxida-
tion and have a better viscosity-temperature character-
istic.

A very popular course of action, however, is to blend
naphtha-based oils and paraffin-based cils with aroma-
tics in order to obtain the widest possible range of applica-
tion for the fluids.

Undesirable constituents in the base oil, such as sulphur
compounds, are removed by the refining process. Spe-
cial additives improve the properties of the resultant
fluids, such as protection against wear,

The minimum specifications for hydraulic fluids are laid
down in DIN 51 524,

3.1 Classes of hydraulic fluids

314 HL fluids to DIN 51 524, Part 1

HL fluids are oils whose resistance to ageing and corro-
sion protection have been improved by means of addit-
ives.

They are used in hydraulic power systems where tempe-
ratures around 50 °C and/or corrosion due to moisture
are anticipated.

Since they contain no wear-reducing additives they are of
only limited suitability for hydrauiic instaliations. The
limitations refer to the actual equipment selected; prim-
arily the pumps and motars and the pressure range.
There is no point in making exclusive statements of
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applicability since equipment is being constantly impro-
ved. Manufacturers” literature should be studied in order
fo obtain up-to-date information.

Hydraulic fluids which attack lead or bearing materials
containing lead may not be used even if they satisty the
HL specification to DIN 51 524, Part 1. They are mainly
multi-purpose  oifs, e.g. bedway oils, containing fatty
acids or fatty acid esters.

3.1.2 HLP fluids to DIN 51 524, Part 2

HLP fluids have better protection against wear compared
with HL fluids. They contain ageing-prevention and cor-
rosion-prevention additives and others for reducing wear
under mixed friction conditions, ie. where excessive
wear or seizure can occur between metal surfaces if the
lubrication is inadequate.

The wear protection is assessed by means of the tests
faid down in DIN 51 354, Part 2 and DIN 51 389, Part 2.
The results cannot be compared with each other due to
the different conditions of the tests.

Again, HLP fluids must not be used if they attack lead or
bearing materials containing lead.

3.1.1 HV fluids

Hydraulic installations exposed to severe fluctuations in
temperature or low ambient temperatures, e.g. outdeors,
need fluids with a higher viscosity index (VI); they are
known as HV fluids. Some of them satisfy the require-
menis of HLP fluids to DIN 51 524, Part 2 but have addi-
tional additives for improving the viscosity-temperature
characteristic; these are known as VI improvers. VI im-
provers can sometimes adversely affect the de-mulsifi-
cation characteristics and air separation capability and so
are only recommended for installations exposed to the
femperature conditions mentioned earlier. A new stan-
dard DIN 51 524, Part 3 is currently in preparation to lay
down the minimum requirements.

In selecting HV fluids a shear loss in the viscosity of up to
30% must be taken into account. This means, for exam-
ple, that an HV fluid with a viscosity of 36 mm?/s must be
used for a pump with a permitted minimum viscosity of 25
mm?s so that the viscosity does not fall below the per-
mitted minimum when shear losses occur during service.

S
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3.1.4 HEP-D flaids

These fluids contain detergent and dispersion additives.
Their purpose is to dissolve any deposits and o hold any
impurities (e.g. due fo ageing and wear) and moisiure in
suspension in the fluid.

The impurities have to be fitered out so the filter area has
0 be increased (design for Ap = 0.2 bar) and the filtration
rating reduced by 1 step from, say, 20 & 10um. This nor-
mally doubles the size of the filter, e.g. from Size 330 ©
Size 660.

The moisture trapped in the fiuid can reduce the protec-
tion against wear so HLP-D fiuids shouid not be used if
the ingress of more meisture than normal is expected,
2.g. in wet surroundings.

Some HLP-D fluids contain fatty acids or fatly acid esters
which attack lead or bearing materials containing lead so
they should not be used.

3.1.5 Anti-pollution fluids

With the growing public awareness of the need for
conservation and stricter legislation to protect the envir-
onment there is a growing demand for anti-pollution hy-
draufic fluids, primarily for mobile equipment. Bio-degra-
dable fluids currently available on the market can be
divided into two groups:

- fiuids with a vegetable base

— fuids with a glycot base.

The materials selected for the eguipment must be com-
patible with the new fluids, e.g. seals, iead content, paint-
work.

3.1.6 Muiti-purpose oils

Some multi-purpose ocils comply with DIN 51 524 and so
can be used as hydraulic fluids as welt as for such appli-
cations as lubricating bedways.

Before using such oils # is advisable to discuss material
compatibility with the maker of the equipment.

3.2 Selection

Selecting the correct fluid is just as important to the safe
and reliable functioning of a hydraulic sysitem as selec-
ting the corract components.

DIN 51 524, Parls 1 and 2 can be used for choosing the
principal data although i should be remembered that
these are only minimum requirements. Therefore, it will
he necessary to check manufaciurers’ data conceming
such aspects as resisiance o ageing, foaming, lead and
non-ferrous metal compatibility, purity as-supplied and
filtration capacity.

3.2.1 Viscosity

The viscosity of a hydraulic fluid is a measure of its thick-
ness, Le. the amount of resistance that the fluid particles
offer to a thrust exerted on them.

Kinematic viscosity as specified in THN 51 562 has
become the most popular unit of measurement and, in Sl
units, it is expressed in mm?s, whereby 1 mm?/s = 1 cSt.
if the viscosity is too high the friction and flow losses will
alse be high as measured by pressure drop and tempe-
rature rise. Cold starting of the hydraulic system will be
difficult, control wili be sluggish and the air separation
capacity will be poor.

It the viscosity is 100 low there will be excessive leakage,
more wear and severe overheating of the fluid,

The viscosity falls as the temperature rises. Diagram 4
shows the limits of the different 1SO viscosity classes for
liquid twbricants to DIN 51 519

The change in viscosity with temperature is expressed by
the viscosity index which is specified in DIN 150 2909.
The higher the viscosity index the lower the sensitivity of
the viscosity to temperature.

This feature is utilized with HV fluids which are designed
for large fluctuations in temperature and low ambient
temperatures. It means that it is sometimes possible to
aveid changing the fluid in a system as the annual sea-
sans change, such as when the system is outdoors.

The viscosity-pressure behaviour of hydraulic fiuids is of
more importance when operating pressures are higher.
Although the increase in viscosity can be low up to & pres-
sure of 200 bar, it can double when the pressure reaches
around 400 bar.
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Diagram 4: Viscosity-temperature diagram

?abie 9: IS0 viscosity classes
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The viscosity classes for hydraulic fluids are laid down in
DIN 5t 519 which is based on 1SO 3448. I1SQO viscosity
classes VG 10, 22, 32, 46, 68 and 100 have also been
transterred to DIN 51 524,

Hydraulic equipment manufacturers’ data must be taken
into account when selecling viscosity classes.

Example:

Viscosity range for a vane pump:

80C mm?sec maximum for starting with delivery

200 mm?¥sec maximum for starting at zero siroke

16 mm?sec minimum at maximum operating temperat-
ure.

Exceeding the maximum values can cause damage due
to insufficient lubricant, whereas vaiues below the mini-
mum can cause excessive wear and leakage.

Hydraulic Fluids

3.2.2 Pour point

Pour point is the lowest value of temperature at which the
fiuid will still flow. The method of determining the pour
point is described in DIN 1SO 3016.

in selecting a hydraulic fluid, remember that the minimum
permitted temperafure in the hydraulic system must be at
least 8°C above the pour point.

323 Compressibility

Compressibility is the amount by which the volume of a
hydraulic fiuid changes under pressure.

Diagram 5: Temperature-pressure relationship of viscosity [2]

In the case of a fluid containing no air bubbles:the volume
reduces by 0.7% when the pressure is increased by
100 bar.

Up to 150 bar the compressibility can be neglected but
beyond that, especially when delivery rates are high, it
can have an adverse effect on the functioning of the
system. lf there is any air trapped in the fluid it will be more
compressible and can give rise 1o disturbances such as
noise, vibration and jerky motions at pressures as low as
50 bar.

3.24 Air separation capacity

Al hydrautic fluids contain dissolved air. If the saturation
fimit is exceeded during a drop in pressure, e.g. down-
stream of a threttie, air bubbles wili separate out.

Alr can also find its way into the fluid from outside; a
typical point of entry is at leaks in suction lines. This un-
dissolved air changes the compressibility, reduces the
protection against wear and decreases the thermal con-
ductivity. The consequences are operating disturbances
due to jerky motions, noise, vibration and material dama-

ge.

it is obvious that air bubbles must be removed from the
fiuid as quickly as possible.

Ascent time Tm-@—:—y—
| ¢ -

¥ = Kinemafic viscosity ‘
g = Acceleration due 10 gravily — ]
d = Bubble diamster
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&

&
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Diagram 6. Ascent time of air bubbles in mineral ol {according
to Hayward) [2]

The air separation capacily of fluids is determined accor-
ding to DIN 51 381. The method measures the amount of
time taken for the dissolved air in the fluid to be separated
down to 0.2% by volume.
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The {ables in DIN 51 524, Parts 1 and 2 list the maximum
times for 50°C referred 1o the fluid viscosities.

Tabelle 10: Air separation capacity in minutes at 500¢C accord-
ing fo DIN 51 524, Parts 1 and 2

3.25 Foaming

Foaming due to the air bubbles that rise to the surface of
the fluid must be kept to a minimum through careful
design of the tank.

The surface of fluid must be as large as possible so that
the air bubbles can escape quickly. Baffte plates in the
tank are just as effective in improving the air separation
as air-separating strainers.

Although hydraulic fluids contain anti-foaming additives,
impurities such as water, dirt and the products of ageing
increase the tendency of the fluid to foam.

3.26 Demulsifying capacity

Any water that penetrates into hydraulic fluid must be
removed as quickly as possible because it has an ad-
verse effect on the viscosity and corrosion protection and
causes deposits. The important factor in this case is that
the dweil time must be as long as possibie in the tank
because water separates out faster from stagnant fluid
than from moving fluid.

The demulsifying capacity of a fluid is the time taken by
a midure of fluid and waler to separate into ifs two
components. it is determined by the method described in
DIN 51 599.

3.27 Resistance to oxidation

The ageing of hydraulic fluid depends on its composition
and can vary between fluids although they are of the
same standard. The process is accelerated by the air
dissolved in the fluid at high pressures, the temperature
and the metals with which the fluid comes into contact as
well as by impurities such as dirt, rust and water.

The products of ageing can make valves sticky and block
filters and heat exchangers. The demulsification capacity
is reduced, as is the protection against corrosion and
wear,

A longer dwell ime for the fluid in the tank, good filtering
and cooling together with regular checking of the fluid
quality can counteract these effects.
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3.2.8 Corrosion protection

Hydraulic fluid not only has fo prevent the rusting of stesel
components it also has to be compatible with non-ferrous
metals and alloys.

The corrosion protection properties for steel can be
determined according to DIN 51 585 and for copper
according to DIN 51 587.

Hydraulic fluids which aftack lead or bearing materials
containing tead should not be used even though they
might safisfy the minimum requirements of DIN 51 524,

4 Fire-resistant fiuids and their
selection

Fire-resistant fluids were originally developed in order to
reduce the fire risk from hydraulic systerns installed near
naked flames, molten metal or other high temperature
equipment or in otherwise hazardous areas with a risk of
fire or explosion.

The fire resistance of such f#luids is achieved either
through its water content or through its chemical compo-
sition. Pure water is no longer used in modern hydrauiic
systems due to its low wviscosity and poor protection
against wear and corrosion,

According to VDMA 24 317 fire-resistant fluids can be
subdivided as follows:

HFA group fluids: Oi-in-water emulsion

HFB group fluids: Water-in-oil emulsion

HFC group fluids: Solutions of polymers in water

HFD group fluids: Anhydrous synthetic fluids.

Different fire-resistant fluids must not be mixed with each

other, not even those of the same group produced by
different manufacturers.

In alt other respects the specification of the fire-resistant
fluids is the same as that of mineral oils, the fire resistance
is simply an additional property.

Hydrautic Fluids

Fig. 21:
Time from release of fluid fo ignition [3]

“Fire-resistant” does not mean inflammable. 1t simply
means that there is a delay before fluid released on to a
hot object ignites. The purpose of the delay is to allow per-
sonnel time to escape from the danger zone (see Fig. 21).

4.1 Fluid groups

4.1 Group HFA: Qil-in-water emuisions

With a maximum flammable cormponent of only 20% oil-
in-water emulsions would be the ideal hydraulic fluids i
their other properties such as viscosity, corrosion protec-
tion, wear protection and pour point were the same as
those of mineral oil.

Unfortunately, such a perfect flid is still not yet available
today.

The two major fiuid groups are:

HFAE

a Oi-in-water emulsion comprising an emulsifying oll
and water. Used mainly in mining. The specification is
given in DIN 24 320. :

b Micro-emulsion with organic chemicals. Mainly used
in industrial equipment due to the better wear protec-
tion than a). Fluids with a water content of 95% by
weight have proved the most popular (HFA 95/5).

HFAS

Solutions of salts in water or organic esters dissolved in
water. Most are not compatible with mineral oil.

Due o the high water conient the fire risk is less than with
other fluids if, as in most cases, the oil content is restricted
to 3 t0 5%.

The low viscosity is a disadvaniage since i causes
greater internal and external leakage.

Due to the inferior protection against wear and corrosion,
the low viscosity and the high vapour pressure, valves
designed for mineral oil can only be used for operating
pressures up to 70 bar and a reduced service life has to
be iaken info account when planning a system.

Special valves have been designed for use at operating
pressures over 70 bar but they cost more than the
standard valves for mineral oil.

Designers must also ensure that flow velocities at thrott-
fing points are low and the materials are rustproof. And
they must remember that leakage with spool valves can
be high and that clean fluids are essential because of the
close tolerances.

The prescribed mixing ratio of the emulsion concentrate
must be checked; any deviations can affect the stability
of the emulsion, its effect on the seal materials and the
anti-corrosion capacity. Increasing the concentration can
lead to greater attack of the seals and fo more corrosion
of zinc. Reducing the concentration spoils the corrosion
protection for steel.
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Microbial attack can cause HFA fluid to have an unplea-
sant smell, fo go slimy, block filtters and suffer from
emulsion separation.

In view of these substantial disadvantages the use of
HFEA fluids is restricted to a very few applications. HFA
fluids are cumently being deveioped with additives for
increasing the viscosity up to 40 mm#s at 40°C .

4.1.2  Group HFB: Water-in-oil emulsions

Water-in-oil emulsions have a water content of approxi-
mately 40%.

HFB fluids are not used in West Germany because no
products can be offered which safisfy the fire testing
regulations of the mining industry.

4.1.3 Group HFC: Aquecus polymer solutions

MFC fluids achieve their fire resistance by means of a
water content of about 35 to 50%.

The viscosity-temperature characteristic of the fluids is
beiter than that of normal mineral oils, i.e. the viscosity
changes less with increasing temperature (see Diagr. 7).

This behaviour is expressed with the viscosity index
which, for water glycol, is over 150 and, for mineral oil, is
around 100.

However, the viscosity-pressure behaviour is very diffe-
rent to that of mineral oil. HFC fluids are poorer than
mineral oil in this respect (see Diagram 8). This expres-
ses itself, for example, in the reduced operating press-
ures allowed for pumps.

Diagram 7. Viscosity-temperature char-
acteristic of HFC 46 water-glyco! fluid
with 45% water content compared with
HL 46 mineral ol {4]
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Diagram 8:

Viscosity-pressure characteristics of
HFC water-glycol fiuid compared with
mineral off and HFD phosphate ester [4]

The ability of MFC fiuids to dissolve air is considerably
less than that of mineral oil. This means that hydraulic
systems using water-glycol fluid have a greater tendency
to cavitation and erosion than those using mineral oil. An
essential prerequisite for the satisfactory operation of
hydraulic systems using water-glycol fluid is to adhere to
the fluid supplier's instructions for the monitoring and
care of the fluid and also checking of the free acid content.
The monitoring covers checking of the viscosity of the
water content, the reserve alkalinity of the pH value and
the amounts of solid and fiquid contaminants. The addi-
tional check on the free acid content still has to be the
subject of separate agreement at the moment.

Free acids, e.g. formic acid and acetic acid, are produced
by the HFC fluids as products of ageing. They render the
corrosion and wear protection ineffective. Their.concen-
tration must not exceed 0.15 %.

The reserve alkalinity is gradually reduced as the fluid
ages. There is no point in readjusting it since the ageing
of the water-glycol continues just the same.

HFC fluids should be checked at six-monthly intervais
provided the operating temperature does not exceed
40 °C . Shorter intervals between checks will be neces-
sary if the temperature is higher.

Since contaminant separation is poorer compared with
mineral oil, the check for solid and liquid contaminants in
HFC fluids is very important. Whereas solid contamin-
ants can settle out provided the tank is designed proper-
ly, liquid contaminants such as mineral ¢il can only be
detected by regular testing. Residual amounts of mineral
oil reduce the fire resistance and the air separation capa-
city and so should be restricied to 0.1 %.

The fife of HFC fluids is limited since the compatibility of
old fluid with metals, paintwork and seals is poorer than
new fluid.

HFC fluids must not be mixed - either between them-
selves or with other fluids - because the properties dete-
riorate and routine test figures can sometimes be rende-
red inaccurate.
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4.1.4 Group HFD: Anhydrous synthetic Hulds

HFD fluids can be subdivided as follows according to
VDMA 24 317:

HFD..R
HFD..8 = Chiorinated hydrocarbons
HFD..T = Blends of HFDR and MFDS
HFD. .U = Other compositions.

i

Phosphate ester

Phosphate ester containing no chlorinated hydrocarbons
has become one of the most popular fluids. Chiorinated
hydrocarbons (PCB's), which are difficult to degrade,
may no longer be used in hydraulic systems above
ground.

Theretore, the following information is restricted to Group
HFD..R fluids.

The viscosity-temperature characteristics are poorer
than those of mineral oil. This is expressed by a viscosity
index of less than 80 measured according to ISO 2809,
The operating temperature of HMFD..R fluids can be
increased 1o approximately 50 to 60°C compared with

HFC fluids (40°C } because the tendency to evaporation
is less. On the other hand, continuously high femperat-
ures above 50 1o 60°C necessitate more frequent testing
of the fluid and will result in a shorter life.

Most HFD...R fluids are sensitive o the ingress of mois-
twre. According to VDMA 24 317 the water content should
not exceed 0.1% by volume. This necessitates the use of
dehydrating breathers on hydraulic systerns in moist
environments such as by the sea or near rivers,

The neutralization number must be monitored continu-
ously. It shows how much decomposed ester there is in
the fluid; # must not exceed 0.3 mg KOH/g.

The types of seals, hoses and accumulator bladders
used for mineral ol are not resistant to phosphate ester.
Fluoro-elastomers such as Viton must be used.

Diagram 9

Viscosity-termperature  characteristics of
HFD 25 phosphate ester fluid compared
with HLP 25 mineral oil [5]
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5 Designing hydraulic systems

The fundamental aspects of designing hydraulic systems
are dealt with in DIN 24 346. It contains various rules to
ensure a uniform design approach to such systems and
covers both equipment and safety aspects. Consequent-
fy, # is oniy necessary here for us 1o examine the diffe-
rences between systems designed for fire-resistant fluids
and mineral oil-based fluids.

5.1 Tanks

Tanks must be of adequate size so that there is a long
dwell time for the fluid. In the case of mineral oif a guide
figure is 3 to 5 times the pump delivery per minute. In the
case of HFC and HFD fluids, however, due {o the poor air
separation and contaminant separation capacity, the
tank should be at lsast 5 to 8 times the pump delivery per
minute.

Air bubbles must be able to rise 1o the surface of the fluid
(see Diagram 6) and solid particles must be able to sink
to the bottom of the tank . Baffle plates or dividers shouid
be provided as necessary.

The tank bottom must have a fall to one side and a fiuid
drain that can also be used to drain off water must be
provided at the lowest point.

Aluminium afloys such as those commonly used for
access covers are not resistant io HFC fluids.

The zinc based paints used for internal corrosion protec-
tion in mineral oil systems are not resistant to HFC and
HFD fluids.

5.2 Pumps

Consultation with the manufacturer is advisable when
selecting & pump. Most pumps have been designed to
use mineral oil and probably incorporate parts of non-
ferrous metal or other alloys which must not be-allowed
to come into contact with fire-resistant fluids,

When using HFA, HFB and HFC fluids, bearing life is
reduced to about 20% compared with mineral oil and
phosphate ester.

Permitted pump operating pressures are also reduced
compared with mineral oil when using fire-resistant fiuids.
Suction lines must be larger for the HFC and HFD fire-
resistant fluids because of the higher specific gravity. The
suction velocity should not exceed 0.5 m/s and it is
advisable to mount the pump lower than the tank so that
the fluid can run 1o the suction.

53 Valves

Valves designed for mineral oil systems are usually also
suitable for HFC and HFD fluids although, in the case of
HFC fluids, the maximum permiited operating pressure is
restricted compared with minerat oll. There is no point in
giving figures because of the different design features of
the valves. The appropriate information can be taken
from manufacturers’ documentation.

Valves suitable for HFA fluids are specially designed and
are not comparable with valves designed for mineral oil.

54 Filters

The contaminant separation capacity of fire-resistant
fluids is not as good as that of mineral oil so filters must
be 2 to 3 times the size of those for minerai oil.

Filter bodies are often made of aluminium alloy which is
an unsuitable material for HFC fluids. Filter elements
containing galvanized parts are also unsuitable,

Fitters used in HFC fluid systems must have grey cast
iron or spheroidal graphite cast iron bodies. The steel
parts of the efements can be elactro-tess nickel plated or
phosphated and the mesh made of stainless steet.

5.5 Seals

The same seals used for mineral oil can be used for fire-
resistant fluids with the exception of HFD fluids. Viton
seals must be used for HFD fluids.

DIN 53 521 and DIN 53 505 give details of the tfests
necessary to establish the characteristics of different seal
materials.

The following list provides a summary of different types of
seat material for different fluids.

Fluid group Suitable elastomer
HL+HLP NBR,Viton

HFA NBR,Viton

HFB NBR,Viton

HFC NBR,SBR,EPDM, IR NR
HRD-R Viton, EPDM, IR
Abbreviations

NBR - nitrile rubber {acrylic nitrile butadiene)
Viton — fluoro-carbon rubber, e.g. Viton

SBR - siyrene-butadiene rubber

EPDM - ethylene propylene diene rubber

IR -~ butyl rubber

NR — natural rubber
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6 Changing fluids

VDMA 24 314 gives instructions for the changing of
hydrautic fluids to DIN 51 524, i.e. HL and HLP fluids, and
VDMA 24 317 deals with fire-resistant fluids.

If it is intended to change over to HFA fluids complying
with DIN 24 320, major structural modifications to the
system and components will be necessary, e.g. specially
designed valves i the operating pressure exceeds
70 bar.

Note to Table 11

According 1o our own experience we regard some of the
values for the maximum amount of residual old fluid as
too high, We recommend that the residual fluid be limited
10 less than 0.1 % by volume.

Table 11 has been taken from VDMA 24 314,
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7

The major relevant standards

DiN 24 320

DIN 24 346

DIN 51

PIN 51

DIN 51

DIN 51

DIN 51

DIN 51

DiN 51

DIN 51

DiN 51

DIN 51

DIN 51

DIN 51

DIN 51

DIN 51

DIN 51

DIN 51

DIN 51

DIN 51

DIN 51

DIN 51
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354 Part 2

381

389 Part 2

389 Part 3

502

517 Part 1

517 Part 2

517 Part 3

519

524 Part 1

524 Part 2

550

558 Part 1

561

562 Part 1

566

585

587

599

759

Fire resistant fluids; group HFAE, characteristics, requirements
Hydraulic fluid power; hydraulic systems; general rules for application

Testing of lubricants; mechanical testing of lubricants in the FZG gearrig test
machine, gravimetric method for lubricating oils A/8,3/90

Testing of lubricating oils, governor oils and hydraulic fluids; determination of air
release properiies

Petermination of jubricants; mechanical testing of hydraulic fluids in the vane-cell-
pump; method A foranhydrous hydraulic fluids

Determination of lubricants; mechanical testing of hydraulic fluids in the vane-cel-
pump; method B for agueous not easily inflammabie hydrautic fluids

Lubricants and Related Materials; Designation of the Lubricants and Marking of
Lubricant Containers, Lubrication Equipment and Lubrication Points

Lubricants; Lubricating Oils; Lubricating Oils C; Minimum Requirements
Lubricants; Lubricating Oils; Lubricating Qils CL; Minimum Hequirements
Lubricants: Lubricating Qits; Lubricating Qils CLP; Minimum Requirements
Eubricants: ISO viscostty classification for industrial liguid lubricants
Pressure fluids; hydraulic oils; HL hydraulic oils; minimum requirements
Pressure fluids; hydraulic cils; HLP hydraulic oils; minimum requirements
Viscometry; Determination of Viscosity; General Principles

Testing of Mineral Oils; Determination of the Neutralization Number, Colour-indicator
titration

Testing of Mineral Oiis, Liguid Fuels and Related Liquids; Measurement of Viscosity
Using the Vogel-Ossag Viscometer; Temperature Range: approximately 10 to 150 °C

Viscosity; determination of kinematic viscosity using the Ubbelohde viscometr;
viscosity relative increment at short flow fimes

Testing of lubricants; determination of foaming characteristics

Testing of Lubricants; Testing of Corrosion-protection Properties of Steam Turbine
QOils and Hydraulic Oils Containing Additives

Testing of Lubricants; Determination of the Ageing Behaviour of Steam Turbine
QOiis and Hydraulic Qils Containing Additives

Testing of Lubricating Oils; Determination of Demulsification Capacity according
to the Stirring Method

Testing of liquid mineral oif products; methed of test for copper corrosion;
copper sttip test
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DIN 51 848 Part 1

DIN 53 505

DIN 53 521

DIN 53 538 Part 1

DIN EN 7

DIN 180 2592

DIN 18C 2909
DIN ISC 3016

DIN I1SO 3733

ISO/BIS 6071

SO 6743/4-1982

VOMA 24 314

VDMA 24 317

Testing of mineral cils; precision of test methods, general introduction, definitions
and their appiication to mineral oil standards which contain requirements

Testing of rubber, elastomers and plastics; Shore hardness testing A and D

Determination of the behaviour of rubber and elastomers when exposed to
Auids and vapours

Standard reference elastomers; Acrylonitrile-butadiene rubber (NBR), cross-linked
by peroxide, for characterizing liquids with regard to their effect on NBR

Determination of Ash from Petroleurn Products

Petroleum products; determination of flash and fire points, Cleveland open
cup method

Petroleum Products; Calculation of Viscosity Index from Kinematic Viscosity
Petroleun oils; determination of pour point

Petroleum products and bituminous materials; determination of water, distillation
method

Hydraulic fiuid power - Fire resistant fluids - Classification and designation

Lubricants, industrial oits and related products (class L) - Classification -
Family H (Hydraulic systems)

Hydraulics in fiuid technology; conversion of gases; guidelines

Fiuid technology; hydraulics; flame-resistant gases; guidelines
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The Thermal Design of
Hydraulic Systems

Hans H. Faatz

1 introduction

Hydraulic systems utilize a process of energy conversion
and transmission. They have major advantages over
other systems of enargy conversion in that they achieve
a very high energy density. The glectrical energy is con-
verted into hydraufic energy by the motor-driven pump in
a simple manmner incurring very few losses. The resulting
energy flows are easy to control and regulate and they
allow great repeat accuracy.

The processes of energy conversion and fransmission
involve losses in which mechanical and hydraulic energy
is converted into heat.

The operating temperature is one of the factors govern-
ing the efficiency of a hydraulic system. if the temperat-
ure is too low the flow resistance is increased and diffi-
culties are experienced with the suction 10 the pump. If
the temperature is too high there are more fluid leaks s0
losses and wear are greater.

When hydraulic systems are installed in extremely cold
places or outdoors it can sometimes be necessary to pre-
heat the fluid to operating temperature before starting the
system. So that the fluid does not overheat due fo the
losses in the system that are converted into heat it is
sometimes necessary to cool the fluid by means of a heat
gxchanger.

The size and nature of the heating and/or cooling system
for a hydraulic installation depends on the demands
made on the system, its precision and life and the type of
fluid being used. In many cases it is necessary to calcu-
late a heat balance for the hydraulic system.

2 Basic principles

Energy, work and heat are physical quantities of a similar
nature with the same Sl units.

Table 12: Conversion table for units of energy, work and heat

where 1 Nm = = = 0.102 kpm
3.81

Energy flow, power and heat flow are defined as the
amount of energy, work and heat flowing in unit time.

Heat flow= —eal _ J _ogagked

Time S h
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Table 13: Conversion table for units of power, energy flow and
heat flow as the quotient of energy and time (energy
per unit time}

The old unit of power that has been superseded and gone
out of current use is the horse power (HP). It was defined
as 1 HP = 75 kgfm/s.

Thus  1kW = Tlé,"é‘ HP = 0.736 HP (metric)

The conservation of energy law is relevant when consi-
dering the neat balance of hydraulic systems:

kcal
= (M

Where ¥ Q is the sum of all heat flows into and out of the
hydraulic system.

$Q= constant

All thermal calculations are performed with the heat flow
Q@ inkcal/h.

Calculations on hydraulic systems use the power Pin kW.
As energy per unit ime, heat flow and power are similar
physical quantities and their mathematical relationship is
shown in Table 13.

For the heat balance of hydraulic systems according to
Equation 1: F,, = constant in kW.
Where P, is the power relevant to heat, e.g. that gained

by a hydraulic system due to losses and which must be
removed by cooling.

2.1 Heat flow

The volumetric flows entering a heat exchanger contain
a cerfain amount of energy, so-called “inner energy”. The
inner energy is equal to the volumetric flow multiplied by
the density of the medium, its specific thermal capacity
and its absolute temperature.

70

= Inner energy of mass flow in kW

= Volumetric flow in m¥/s

= Specific thermal capacity in kJ&kg K
= Absolute temperature in K

= Density of medium in kg/m?

T O e

During its time in the heat exchanger the hot volumetric
flow gives up some of its inner energy. The difference
corresponds fo the heat flow.

éw = L'IWE —L}WA = l./w Pt O (Tye—Twa) (3}

If we assume that the heat exchanger does not give up
any heat to its surroundings, the cold volumetric flow will
absorb the same amount of heat as that given up by the
hot volumetric flow. Thus, as the hot volumetric flow, the
following applies:

Q = Ugp ~Uke = W *ok 6kt Tka = Tke) (4)

The heat flow that can be transmitted through a heat
exchanger can be determined directly by measuring the
volumetric flow and the inlet and outlet temperatures of
one of the media of known density and known specific
thermal capacity.

Fig. 22: Heat exchanger

2.2 Heat tfransfer

2.2.1 Principie of the heat exchanger

In a heat exchanger, heat is transferred from one medium
{a liquid or gas) at temperature T, to another medium at
temperature T,. The heat transfers from one to the other
by convection at a surface of area A (casing wall or pipe).
The heat is transferred through the surface by conduction
and, at the surface o the other medium, the heat is again
transferred by convection. According to the conservation
of energy law (7} the flow of energy during this process is
constant.

The Thermal Design of Hydraulic Systems

Fig. 24: Temperature gradient

2.3 Thermal conductance

2341 Conduction of heat through a surface

When heat flows perpendicularly through a flat wall there
is a linear temperature drop from temperature T, on one
side to temperature T, on the other side. The actual drop
depends on the thickness of the wall and the coefficient

of thermal conductivity which is related to the material A
= KW/mK.

Fig. 25 Conduction of heat through a flat wall

The heat flowing perpendicularly through a flat wall is
directly proportional to the area. Thus, the heat flow
through a fiat wall is as follows:

. X
Q= Q= Qg = 5 A (T~ T) (5)

]

Heat flow in kW

Coefficient of thermal conductivity in kW/m K
Thickness of flat surface in m
Flow area in m?

Temperature in K

~ Qo
B #H

The coefficient of thermal conductivity & depends on the
particular material and the temperature. For example, in

the case of 99% pure aluminium at a lemperature of
20 °C; & = 180 (W/m K).
At a temperature of 100 °C ; A = 187 Wim K

For steet containing approximately 0.1 % carbon and at

a temperature of 100 °C ; A = 45 W/im K,
At 300 °C ; & = 40 Wim K

The following are typical coefficients quoted in W/m K at
20°C

Red casting brass ~52

Cast iron ~43
Copper ~320
Brass ~B68 o 96
Steel ~48
Stainless steal ~13
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2.3.2 Conduction of heat through tube walls

When heat flows perpendicularly through a tube wall
there is a logarithmic temperature drop from one side to
the other.

Fig. 26: Conduction of heat through a tube wall
Simitarly to Equation 2, the heat flow through the tube is

G o 2ml-d,
da
Iy e
d.

f

T-T) (6)

233 Convection

The flow of heat from a liquid or gas at temperature T, fo
a surface at temperature 7, is:

Qyy = oy > ATy~ Tyyy) (7}

For the transfer of heat from the surface to a cold medium:

G = o+ ATy = Tp)

Where is the heat transfer coefficient (KW/m?K)

Fig. 27: Transfer of heat by convection
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The heat transfer coefficient depends on:
- the viscosity of the medium

— the velocity of the medium

— the form of the surface.

2.3.4 Coefficient of heat transmission

The total resistance experienced by the flow of heat as it
transfers from one medium to another is called the heat
transfer resistance 1/k. It is the sum of the resistances
offered by convection and conduction.

For flat surfaces

For pipes, referring to the outside diameter o

d
_-!_:i._f.,._._.‘é_. .[n(gi)+_1, (9)
k o & 2.1 4’ o

In the case of heat exchangers used in hydraulic systems
the tube walls are so thin that the ratio of outside diameter
to inside diameter is aimost unity. Therefore, Equation 8
can be applied {o this type of heat exchanger.

The reciprocal of heat transfer resistance is called the
coefficient of heat fransmission
1
Koz e {10)
LIS
a A o

2.3.5 Ascertaining the coefficient of heat
transmission

The total heat flow transferred by convection and conduc-
fion is:

Q =k-A-AT, (11)

Heat flow in kW

Coefficient of heat transmission in kW/m?® K

Cooling area in m?

Mean temperature difference between the two media in
K (see Equation 13)

-~ > * 0.

[N F | B
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Therefore, the transferred heat flow is directly proportion-
al to the temperature difference, to the ceooling area and
to the coefficient of heat fransmission k. If the transferred
heat flow, cooling area and temperature difference are
known from the construction of the equipment and
measurements, the coefficient of heat transmission can
be calculated from the foliowing eguation.

Q
K= ZaT, (12)

In actual practice i is the power or heat flow to be trans-
ferred and the temperature drops that are known. For the
coefficient of heat transmission there are smpirical va-
lues depending on the type of heat exchanger and the
materials used in it. The only variabie factors remaining
for the manufacturer of a heat exchanger are the surface
area and the volumetric flow of the media.

236 Temperature gradients in heat exchangers

The temperature gradient of a heat exchanger depends
oh its type of construction. However, one thing that all
types have in common is the fact that neither the tempe-
ratures nor the temperature differences are constant over
the heat exchange surface. Consequently, it is necessary
to calculate a mean value.

AT is a logarithmic temperature difference
AT, = AT
ATy

Iy~
ATe

A Ti'n =

In practice, the temperature difference is determined
from test runs. The appropriate medium is pumped
through the test subject and the volumetric flow and input
and output temperatures measured. Equations 2, 3 and
4 are then used with the measurements to obtain the heat
transfer flow:

Q =V pegeAT (14)
where
AT=T, - T,

2.3.7 Types of heat exchanger

With active heat exchangers the temperature difference
depends on the direction of flow of the hot and cold media.
The heat exchangers normally used in hydrautic systems
differ in their flow arrangements:

Counter-flow or single-pass heat exchanger

Counter-flow/parallel-flow or
multi-pass heat exchanger

Cross-flow heat exchanger.

2.3.7.1 Counter-flow heat exchanger

This is the simplest type of active heat exchanger in which
the media flow in opposite directions. On entering the
heat exchanger the cold medium first encounters the hot
medium which has already been cooled. The femperat-
ure difference between T _ and T, is comparatively
smail.

Fig. 28: Counter-flow (single-pass heat exchanger)
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2.3.7.2 Counter-flow/parallel-flow heat exchanger
In this case, one of the media, generally the cold medium,
is reversed in direction. Therefore, it flows twice through
the other medium which is not reversed in direction. The
end result is a counter-flow and also a parallel flow. The
design necessitates a split cover. The temperature diffe-
rence between T, and 7,, is higher than with the
parallet-flow heat exchanger.

Fig. 29: Counter-flow/parallel-flow heat exchanger {mulli-pass

design)
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2.3.7.3 Cross-flow heat exchanger
Cross-flow heat exchangers are mostly of the oil/air type.

Fig. 30: Cross-flow heat exchanger {(air-cacied system)

2.3.8 Heat exchanger calculation by
the NTU method

Since the mean temperature difference is not always
simple to calculate, other methods of design must be
sought.

in their book “Compact Heat Exchangers” Kays and
tondon describe a method which allows heat exchan-
gers to be calculated with the aid of graphic charts.

The starting point is the “energy value” W of a medium.

W=V .p-ec {15)

V o= Volumetric flow in m¥s

p = Density of medium in kg/m?®
¢ = Specific heat capacity of the medium in kW/kg K

The Thermal Design of Hydraulic Systems

The energy value is the internal energy of the mass flow
per unit temperature (see Equation Z2).

Q
=37 (16)

For the cold medium

W= Ve ox- o

For the hot medium

Wiy = Viy = pw* Oy

The smailler of the two values W__is the governing factor
for the effectiveness of a heat exchanger since the law of
energy conservation (1) is applicable regardless of other
factors of influence. In making a calculation, ascertain
both values and then use the smaller one (W _}. The
amount of heat flow that a heat exchanger can handle
depends on the temperature difference between the
input and oulput media as well as the energy value W_ .
The maximum possible heat flow ¢__ occurs when the
maximum entry femperature difference (ETDjarises at
the lower energy value. Referred to figures 28 to 30:
ETD= T, - T

G = Wiy » ETD (17)

The effectiveness of a heat exchanger is defined as the
ratio of the actual dissipated heat flow 1o the maximum
heat flow that it is possibie to dissipate.

e @ Wk (a—Tke) Wy Ty T
' d W T~ Tudd Wou (e~ Tk

feics

(18)

In the case of oilfwater heat exchangers W,
equal o W, and, on this assumption,

~ ka ke
b ke

is generally

£

In addition to what has been said so far it is necessary o
introduce a value for "Number of Heat Transfer Units” or
NTU.

=

+A
W

RN

NTU=

A dimensional analysis shows that this value and e are
both dimensionless.

The relation between the effectiveness & and NTU can be
plotied graphically for specific types of heat exchanger.

Using the graphs and the equations together with prede-
fermined energy values # is possible to calculate the cool-
ing area required or, with a given cooling area and media
flow rates, the relevant outlet {emperatures.

Since, in practice, there are certain basic values and cer-
tain sizes of heat exchanger from which to begin, the
selection diagrams are constructed so that the volumetric
flow of the hot medium (fluid) is given on the X axds and
the heat-exchange raling per inlet temperature differ-
ence on the Y axis. The diagrams are also arranged so
that they refer to a specific ratio of the volumetric flows of
the cold and hot media to each other.
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3 Heat gain through heating

in order to satisty the requirement that the temperature of
the hydraulic fluid should be kept as constant as possible,
it can sometimes be necessary to inject heat energy into
the system through a suitable heat exchanger. The nor-
mal practice is to convert electrical energy into heat ener-
gy which is then imparted to the fluid. Hot water or steam
are sometimes used as alternatives to electricity.

For the electrical method there are two options:
— Fitting a heating element in the tank
— Fitting a flow heater in a separate heater-filter-cooler

circuit.

When fitting a heating element in the tank it is important
that the amount of heat given off from the surface of the
element does not exceed 0.7 Wicm?, otherwise localized
carbonization of the fluid might occur.

With flow heaters the surface loading can be 2 Wiem?
provided there is a minimum flow of fiuid to ensure that no
localized overheating of the fluid occurs.

Such heating arrangements in hydraulic systems are
practically loss-free and the energy input is transferred
compietely to the fluid.

in determining the heater capacity required it is neces-
zary to distinguish between:

Heating from 7, to 7, in time £

or

Maintaining a temperature when heat is being lost from
the system, e.g. in cold surroundings.

For heat gain, taking time intc account,

Veecope(T,~T,)

Py = . (19)
P, = Heat gain required in kW
- = Quantity of tank fiuid to be heated in dm®
¢ = Specific heat in KW kg K
= Densily in kgdm?
T, = Reguired fluid iemperature in K

7, = Outlet lemperature, usually the ambient temperature in K

H = Heating time in h
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For mineral oil:

p= 089 2
dm®

kW h
= 0,00052 —
o= 000052 7 r

and

kWh
p~e=089.52. 107 = 0,0004628 = 4,63 - 107 )
dm K

For maintaining a constant temperaturs in a system
which is losing heat due to a low ambient temperature:

Q= k- A(T,= Ty (20)

Q.w = Required heat gain in kW

k = Coefficient of heat transmission of heat-dissipating sur-
face in kW/m? K

A = Heat-dissipating surface area of tanks, equipment and
pipes in m?

T, = Reqguired fluid temperature in K

T, = Ambient temperature in K

In this case the coefficient of heat transmission k depends

largely on the heat transfer coefficient (see Equation 8).

Assuming that most of the heat is radiated from the tank

and the velocity of the fluid in the tank is low, the heat

transfer depends solely on the motion of the air around

the tank. The following can be used for practical calcula-

tion purposes:

stagnant air: k= 0,01 %V-‘{u
m-K
moving alr: k=002 mlﬁgym
mK

From Equations 19 and 20 it can be seen that the amount
of heat to be supplied depends on the temperature dif-
ferences. In this case the temperature can be used in °C

=

ok
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4 Heat gain through losses

The process of energy conversion and transmission in
hydraulic systems involves losses taking the form of heat.
This heat is absorbed and carried by the hydrauiic fluid.

The total power loss P, of a hydraulic system comprises
a number of separate losses as follows:

£, Efficiencies of components
P, Intemal leakage
P, Throttles

<l
P, Fow resistances

Poiot= L Py= P+ P+ P+ P, (21)

4.1 Losses due to
component efficiencies

V «p

Ps P
' 600~

W] (22)

V = Total volumetric flow in dm¥min
g = Operating pressure in bar

fin = Product of all efficiencies, e.g. pumps and motors

4.2 Losses due to internal leakage

P P
2 ="g00 (23)
v = Internal leakage in dm*min
Ap = Pressure difference in bar

In practice the internal leakage of the pumps is included
in the efficiency of the pumps themselves so here only the
purnp fosses at zero stroke and the internal leakage at
clearances in the valves need be taken into account.

4.3 Losses at throttles

Substantial losses are sometimes incurred when control-
ing the flow of fluid by means of throttles, metering
grooves and orifice plates. Such fosses must always be
allowed for, particularly with directional control valves,
proportional valves and servo valves.

Viepy Voepy V, -p,
+ +

P,.=

“" 600 600 600 (24)
V= The volumetic fiow at the throtile in dm®/min
p = The pressure drop at the throtile in bar

4.4 Losses from flow resistances

The flow of hydraulic fluid through components and
pipework involves friction fosses which cause a pressure
drop in the hydraulic system.

V -SAp
P,=
W 500 (25)
\./ = Volumetric flow in dm®min

X Ap=Total pressure drop in bar {sum of all pressures)

If necessary, several calculations have to be performed
for the different flow paths for the fiuid in a hydraulic
system. In practice the losses arising in the pipes are
radiated again from the pipes.
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5 Heat loss through components

Heat is lost through the compenents of a hydraulic
system, the tank and pipework at a rate depending on the
surface area, wall thickness and velocity of the media.
in practice only the heat loss from the tank is generally
taken into account. The heat radiated from other compo-
nents can be neglected or included as an extra safety
factor.

5.1 Heat loss through heat exchangers

in practice the losses in a hydraulic system which take the
form of heat must be dissipated through a heat exchan-
ger. The heat lost from the tank can be taken into account.

5.2 The tank as heat exchanger

The simplest heat exchanger is the fluid storage tank
itself.
For the tank:

Q= ke AT 0 Tombient ) (26)

Due to the normally low velocities of both the fluid and the
air and the comparatively large wall thickness, the coef-
ficlent of heat fransmigsion k is low. With stagnant air and
a low fluid velocity, k = 0.012 kW/m? K.

Tests have revealed that only the area actually in contact
with the fluid should be used for A in the equation.

The areas and power dissipation of the standard tanks of
DIN 24336 are listed in Table 14.

Table 14: Power dissipation P, in kW of tanks
when k = 0.012 kWime K
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With a temperature difference of 30 K the heat flow from
a freestanding tank is approximately 0.36 kKW/m?2.

Pipes and components are also effective heat exchan-
gers in large, extensive instaliations. The amount of heat
dissipated can be ascertained in the same way as the
heat dissipation from ianks. It is not normaily taken into
account in the heat balance.

5.3 Active heat exchangers

“Active heat exchangers” in hydraulic sysiems are the
types that were described on pages 73 and 74.

The cooling capacity rating required of the heat exchan-
ger depends on the heat balance for the total system (see
page 83). The amount of heat fed into the system by the
losses must be equal to the amount of heat dissipated
through the heat exchanger and tank.

Q

atank ¥ 4 veat exchanger

Thus, @ = @

In practice, calculation of the power losses in hydraulic
systems usually only takes account of the losses due 1o
internal leakage in pumps, motors and valves and the
throttfing losses with proportional valves and servo
valves. In many cases, particdlarly with small tanks, the
amount of heat dissipated by the system tank is neglec-
ted. Even with large tanks installed in unventitated places
and therefore not dissipating their heat to the atmosphere
the amount of dissipated heat is not taken into account in
the calculation. Sometimes it is even possible for heat to
be gained by the hydraulic system through the tank and
pipework.
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6 Heat balance for
hydraulic systems

The temperature of the hydrauiic fluid depends on

— the power losses

~ the place of instaliation

- the surface area of heat-radiating components
{such as the tank).

The maximum permitted fluid temperature depends on

- the type of fluid

- the requirements of the system.

A heat balance according to Equation 1 must be drawn up

according fo the various factors of influence and the
maximum permifted fluid temperature.

Hydraulic
system

Fig. 31: Heat balance for hydraulic systems

7 Controlling the thermal status

In simple hydraulic systems with small energy flows the
fluid tank is sufficient as a heat exchanger to dissipate the
power losses from the system.

In the case of hydraulic units with pressure-compensated
pumps the leakage fluid from the pump is very often
passed through a air/oil cooler incorporated in the bell
housing.

Fig 32: Circuit diagram of a pump unit with off-air cocler

As the performance demands on hydraulic systems rise
80 oo do the demands for a constant fluid temperature.
This has to be taken into account when designing hydrau-
fic systems.

The simplest type of cooling employs switching valves. In
order to cool the operating fluid when a certain tempera-
ture is reached - the limits can be adjusted - a thermo-
static valve aliows cooling water to pass to a heat exchan-
ger. ltis the fluid returning from the system to the tank that
is cooled.
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Fig. 33: Cireuit diagram of on/off conirof

if the fluid temperature falls, a thermostat switches on a
heater coil in order to heat the fluid. The element provides
localized heating of the fluid through a protective sheath.
The rating shoutd not exceed 0.7 W/em? in order to elimi-
nate the possibility of carbonization.

In both cases the hysteresis of the thermostat can be
used for switching on and off. This means that the tem-
peraiure will fluctuate by between * 3 to * 8 degress.

For better controt of the flow of coolant it is possible to use
a proportional valve instead of the thermostatic water
valve with a simple open/closed function. Valves with a
proportional function have better control characteristics.
However, at low flows they sometimes provide an inade-
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quate flow of water during which any suspended particles
in the water can settle out and eventually cause pro-
blems.

When using switching valves, on the other hand, it must
be ensured that the sudden closing of the water valve
does not cause any difficulties; if necessary some form of
damping will have 1o be incorporated.

Ancther form of temperature control for hydraulic sys-

tems is based on the fact that the amount of fluid return-
ed after control is too great to be filtered and/or cooled.

Fig. 34
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Fig. 35: Circuit diggram of a filter-cooler unit

As a result of this, it is common to find the heating, filtering
and cooling arrangements of a hydraufic system in a
separate circuit. Basically, the components of this sub-
circuit wili be the same as those for on/off control.

Fig. 36
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8 Hardware for thermal control

8.1 Temperature controller

The tunctions of a temperature controlier - also called a
thermostat in its simplest form - are the control of tempe-
rature, the display of temperature and the monitoring of
temperature in a systemn,

Most temperature controllers utilize the principie of fluid
expansion. The temperature sensor is connected by a
capillary tube to a diaphragm in the switching controller.
The volume of the fluid in the sensing system varies
directly with the temperature. The change in volurme de-
flects the diaphragm which is linked to a snap-action
switch through a lever mechanism. By simple adjustment
of the switching point the device can be used for limit
switching, filid temperature control or temperature moni-
toring. Shock and vibration must not affect their accuracy.
The controlier and thermometer must have separate fluid
systems. The sensor is confained in g protective sleeve
and i must be ensured that the part of the sleeve con-
taining the sensor is immersed in the hydraulic system
fluid.

Fig. 38: Thermostat

8.2 Thermostatic water valve

Thermostatic water valves are used for reguiating the
flow of cooling water. They also employ the principle of
fiuid expansion. The temperature sensor is enclosed in a
protective sleeve and connected by capillary tube to the
actual water valve. The opening temperature of the valve
can be preset. Both direct-operated and pilot-operated
types are used.

Fig. 37: Circuit diagram of a heater-filter-cooler unit
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Some of the valves incorporate a damping device in order
o produce smoother closing.

There are cther valves the opening of which, and there-
fore water throughput, is proportional to the temperature.
However, when using such valves it must be anticipated
that the efficiency of the oil-water heat exchanger will be
lower.

Fig. 39: Thermosiatic waler valve

8.3 Fluid-water heat exchanger

Typical of-water heat exchangers are the counter-flow
and counter-flow/parailel-flow types described on pages
5 and 6. Both types are available in several different
versions - simplex tube-type heat exchanger, duplex
tube-type heat exchanger, spiral-tube heat exchanger.
The one factor common 1o them all is the attempt made
at intensive contact between the two media at the heat-
exchange tubes by a variety of mechanical methods.

Such heat exchangers are used for most of the different
operating media - HLP mineral oil fo DIN 51 524, HFA oil-
in-water emulsions to CETOP RP 77 H, HFC water
glycols to CETOP HP 77 H and HFD-R phosphate esters
to CETOP RP 77 H. Fresh water, river waler, sea water
or brackish water can be used as the cooling medium
depending on the type of materials chosen. Correct
setection of materials is very important when ordering
equipment.
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Fig. 40:Water-oif heat exchanger

8.4 Air-oil heat exchanger

in an air-oit heat exchanger, or radiafor, the cooling air is
drawn through the cooler by a fan. The fan can be driven
by an electric motor or a hydraulic motor. Al the usual
hydraulic fluids can be accommodated. When ordering
such heat exchangers, however, it is necessary to state
whether they will be installed in a normal environment or
in a salt-laden atmosphere.

Fig. 41: Air-oil heat exchanger
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8.5 Immersion heater

Electric immersion heaters are pure resistance heating
devices. They are used for heating the fluid in hydraulic
systemns. The surface power density must be such that
there can be no localized overheating of the fiuid even
when it is stagnant. The normal practice is to fit the heater
horizontally pelow the surface of the fluid. By incorpora-
ting a suitable protective sleeve it will be possible to
change the heater in the event of a malfunction without
having to drain the tank.

Fig. 42. Immersion heater

8.6 Flow heater

Flow heaters are used in circulating units, heater units
and cooler-filter units. They are heat exchangers contain-
ing a fluid-filled resistance heater. The heat from the
element passes first to the primary fluid and then through
tubes to the operating fluid of the system which is circu-
lated through the heater. It is essential for the heater only
to be switched on when fluid is flowing through it and there
must also be over temperature protection. Such heaters
can be mounted in any position.

Fig. 43: Flow heater

9 Practical applications and
typical calculations

Design calcutations for heat exchangers make use of the
graphs of effectiveness in relation to NTU values.

For project design purposes the practice is o make use
of the pre-designed sizes of heat exchanger that are
already available on the market.

Practical experience has shown that the simplest method
is for designers to use the graph of powerlkW)tempera-
ture{Kelvin} ir: relation to the volumetric flow of the hotter
medium with a given ratio, volumetric flow of hot medium
to volumnetric flow of cold medium.

Both kW/Kelvin and volumetric flow curves have been
plotted logarithmically in the diagrams in order o obtain
almost straight curves.

Diagram 14: Power diagram for heat exchangers of spiral
finned-tube and double-tube {ypes
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Diagram 15: Performance diagram for heat exchangers with increased water consumption (Vy = 05x Viia / Diagram 16: Performance diagram for heat exchangers of low water consumption (‘;K =02x% v;um )
e.g. for drinking water and well water e.g. for industrial water, stream and river water, seawater and brackish water
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Typical calculations

Case 1

A hydraulic pump unit with a 100 L tank is installed in a
machine shop where the ambient temperature is 18 °C .
The pump is a pressure-compensated vane type with a
maximum delivery of 25 L/min.

The pump performs 80 % of its duty with zero stroke at
70 bar.

Calculate the steady-state temperature.

Fig 44

The fundamental law applicable is:
Heat gained = Heat lost

PV = PW
In this case the heat gained by the system is from the
power losses incurred by zero-stroke operation. Taking
into account the duty factor (DF), Equation 23 gives the
following:

—- VL .p

= -DF
2~ 600

V= Pump ieakage fluid at 70 bar = 1 L/min (from data sheef)
p = Zero-stroke pressure = 70 bar (given)
DF = Duty factor = 0.8 (given)

Therefore:
170

Fp= + 0,8 = 0,003 kKW
600

The heat is dissipated through the sides of the fank.

According to Equation 26 the steady-state temperature
is: P
y

0 ® k-A+T

1

P = Power losses in KW
k = Coefficient of heat transmission 0.01 kW/m?°C
{from references)
A = Radiating surface of tank = 1.16 m? {from data sheet}
T, = Ambient temperature = 18 °C (given)

In this particular example:

0,093

= s 418 = 26 °C
001 « 1,16

No separate heat exchanger is needed.
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Case 2

in the installation described in Case 1 a proportionai va}ve
is to be used to control the cylinder which will be working
for 20 % of the duty with a pressure difference of 30 bar.

Re-calculate the steady-state temperature.

The power losses P, arising from the throtting at the
proportional valve must be added to the power losses P,
calculated in Case 1, According to Equation 24 the losses
are:

vV, -p
Pg=——— -

600

v = Volumetric flow of pump = 25 L/min (giver;)

Ap = Pressure difference at throttle = 30 bar (given)

Therefore:

22530 65 . 025 kW
w800

The total power losses are:

Pv = Pvz + va
'Dv = {.003 + 0.25 = 0.343 kW

a4

Therafore, the steady-state temperature is:

0,343

o L 18 = 476 °C
0,01 + 1.18

£

No separate heat exchanger is required in this case either
since the steady-state temperature of 50 °C normally
permitted for hydraulic systems has not been exceeded.
In fact, the ambient temperature could even rise to 22 °C
before any extra provision for heat dissipation would be
necessary.

In this particutar case some additional air circulation
around the fank would be one option. The movement of
the air would increase the coefficient of heat transmission
quite considerably so that a steady-state temperature of
around 50 °C could still be maintained with an even
greater rise in the ambient lemperature.
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Case 3

The system described in Cases 1 and 2 is to have an
additional function. It means that the system pressure will
have 1o be increased to 100 bar. Also, the duty factor of
the proportional valve will be increased from 20% to
70 % and the pressure drop at the throttling point from 30
bar to 80 bar. Moreover, the pump will only be running for
30 % of the time at zero stroke. Once again a steady-
state temperature of 50 *C must not be exceedad.

The power losses must be re-calculated according to the
known eguations:

14100 25+ 60

Po= Pot P =
= 0,05+175= 1 8kW

Therefore, the steady-state temperature is:

P, 18

T,= + 7=
KA 0,01-1,16

+18=15852+18= 173,2°C

This means that a separate heat exchanger will be
needed.

A heat balance for the system must be drawn up in order
to ascertain the size of heat exchanger required.

Once again:
Heat gained = Heat lost
P, =P,

The amount of heat gained P, corresponds to the power
losses P, and P,

PV = Pv% + Pua
The amount of heat lost P, comprises the amount of heat
P, that can be dissipated from the fluid tank-and the

amount of heat £, that will have to be dissipated by a
separate heat exchanger.

Fy= P+ P

With an additional steady-state temperature 7, of 50°C
and an ambient temperature T, of 18 °C , the amount of
heat dissipated from the tank according to Fquation 26

becomes:

Pz (T,~T) -k-A

For this particular example:

Po=(50—18) - 0,01 + 1,18 = 0,37 kW

Therefore, the amount of heat to be dissipated by the heat
exchanger is:
PowP, +P,—P =18~037 =143 kW

v

First investigate the possibility of fitting a air-oil heat
exchanger between pump and motor.

Such heat exchangers cool the ieakage fluid from the
pump and it can be assumed that the temperature of the
leakage fluid will be about 20 °C higher than the steady-
state temperature of the system. Also the volumetric flow
of the leakage fluid will be a uniform 1 L/min all the time
the pump is running.

Thus, according to the catalogue data, a air-oil heat
exchanger incorporated in the pump base will be able to
dissipate 0.2 kW of heat.

Obviously, therefore, there is no sense in using this type
of heat exchanger. It must be either a separate air-oil heat
axchanger or a fluid-water unit.

In this case the designer decides on a water-oif unit of low
walter consumption.

The size of the heat exchanger is ascertained from
Diagrarn 16. The performance diagrams for heat exchan-
gers show the amount of power that can be dissipated in
relation to the volumetric flow of the fluid per degree
temperature difference.

P xw
P=— XX
07T g

85




The Thermal Design of Hydraulic Systems

Fig. 46

fn selecting a heat exchanger it is necessary to calculate
the average volumetric flow through the heat exchanger
of the fluid that needs to be cooled. In this case the total
return flow is to pass through the heat exchanger. Thus:

V, =V, +DF =25+0.7=17.5/min

The smaliest heat exchanger shown in Diagram 17 has
a specific thermal capacity of 0.07 kW/°C at a volumetric
flow of 17.5 L/min. Therefore, in dissipating 1.43 kW the
temperature would be:

Fo 143

Topey.= 5= = —om = 24°C
A opy 007

This means that the heat exchanger is about twice as big
as strictly necessary so a thermostatic water valve must
be fitted to the water inlet in order to regulate the thermal
status of the system. The end result for a steady-state
ternperature of 50°C is an approximate water consump-
tion of:

- -

14 0.2+ V4 *DF=02+175-0.5= 175 /min

water
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As a furtner alternative to the water-oif heat exchanger
the air-oil type can now be investigated con the same
basis.

A water-oll heat exchanger will be chosen if there is cool-
ing water available at the place of instailation because
there is always the danger of fouling and a subsequent
reduction in efficiency with air-oll heat exchangers.
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10 Symbols and subscripts

Symbols

Subscripts
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Hydraulic Accumulators

Hydraulic Accumulators

Dr.-ing. Norbert Achten

1 Introduction

Accumulators have a wide variety of applications in hy-
draulic systems because of their very useful properties.

Their main applications are for:
— Energy storage

— Emergency operation

— Leakage fluid make-up

- Volume compensation

- Shock absorption

- Pulsation damping

As its name suggests, a hydraulic accumulator is a pres-
sure vesse! that is able to store a specific volume of fluid
sufficient to perform its intended purpose. When neces-
sary, the fluid that the accumulator has taken from the
system is returned 1o it without the need for any external
supply of energy. The storage of pressure energy in the
voiume of fluid can be effected by either weight, spring or
gas (i.e. hydro-pneumatically}. Since hydro-pneumatic
accumulators are the most popular the foliowing chapter
will concentrate on them.

2 Types of hydro-pneumatic
accumulator

As Fig. 47 shows, hydraulic accumulators can be classi-
fied according to two features:

— the energy carrier and

- the separating elerment.

The purpose of all hydraulic accumuiators is to store
pressure energy. In the mechanical types (i.e. weight-
joaded and spring-loaded) it is performed by a change in
potential energy. In contrast, with the gas-loaded accu-
mulator # is the internal energy of a gas that is changed.
For this type of accumulator, classification according fo
the separating element is ideal because they can be
classified as either with or without a separating element.

Hydraulic accumulators with a separating element can be
divided into:

— bladder-type accumulators
— diaphragm-type accumulators

— piston-type accumulators

The mode of operation of these accumulators utilizes the
compressibility of a gas for storing a fluid. Nitrogen is
often the energy carrier. Basically, a hydro-pneumatic
accumulator comprises a fluid part and a gas part and a
gas-tight separating element. The fluid part of the accu-
mulator is connected to the hydrauiic circuit so that, as the
pressure rises, the gas in the gas part of the accumulator
is compressed. Then, as the pressure in the systern falls,
the compressed gas expands and forces the stored fluid
back into the system.

with . without

H

H

. H . i
separation ; Seigjaratrc;n I
i A | element |
element . (ep. ar |
__receiver} |

iston
acumulator

Bladder
acumulator

Diaphragm
acumulator

Fig. 47. Classification of hydraulic accumulators
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2.1 Bladder-type accumulators

The bladder-type accumulator shown in Fig. 48 compris-
s a strong pressure vessel, able to withstand the full
system pressure, and an internal bladder containing the
gas and made of a rubber-ike material (elastomer}. The
bladder is filled through the gas valve at the top. The main
purpose of the fluid vaive at the bottom of the pressure
vessel is to prevent the bladder being ejected with the
olif-flowing fluid.

For this purpose theopening area of the valve is sized so
that a maximum volumetric flow depending on the size of
the accumulator (approximately 120 L/s} cannot be ex-
ceeded. Volumetric flows of up to 140 L/s are possible
with certain special designs called high-flow accumulat-
ors (Fig. 49). The special feature of this design is a per-
forated disc in the connection fitting with the greater
necessary opening area for the higher volumetric flow,
An aliernative version of the high-fiow design is shown in
Fig. 50. In this case the accumulator can be used at
operating pressures up to 290 bar and the connection
fitting contains a pre-ioaded check valve which again
prevents the bladder being ejected if there is a sudden
drop in system pressure or the accumulator is emptied
completely. The stem of the valve alsc incorporates a
damping device so that the valve itself is not harmed by
the high velocity fiow during opening and closing.

Generally speaking, it is necessary for the hole in the
pressure vessel for fitting the fluid valve to be of larger
ciameter than that for the gas valve. Conseguently, it is
normal to insert and remove the bladder from the fuid
end. In a few exceptionai cases when removing the
accumulator in order to change the bladder would involve
a large amount of dismantling, or fast bladder changing
is essential, it is also possible to insert and remove the
bladder from the gas end {the “top repairable” type, see
Fig. 51). The mode of operation of the bladder-type accu-
mulator is as follows, referring to Fig. 52: The bladder is
filled with nitrogen to a certain pressure specified by the
manufacturer according to the operating regime. At this
point the fluid valve is closed. If, now, the charging pres-
sure of the accumulator is exceeded in the system, the
valve opens and the hydraulic fiuid flows into the accumu-
iator. As the pressure increases further the gas is com-
pressed up to the maximum operating pressure p,. The
change in gas volume in the bladder between minimum
and maximum operating pressure represents the useful
fluid capacity.
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Afthough bladder-lype accumulators can technically be
mourtted in any position, the vertical is preferred. In
vertically mounted or inclined accumulators, the fluid
valve must always be at the bottom.

Fig. 48: Hydro-pneumatic bladder-fype accumulator

Fig. 49: High-flow low-pressure bladder- Fig. 50 High-flow high-pressure blad-

type accumulator

Fig. B2: Schematic ifustration of the operalion of a bladder-
type accumuiator

Fig. 8% Hydro-pneumatic bladder-type
.- dertype accumulator accumulator, “top repairable”
' design

101




Hydraulic Accumulators

2.2 Diaphragm-type accumulator

The diaphragm-type accumuiator shown in Fig. 53 com-
prises a strong steel pressure vessel which is usually
spherical or cylindrical. Inside the vessel is a separating
element in the form of a diaphragm made of an elastic,
malieable materiai such as an elastomer. For cerfain
applications where high demands are made on the life of
the elastometric material, as when corrosive fluids are
present, it is an advantage to change the diaphragm at
regular intervals. Consequently, there are two different
designs:

- welded (see Fig. 53) and
- threaded body (see Fig. 54;.

With the welded design the diaphragm is pressed into the
bottom half of the vessel before the seam is welded. A
suitable type of welding, such as electron beam, and the
special diaphragm arrangement ensure that the elasto-
metric material does not suffer damage during weiding. In
the case of the threaded body design the diaphragm is
held between the top and bottom halves which are held
together by a nut. In both designs there is a vaive piate at
the bottom tc prevent the diaphragm being ejected
through the fiuid connection. There is a danger of this,
when the accumulator is emptied completely. The prin-
ciple of the diaphragm-type accumulator can be descri-
bed best by referring to Fig. 55. At the start, the gas side
of the diaphragm is connected to nitrogen at the appro-
priate charging pressure p,. This causes the diaphragm
ta mouid itself to the intermal contour of the vessel and the
valve plate seals off the fluid connection. In the same way
as the bladdertype accumulator, the valve piate lifs
when the minimum operating pressure p, is reached and
hydraulic fluid can flow into the accumulator. The differ-
ence between the two gas volumes at minimum and
maximum operating pressure represents the useful
capacity for fluid. Although diaphragm-type accumulat-
ors can technically be mounted in any position the vertical
is preferred.

Fig. 55: Mode of operation of a diaphragm-type accumulator
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2.3 Piston-type accumulator

The construction of a typical piston-type accumulator is
flustrated in Fig. 56. Its principal components are the
outer cylinder tube, the piston with ifs sealing systern and
the end covers which also contain the fluid and gas con-
nections. The cylinder performs two functions - it stores
the fluid pressure and also guides the piston which forms
the separating element between the gas and fiuid parts.
The mode of operation of this type of accumulator is as
follows, referring to Fig. 57.

Fig. 56: Piston-type accumulator

Filling the gas space with nitrogen to the appropriate
charging pressure forces the piston on to the end cover
at the fluid end, so covering the fiuid inlet connection. As
the fluid pressure in the system rises and passes the
minimum operating value, the piston is forced towards
the gas end and compresses the gas in the cylinder. The
compressed gas volume between V, and V) represents
the useful volume available V. In order for there to be
balanced pressures between the two pressure spaces it
is essential for the friction between the piston seals and
the inner wall of the cylinder to be very low as the piston
moves. Therefore, the internal surface of the cylinder
tube must have a very fine finish. Due to the unavoidable
presence of some friction at this point, however, it is im-
possible for a difference in pressure between the gas and
fluid spaces to be eliminated completely.

Fig. 57: Mode of operation of a piston-lype accumulator
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Diagram 18 clarifies this frictional effect. #t shows graphs
of the fluid and gas pressures against time for a single
accumuiator cycle with two different types of sealing
systern. It shows clearly that a low-friction sealing system
causes less differential between the two pressures and
so provides better operating characteristics. However,
the frictional resistance is not constant; it increases with
the operating pressure. At lower operating pressures the
frictional resistance predominates over the piston motion
so use of the accumulator at low pressure levels is not
normally sensible.

Fluid pressure

Gas pressu

4 Fluid pressure

Diagram 18: Graphs of pressure versus lime for a piston-type
accumulator with a normal sealing system (top)
and a low-friction sealing system (boftom}

Fig. 58: Fiston-type accumulator with external piston rod
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Certain functions of the hydraulic system, such as stop-
ping of the supply pump or menitoring of the charging of
the accumuiator, can be achieved directly by modifying
the piston. As shown in Fig. 58 a piston rod is attached to
the piston and extended through one of the end covers.
This allows a variety of control functions to be achieved
in a number of different ways, either:

- mechanically with switching cams or

- glectrically with permanent magnets or inductive pro-
ximity swiiches.

Yet another method of determining the position of the
piston is to use an ultrasonic measuring system which
employs a microprocessor making direct use of data
such as piston position and simultaneous measurement
of gas pressure for the different control functions.

Hydraulic Accumulaiors

2.4 Adding nitrogen bottles

For certain applications it can be an advantage to in-
crease the gas volume by adding extra nitrogen bottles.
One typical such application is when the difference
between the minimum and maximum operating pres-
sures is small. The velume of nitrogen in the accumula-
tor is then only compressed slightly and the useful portion
of the storage volume is insufficient for the purpose. De-
pending on the operating conditions the gas volume can
be doubled by adding extra nitrogen botties. Fig. 59
shows such an arrangement with a bladder-type accu-
mulator. The gas end of the accumulator has a modified
connection for the nifrogen bottle and, so that the bladder
does not suffer any damage when the accumulator is
being charged, there is also an additional Crepin tube
inside the bladder. The nitrogen volume can be increased
in the same way with piston-type accumulators. In both
cases, bladder-type and piston-type, the designer must
match the maximum connected gas volume accurately to
the operating temperature and ambient temperature.

Fig. 59: Bladder-type accumuiator with added nitrogen bottle

2.5 Hydraulic dampers

Fuctuations in pressure can occur in hydraulic systems
as a resuit of changes in the flow of fluid due to a variety
of circumstances in the system such as:

— irregularities in the displacement pump

- 8pring-mass systems (pressure CoOmpensaors in
valves)

- sudden linking of spaces at different pressures
- operation of fast opening and closing

— starting and stopping of displacement pumps.

Associated with these circumstances are fluctuations in
volumetric flow and pressure which have a negative
effect on the service life of ali components in the system.
Depending on the origin, fluctuations in pressure vary
between pressure shocks and more regular pulsations.
In order to ensure that they do not affect the functioning
of the system it is necessary to ascertain the magnitude
of the fluctuations at the planning stage and to incorpor-
ate suitable measures fo provide damping. There are
numerous ways of damping out pressure fluctuations but
the hydraulic damper has shown itself to be particularly
suitable for hydraulic systems. The basic specification for
such dampers can be divided into physical, structural and
operating sections. The physical parameters are prim-
arily related to good damping characteristics over a large
frequency range with & minimum pressure drop. The
structural side involves as simple a construction as pos-
sible with easy installation and suitability for the relevant
ternperature, fluid and pressure. The aperating aspects
concentrate on minimal maintenance so that the cpera-
fing reliability of the installation is not affected.
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2.5.1 Construction and mode of operation

Depending on the mode of operation, hydraulic dampers
employ the principle of hydro-pneumatic biadder-type
and diaphragm-type accurmuators or a fluid silencer, In
the case of the hydro-pneumatic dampers the comnpres-
sibility of a gas (usually nitrogen) is utilized for the damp-
ing. With a bladder-type accumulator, for example, the
bladder is compressed or expanded according to the
magnitude of the pressure fluctuations. The diaphragm-
type accumulator behaves similarly. Since using normal
bladder accumulators or diaphragm accumulators does
not always produce good damping due to the imperfect
link between the hydraulic fluid and the gas volume, spe-
cial hydro-pneumatic dampers have been developed
{e.g. Pulse Tone pulsation dampers). This type of dam-
per {see Fig. 60} has an in-ine connecting block which
provides efficient linking of the fluctuations in volume and
pressure into the stored gas. Excellent damping charac-
teristics up to a frequency of approximately 500 Hz are
achiaved.

Fig. 60: Hydro-pneumatic dampers, Puise Tone diaphragm accumulator {left) Pulse Tone bladder accumulator (right}
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Another form of pulsation damping, specifically for reduc-
ing fiuctuations in pressure on the suction side, can be
effected with the suciion stabilizer shown in Fig. 61.
Basically, it comprises a small volume of gas surrounded
by a volume of fluid many times larger. It performs the
function of a storage vessel and considerably reduces
the acceleration effects of the flow.

Special hydraulic dampers, called shock absorbers (see
Fig. 62), have been developed for damping out the

Damping can also be achieved without an additional vol-
ume of gas by means of a fluid silencer. The design of
such a silencer is shown in Fig. 83 and is totally different
from the hydro-pneumatic dampers. In this case the
fluctuations in volume and pressure are reduced by
careful flow design employing such features as a resona-
tor or an expansion chamber.

pressure shocks that can be associa-
ted with the fast opening and closing :
of valves and the starting and stop-
ping of pumps.

In construction, the shock absorber is
like a bladdertype accumulator and
stops further propagation of the pres-
sure shock through the conversion of
potential energy into kinetic energy
and vice versa.

Fig. 61; Suction stabilizer

Fig. 62: Shock absorber

Fig. 83: Fluid noise transmission damper(silencer)
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3 Design of hydro-pneumatic
accumulators

The performance required of a hydro-pneumatic accu-
mutator varies according to the particular application. In
the design the initial factors of interest are only the re-
guirements regarding useful volume and pressure ener-
gy. In addition there are certain secondary factors to be
taken inte account, mostly specific to the type of installa-
tion, e.g. mobile equipment needs a maximum ratio of
energy capacity to weight. Once the size of accumulator
necessary for the demands has been established, com-
ponent details can be faid down, such as the quality of
elastomer for the seals and separating elements.

3.1 Definitions of operating parameters

The parameters needed for designing a hydro-pneuma-
tic accumulator are best clarified with a diagram of a
pistontype accurnulator (see Fig. 64). Of course, the
same refationships hold good for the other types of hydro-
preumatic accumutator. The parameters for describing
the state of the gas - also called state variables - are pres-
sure, temperature and volume. The foliowing variables
are defined for the various states which arise during
operation of an accumulater

Pressures

P, Charging pressure of the gas space with the fiuid
space depressurized.

P, Minimum pressure required to open the valve,
With bladder and diaphragm accumulators this
pressure is normally about 10% higher than the
charging pressure. The charging pressure can be
made lower with piston accumulators,

o Maximum operating pressure of the hydraulic
systern with bladder and diaphragm accumuiators

p,/p, Maximum permitted pressure ratio for operating
conditions
Temperatures

T (Gas temperature corresponding to the various
states (/ = 0, 1, 2). The temperature of the fluid
affects the heat exchange with the compressed
gas and so is only needed indirectly for designing
the accumulator.

Volumes

v Effective gas volume at charging pressure

V., Gas volume at minimum pressure

Gas volume at maximum operating pressure

AV Useful volume

Fig. 64: Diagram of operating state showing variables applicable to a piston-lype accumulator
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3.2 The fundamental physics

In the thermodynamic sense the volume of gas in a hy-
draulic accumulator can be regarded as a homogeneous
closed system with appropriate state variables. Although
the basic physicai equations for accumulator design will
be explained by referring to a piston-type accumulator it
does not restrict the universal nature of the eguations in
any way {the friction between piston and cylinder wail is
neglected in this case). The flow of hydraulic fluid into or
aut of the accumulator has a direct relation to the change
of state of the volume of gas inside. Firstly, the hydraulic
fluid causes an exchange of work with the gas and,
secondly, an exchange of heat between the surroundings
and the gas if the gas temperature is not equal to the am-
bient temperature. The “surroundings” mean the sepa-
rating element, the accumulator vessel and the hydraulic
fluid.

in Fig. 65, moving the piston an infinitely small distance
ds to change the volume by an amount dV reguires the
following amount of work

aW, =-p-A-ds=-p-dV {1

The change in volume alsc involves a change in state of
the gas.

Fig. 65 Volumetric refationship

Note on Equation 1:

There is a recognized mathematical sign rule o establish
whether the system is absorbing work (+) or expending work (-
J. According to this rule, the work is considered to be positive
with compression (dV<0).

Assuming that it is an ideal gas, the relation between
pressure, temperature and volurne can be described with
the equation of state

p«V=m-+-R.T (2)

Where Ais a constant dependent only on the type of gas.
For nitrogen (N} it is:
J

R= 297 —
kg K

in order to continue, it is important to know about the
individual processes which take place in the accumulator
in order to understand the change in state of the gas. The
states and their changes are as follows:

a) Charging of the gas space at fow temperature with
subsequent change in the charging pressure through
heat exchange with the surroundings.

b) The charging or discharging cycle of the accumulator
by the hydraulic fluid takes place over a time span suffi-
cient for a complete exchange of heat with the surround-
ings to occur.

¢) The charging or discharging cycle fakes place so
rapidly that no exchange of heat with the surroundings is
possible.

In the change of state described in a} no work of volume
change is expended, ie. no change in volume takes
place. This change of state is called isochore and can be
described by the foliowing simplified equation

o = = const. 3)

The change of state described in b) is called isothermal
and takes piace without change in temperature i comp-
lete exchange of heat with the surroundings is assumed.
The mathematical relation between the state variables
can be derived from the thermal equation of state and, for
an isothermal change, is

peV =p -V = const (4)
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The change of state described in ¢) is called adiabatic. in
this case there is only an exchange of work between the
hydraulic fluid and the gas and the relevant equation is

peV®= p V" = const {5)

The relation between temperature, volume and pressure
can also be obtained from the thermal equation of state

T-v¥t=T1.9y~" and {6)

T.p(T—K)hc - -1-1 . p1(1—1\‘)1‘|c (7)

In these equations x represents the adiabatic index
which can be taken as 1.4 for a diatomic gas such as

hitrogen under normal conditions (see Diagram 19).

 Pressire pinbar

Diagram 18 Adfabatic index of nitrogen and helium in reiation

fo pressure at 0 and 100°C
Since an accumulator never functions precisely accor-
ding fo theory with no exchange of heat, the change of
state will lie somewhere between the isothermal and the
adiabatic. This type of state change is called polytropic.
The mathematical relationships are similar to those for
the adiabatic change of state but with the adiabatic index
replaced by the polytropic index n. The p-V diagram
(Diagram 20) shows the different changes in state and i
is obvious that the iscthermal and adiabatic are extremes
of the polytropic.
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isechoric

Diagrarn 20: p-V diagram of change in state
Accordingly, the equations to be used for designing a
hydraulic accumulator depend on the time effect of the
charging or discharging process. The following limits can

serve as a useful ruie-ofthumb for using the appropriate
equation:

Cycle time < 1 minute
— adiabatic change in state

Cycle time > 3 minutes
-3 isothermal change in state

Cycle time between 1 and 3 minutes
-3 polytropic change in state.

In order o be more precise about the change of state
taking place it is necessary to know the thermal time
constant that is dealt with in Section 3.2.2.

For design purposes it is an advantage to rearrange the
equations so that the required variables can be calcu-
lated. Primarily these are the effective gas volume (V)
corresponding o the pressure conditions and the char-
ging pressure p. Table 15 lists the basic equations for
accumulator design.

Also when designing an accumuiator, there are certain
empirical values to be aghered to which ensure, firstly,
optimum  utilization of the accumulator voiume and,
secondly, long service life. Table 16 lists the relevant
empirical values for different types of accumulator.

0 — 1 adigbatic
1 -+ 2 adiabatic

0 -+ 2 isothermal {charging;
2 — 1 adiabatic {discharging}

-~ 2

“Application:

Emergency. function

0 — 1 isothermal

5 1 — 2iscthermal

e

Eeait:

&e}%}zmﬁm@wa«mwm\\\x\}\;\; e

A B SR
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In the case of the arrangement with added nitrogen
botties the designer must also examine the useful volume
of the accumulator. He should begin with an isothermal
change from charging pressure to maximum operating
pressure. The increased useful volume AV can be calcu-
lated from:

p
AV'E Ve (1~ =2). (8)
Py

For bladder accumulators with added nirogen bottles
AV7 =075+ V. should not be exceeded because of ex-
cessive distortion of the bladder. V.. is the total effective
gas volume (accumulator plus nitrogen bottles). The in-
creased useful fluid volurne AV’ must always be less than
the effective gas volume of the accumulator. The value of
gas volume must be chosen so that these conditions are
fulfifled.

3.241 Deviations from the ideal gas

The eguations of state described in the previous section
are only applicable to an ideat gas. Practical gases such
as nifrogen (see Diagram 21), however, do not follow the
ideal gas laws, particularly af higher pressures. This be-
haviour is cafled “real” or “imperfect”. The mathematical
relation between the state variables (p, Tand W for a real
gas can only be given by an approximate equation. The
use of such an equation with sufficient accuracy is very
tiresome in practice and requires a large amount of com-
puting time which can only be provided by a mainframe
computer. For this reason it is advisable to introduce cor-
rection factors that allow for the behaviour of the real gas.
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Table 16: Conditions of application for hydro-preumatic accurmulators

Consequently, the volume with an isothermal change of
state becomes
vreal = Cl - Videal (9}

and with an adiabatic change of state

Vreai = Ca : v;deai ) (10)
The correction factors C, and C, in Equations (9) and (10)
can be taken directly from Diagrams 22 and 23 according
to the pressure ratio p/p, and the maximum operating
pressure.

V, = 32 lifre

g, =125 bar
f, =500 bar

actual

Diagram 21: p-V diagram comparing the ideal and real gas
behaviour of nitrogert in compression
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_max. operating pressure

o, = 400 bar

==

—

Diagram 22: Relation between correction factor C, and pressure ratio pp, for an

isothermal change of staie

max. operating pressur

P, = 400 bar

Diagram 23: Relfation between correction factor C, and pressure ratic p/p, for an

adiabatic change of state

The correction factors are referred to a
temperature of 50°C. Any deviations
resulting from changes in temperature

can be neglected in the permitted tempe-
rature range (-10 to +80°C).

3.22 Thermal time relationships

Approximate time limits were quoted
in Section 3.2 in order to establish the
type of change of state. In order to
arrve at a more accurate design for
an accumuiator it will be necessary to
analyze the processes of thermodyn-
amic exchange. In the case of inter-
mittert operation, in particular when
there is a rapid sequence of changes,
the processes are determined from
the intensity of the heat transfer. Des-
cribing and analyzing the thermal
fime response of hydraulic accumu-
lators makes use of the thermal time
constant

S (11)

=
o A

Where ¢, is the specific thermal capa-
city at constant volume, m the mass
of the gas, o the heat transfer coeffi-
cient and A the total area of heat
transter.

The time constant can be determined
very easily by experiment. Since i
depends on the charging pressure
and the type and size of accumulator,
it must be determined by test for each
different type of accumuiator. Dia-
grams 24, 25 and 26 show the results
of tests according to |1] for the diffe-
rent types. The thermal time con-
stants are piotted in relation o the
charging pressure for various nomi-
nat volumes of the different sizes of
accumulator, Using these time con-
stants and a suitable simulation pro-
gram an accumuiator can be design-
ed for a given cycle of operation.
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y

/ 10 ltre

5 litre

——

//1;:

2 litre
1 litre

0.6 lire

[’f

10 lifre

5 litre

1 litre
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Diagram 24:
Thermal time constant for blagder-type
accumuiators

Diagram 25:
Thermal time constant for diaphragm-
lype accumulators

Diagram 26:
Thermal time constant for piston-type ac-
cumulators
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3.3 The design procedure

in calculating and establishing the appropriate size of
accumulator it can be assumed that the necessary vol-
ume of fluid V or the necessary energy Wis available for
the demand. Taking account of certain peripheral factors,
such as

-~ maximum operaling pressure
— maximum and minimum operating temperature
— working pressure differential

The first step in the design procedure is to assume initially
that the change of state between the working pressure p,
and p, is adiabatic. This limiting assumption is permis-
sible since it means that the other possibie changes of
state are always fulfiled. The design can then be correc-
fad through a subsequent check of the calculations in
terms of the time response and the associated deviation
from the assumed adiabatic change of state. Since the
changes of state of the gas are related to the cperating
temperature, the capacity must be sufficient for each
state. This gives rise to various restrictions on the design
which are examined as follows:

- Resiricion Taand b

The required volume of fluid V_ or the required energy
W, must still be available from the accumulator at a
maximum attainable operating temperature.

- Restriction 2

At the minimum operating temperature the permitted
value of working pressure difference p_ . must not be
exceeded. The various restrictions can be explained by
referring to a diagram of a polytropic change of state (see
Diagram 27).

Polytropic change of state at
maximum operating
iemperature (M)

AmAMOE

Polytropic change of state at
minimum  operating
temperature

Diagram 27: p-V diagram of a polytropic change of state at maximum and minimum operating femperature
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~ Restriction 1a

The volume of fluid is calculated from:

AV= V-V, =zaV . {12)

The changes of state are;

Filling:
P, p

isochoric Tr{—]z Tu , {13}
4] max

Charging to minimum operating pressure:

isothermal  p, « V, = p, - V. (14)

Compression o maximum operating pressure

adiabatic  p,- V," = p, - V.". (15)

Substituting the three Equations (13), (14) and {15) in
Equation (12} gives

mec
Py T "
NV:-fVO(‘w( EAVreq {16}
f}1 ﬁﬁﬁ
B, *
or
Tm
Py \—
X2 ° L)) (17)
P,
fo

Equation (17) describes the restricted retationship for the
required volume of fluid at the maximum attainable oper-
ating temperature T

— Restriction 1b

The energy stored by the accumulator must be equal to
or greater than the required energy W_ - the maximum
operating temperature. Wogi( is done when the gas is
compressed from peint 1 to point 2. The associated
change in internal energy is then

(18)

1186

With the equation for an adiabatic change of state,
Eguation (18} becomes

(( ) (19)

Kot

The restricted refationship for the energy at maximum
operating temperature is obtained by substiuting Equa-
tions {13) and (14) in Equations (18} and (19}

T

max 1»--

w.

t2erf

f,z.v0<p2 T(h 1) ((ﬁa " 4)
ﬁ

- Restriction 2

The difference in pressure at minimum operating temper-
ature between operating states 1 and 2 is:

AP =P = Py S AP (21)

With equations

B Do (22)
TE) Tmin
and p, -V, = p+ V, (23)

it is possible to rearrange Equation {21) to give the
following relationship for pressure difference

rmin
Ty
Apz p, - -—pT-po {24)

Py

Thus, the second restriction relationship for the pressure
ratio p/p,, which is applicable to both fluid volume and
energy at minimum operating temperature, can be given
as:

P

P Py . APy

2l
)
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Graphical representations of the
restriction relationships of Equations
(17), (20} and (25) are given in Dig-
grams 28 and 29. They show clearly
the range of validity within which a
design s permitted under the given
conditions. The point of intersection
of the restriction curves character-
izes the optimum design. However,
this is not always attainable in prac-
tice because of the steps in vessel
sizes, and therefore gas volumes.
Nevertheless, economic  efficiency
demands that every attempt be made
o get the design as close as possible
to this point.

Diagram 28:
Graphic represeniation of the restriction
relationship for fluid volume

Diagram 29:
Graphic representation of the restriction
relationship for energy

y; Best possible
dasign point

2" restriction curve
from Equation 25

15 restriction curve
from Equation 17

Permitted
range

Fluid volume

Permzt%ed presswe dmp
f{::z gmﬁ V

‘

2r regtriction curve
from Equation 25

Best possible
design point

Permitted

range

Energy

15t restriction curve
from Equation 20

' m’aztted pressnre drop g
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4 Typical Calculations

Example 1

In an injection moulding machine 5 litres of fluid are to be
made available in 2.5 s. The maximum operating pres-
sure is 200 bar and the minimum working pressure must
not fall below 100 bar. The charging time is 8s and the
operating femperature is given as 45 °C. Calculate the
size of accumulator required and the gas charging pres-
sure at 22 °C using a real gas. Finally, check the results
using the restriction relationships.

Solution

As it is a high-speed process (the outfiow time is less than
1 minute} the change in state of the gas can be regarded
as adiabatic.

Note:
The pressures substituted in the equations must be
absolute valyes.

Calculating the gas charging pressure

p,=09¢«p, =09+101 =91 bar

Calculating the volume of gas required

Assuming that nitrogen will be used as the gas:

AV 5
Voiga ™ = = 13871

(“z‘?‘) 0714 ~ (_Ei.) 0714 0.8 0714 (;62“) a714

Calculating the correction factor from Diagram 23
C, = 1.16 where %:2,0
Py
VO - Ca ° Vl}ideal

=116+ 1387 = 1609 L

e

A 20 Litre bladder-type accumulator with an effective gas
volume of 17.4 L is selected.
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Calculating the gas charging pressure at 20°C

Note:
The temperatures used in the eguations must be in
Kelvin.

Ty

Poy - =Porrsy °TB

.20 +273

oy =91 =838 bar
Poorc) 45 2753

So that a gas charging pressure of 91 bar is available at
an operating temperature of 45°C, the accumulator may
only be charged to 83.8 bar at 20°C .

Checking the results with the restriction
relationships for fluid volume

In Diagram 30 the restriction curve to Equation {17) is
drawn with the governing variables for the example. Also
plotted are the volume ratios

AV

req

%

for three bladder accumulators of sizes 10 L., 20 L and
32 L (effective gas volumes of 9L, 174 L and 32.5 L).

The 2 restriction curve 1o Equation {25) provides a value
of 0.452 for the given variables.

From Diagram 30 it can be seen that the smaliest accu-
muiator of 10 L nominal volume does not intersect the
design area and so does not satisfy the requirements.
The 20 L accumulator is at the optimum point of the
design area so it is the correct choice. Although the 32 L
accumulator also safisfies the requirements it is over-
sized.

Example 2

In & hydraulic system ,various cylinders are operated by
directional control valves. The installation is for emer-
gency operation and is to be driven by stored energy. The
accumulator also has to make up the leakage losses at
the directional control valves. For this, a low-capacity
pump is to be started every 5 minutes. The pressure
switches keep the pressure between 180 bar and 200
bar. When emergency operation is initiated, 8 L of fluid is
needed to maintain certain functions and the pressure
must not fall below 110 bar. The system incorporates 5 di-
rectional control valves with a leakage fluid loss of 30 cm?¥
min each and 2 directional control valves with a leakage
fluid foss of 140 cm®min each. Calculate the required size
of accumulator and the required charging pressure.
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Solution

Calculating the total volumetric flow of leakage fluid

Q =5+ 30 cm¥min + 2 « 140cm¥min = 430 em*min,

The useful volume of the accumulator required to make
up the leakage fiuid is therefore

AV= Q « t =430 cm¥min « 5 min = 2,15 L.

The charging pressure can be calculated from

B, =09+ p =09«111 bar = 100 bar,

Calculating the gas volume in order to make-up
leakage fluid

As it is a slow process {the delivery fime is more than 3
minutes) it can be assumed to be an isothermal change
of state

2,15
V= o =39,1L
" b, Py 100 100

181 201

Calculating the gas voiume for emergency operation

In this case there is a slow accumulator charging process
{isothermal) and a fast discharging process (adiabatic).

Since there is the possibility during emergency operation
of the accumulator being charged to a pressure of only
181 bar, this must also be taken as the maximum pres-
sure for the design.

AV‘—EE 8..1.%}_1_
Vy e = D _msL
T
1

In selecting the accumulator the larger gas volume is the
governing factor and a 50 L accumulator with an effective
gas volume of 47.5 L. is chosen.

Restriction curve from Equation 17 where

Possible
design area

Diagram 30:
Graph of the restriction relationship for
Example 1




Hydraulic Accumulators

Example 3

Between a maximum operating pressure of 180 bar and
a minimum working pressure of 120 bar, a piston-type
accumulztor is to supply 35 L of fluid in 2 seconds. The
accumulator must be refilled in 4 minutes.

Solution

Caiculating the gas charging pressure

p,=p ~5bar = 121 bar~5bar = 116 bar

Calculating the gas volume required
The calculation is performed for an adiabatic change of
state {the delivery time is less than 1 minute).

AV 35

0714 074 - 0714 116 0714
OT-@" @6

= 14431

V=

This volume of gas can be provided by a piston-type
accumulator with an effective gas volume of 150 L . For
ecanomic reasons, however, it is advisable to empioy an
accumulator with & smaller gas volume and to add
separate nitrogen botties in an arrangement such as one
50 L pistontype accumulator (with an effective gas
volume of 52.5 1) and two 50 L nitrogen bottles.
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Checking the useful storage volume

According to Equation (8) it is necessary for the enlarged
usefut volume V' to be less than the effective gas volume
V, of the accumulator. The total effective volume for the
arrangement chosen is

VQG:T chZ2EL + 250l =1525L.
Therefore:
By 116
AV '= VCG (1 W“’E;) = 1525 ('f —'Té? = 548 L.
Thus AV > V.

This shows that the velume of the accumulator selected
is too small. When another calculation is performed for an
arrangement with one 60 L accumulator (with an effective
gas volume of 62.5 1} and two 50 L nitrogen bottles the
iotal effective volume becomes

Vig=1-825L+2-50L=16251

and the increased useful volume
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e f = BBA L
181

av'= 1625 {1 -

This arrangement satisfies the required operating condi-
tions.
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5 Typical applications

51 Energy storage

From the pattern of power demand for a plastics injection
moulding machine, shown in Diagram 37, it can be seen
that maximum power is only needed for a short time
during the high injection velocity into the mould. For
goonomic reasons it would not be sensible o cover this
peak demand entirely with pump power. However, it is
sensible to rate the pump for a medium power demand
and to cover the shorfall with an accumulator. The
arrangement of the accumulator for this application is
shown in Fig. 66.

Benefits

Smaller hydrauiic pump, lower power, less heat, simpler
maintenance and installation, lower operating costs. In
addition there is the extra shock and puisation damping
which allows a longer service life to be anticipated.

Typical applications

Biadder-type and piston-type accumulators for energy
storage in injection-moulding and blow-moulding machi-
nes, transter lines, steelworks machinery, rolling mills,
construction machinery, machine tools, hydraulic pres-
ses and shears, transport systems, marine engineering
and power stations, trip-out systems on steam turbines
and nuclear power plants.

Diaphragm-type accumulators are used for energy stor-
age in pilot control circuits, braking systems, machine
tools and jig and toof making,

for high mjection velocity

........ |- Mean power

1 Close mould

2 Closing pressure build-up

3 Injection unit forward

4 Inject

5 Hold

6 Plasticize (screw drive)

7 Injection unit return

8 Open mould

2 Hydraulic ejecior forward/back
10 Cooling time

Diagram 31: Power diagram for an injection moulding machine
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Fig. 66 Cireult diagram for energy storage on an injection moulding machine
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5.2 Emergency operation

in an emergency such as a power failure, i is possible to
use stored energy to operate a device such as a cylinder
for a working stroke or cloging stroke. Fig. 67 shows a
circuit diagram for emergency operation with a solenoid
valve which. when triggered by the emergency, opens
and allows the fluid stored under pressure in the accumu-
lator to flow 1o the pision rod end of the cylinder causing
it to retract.

Benefits

The energy stored is available immediately, it can be
stored indefinitely, there is no fatigue or inertia, safety is
at a maximum and maintenance at a minimum.

Typical applications

Bladder-type and diaphragm-type accumulators for clos-
ing bulkhead doors, dampers, sluices, bunker valves,
silos and transport devices in the event of a power failure.

Fig. 67: Circuit diagram for emergency operation
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53 Force balancing

Hydraulic accumulators can be used for force or stroke
batancing. This can be necessary, for example, in a con-
tinuous production process such as steel roling when
tneven loads from the material being rolled could cause
the rolls to adopt an off-centre position. Balancing the
rolls produces a uniform wall thickness. Fig. 68 shows a
circuit diagram for a roll batancing systern incorporating
an accumulator and a direct-mounted safety and shut-off
biock.

Benefits

Ensures uniform forming, smooth force balancing and
therefore less load on foundations and roll stand, elimina-
tiorr of counterweights and therefore a reduction in fotal
weight.

Typical applications

Bladder-type, diaphragm-type and piston-type accumu-
lators for machine tools, roll stands and crane jibs.

Fig. 68: Circuit diagram for a roll balancing system
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5.4 Leakage fluid make-up

The pre-tensioning force exerted by a hydraulic cylinder
can only be maintained if the leakage fluid losses in the
system are made up. An accumulator is ideat for this task
and Fig. 69 shows how it is used. It can be seen that the
leakage fuid make-up from the accumulator is dischar-
ged into the cylinder helow the piston and the pump is
only started again when the pressure falls below a preset
value.

Benefits

The pump does not run continuously, there is less heat
wastage and service life is longer.

Typical applications

Bladder-type and diaphragm-type accumulators for leak-
age fluid make-up in jig and tool making, presses, lifting
platforms. clamps and fixtures for machine tools, con-
vayor belts, roll stands, efc.

Fig. 89: Circuit diagram for leakage fluid make-up

6 Safety regulations

As pressure vessels, hydraulic accumulators are subject
to the regulations governing pressure vessels which
came into force in West Germany on July 1, 1980. Their
design, installation and operation are covered by the TRB
regutations. The pressure vessels of the accumulators
are classified as follows according to the maximum
permitted operating pressure p in bar, the capacity / in
litres and the product of pressure and capacity (p« /):

Class Il p>1barand p+ /< 200
Class ll:  p=1barand 200 < p« /< 1000
Class iV:  p>1barand p+ /> 1000

Hydraulic accumulators of Classes 1l and IV may only be
put into service after an authorized inspector (i.e. TUV)
has ingpected them (initial inspection, design inspection
and pressure test) and ceriified that they are in satisfac-
tory condition. This inspection by an authorized inspector
can be waived if type-test approval has been obtained.

In the case of Class [l accumulators the manufacturer
himselt certifies satisfactory manufacture and successful
pressure testing. The operators authorized inspector
performs an acceptance test and provides appropriate
cettification. In-service tests are carried out by authorized
inspectors on Class IV accumulators. The interval be-
fween internal inspections s 10 years when non-corro-
sive fluids are used, ctherwise it is every 5 years. A pres-
sure test is performed by the inspector every 10 years.
Class It and NIl accumuiators are inspected at intervals
determined by the operator according to experience with
the mode of operation and operating fluid,

Only inert gases such as nitrogen may be used in accu-
mulators. No work may be carried out on accumulator
pressure vessels untit the fluid has been drained. No work
may be carried out on the gas side of an accumulator untit
it has been depressurized,
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7 Accessories for hydro-
pneumatic accumulators

7.1 Safety and shut-off block

The safety and shut-off block is a device for protecting,
isolating and depressurizing hydro-pneumatic accumu-
lators. It conforms fo the relevant safety regulations,
especially those for pressure vessels (TRB 403 and 404
it West Germany} which require suitable devices for:

— measurement of pressure
— protection against over-pressure
- isotation.

With a simpie arrangement of the various compenents in
a compact unit, each one of these points is covered and
additional benefits incorporated such as:

— minimum space reguirement
- fast instaliation

— connections far all types of accumulator with imperial
and metric fluid ports and flanged and welding con-
nections

-~ extra valves such as piliot operated check valves,
reiief valves, flow valves, combined flow and check
valves in add-on or integral form.

The construction of a safety and shut-off block is illustra-
ted by the circuit diagram in Fig. 70. Basically, the unit
comprises the valve block, the main shut-off cock and the
deprassurizing valve. It also incorporates the necessary
connections to the tank, pressure gauge, accumulator
and supply.

Fig. 70: Circuit diagram of a safety and shut-off block with
manual depressurizafion
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By fitting an extra solenoid operated two-way valve (see
Fig. 71} it is also possible to depressurize the accumula-
tor automaticaily. Another device that can be fitted is a
pilot-operated pressure relief valve (see Fig. 72) which
allows the accumulater to be depressurized quickly or in
a controlled manner.

Fg. 71 Circuit diagram of a safety énd shut-off block with
electro-magnetically-controlled  depressurization

Fig. 72: Circuit diagrarm of a safety and shut-off block with pilot-
operated pressure refief valve

7.2 Charging and testing device

A major loss of nitrogen is an unusual occurrence with
hydro-pneumatic accumulators. However, it is still advis-
able to check the gas charging pressure at regular inter-
vals so that the separating element cannot be damaged
by a drop in the charging pressure and stop the accumu-
lator working properly. The charging and testing device is
of great assistance in charging accumulators, checking
the gas pressure and adjusting it if necessary.

Hydraulic Accumulators

In order to charge an accumulator with the appropriate
gas, the charging and testing device must be connected
up as shown in Figs. 73 and 74 with a screw connection
to the gas valve of the accumutator and a flexible hose to
a standard nitrogen bottie. If the gas pressure is only
being checked or reduced, the charging hose will not be

required. The recommended intervals between tests of
the value of gas charging pressure stated on the rating
plate or accurnutator body are - at least once during the
first week after instailation, once more after a further 4
months and then annually.

Fig. 73: Charging and festing device for bladder-type accumu-
lators

Fig. 74: Charging and testing device for piston-type and diaph-
ragm-lype accumulators
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7.3 Nitrogen charging unit

The nitrogen charging unit shown in Fig. 75 is suitable for
charging smalt accumulators or for topping up the char-
ging pressure of large multiple accumulator systems. The
accumulator charging pressure can be increased using
the unit; this is mosily necessary when the pressure of a
commercially available nitrogen Dbottle is insufficient for
the charging operation.

7.4 Mounting accessories

Hydro-pneumatic accumulators are heavy and also i 1 Lfs SR T AT —
subjected to acceleration forces due to the fiow of fluid so Bl Mgk | Gas consant - Symbol Quantity
they must be firmly supported and secured. The mount- I T RS AR
ing arrangements must be such that no stresses or cs o imem.mmy | Travel, stroke: 01,2 Changed state
i-s%raéns are fransmitied to the pipework from the accumu- 2 S~ '-':__:}".é'mpia;ﬁém?e R - a : B .Ad'iabéﬁ'g
Fig. 76 shows a typical mounting arrangement for a RN E "fl_.?‘f’??'j B _Ope_ratlrég status .-
bladder-type accumulator emplaying a bracket and clip. Ty L CVelume fec; _Reqiiii’e'd R
Similar mounting arrangements can aiso be used for R s R S
diaphragm-type and piston-type accumuiators. e 'J 3 _.W{}_r.k__”__ SRR '__-301_ S T.G.i?’_ .

' e WimE Kl Heat transfer coefficient _ s} Isothermal

”"' 1o S .?h?fm?l_ it_ime _t_:onsi_an;'.';. '_ :'idéai-' Ideal gas
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8 Symbols and subscripts

Symbols

| Symbai 8

Units

© Quantity

Head marks

| Jikg Ky

pars

L em¥ming L

Area

Specific thermal capacity
- at constant - volume
 Pressure

Quantity

Symbol
| . - | Reterred to time
' A Maximum

Deviation from initial value

Subscripts

Dimensioniess symbols

Symbﬁi -

| Pobyropic index

| Quamity

L Leakage fluid

Cimax | Maximum

| Actual gas _
TB | Operating temperature
v - Refé'rfe_d o Vo%um:e RN

“permit | Permitted

Prefixes

Symbol f;."

Quantity

| Difference
" Differential

-.:_j::_;Ef?figéjra:! .

Fig. 78: Mounting arrangerment for a bladder-type accumulator
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Safety regulations for accumuiators in hydraulic systems

Safety reguiations
for accumulators
in hydraulic systems

Hans H. Faatz

i. introduction

1.1 General

The new presslre vessel specifications (  Druckbeh.V)
{valid for the Federal Republic of Germany), together with
the associated technical regulations for pressure vessels
{TRB) have been in force since 27.02.1980 and have
been applicable to hydraulic accumulators in hydraulic
systems and power units.

The pressure vesse! specifications were produced by the
specialist chemical industry panel at the ceniral office for
accident prevention and industrial health (ZeflU) within
the industrial associations. To ali intent, they are laws of
the land. This also applies to the technical regulations.
Adthough the pressure vessel specifications were origin-
ally conceived for the chemical industry, . g. for auto-
claves efc., they must also be applied to hydraulic
systems.

The authors of the pressure vessel specifications and the
technical reguiations have naturally used the terms
normalty found in the chemical industry. The require-
ments of fluid power technoiogy have only partially been
covered.

This area is covered by the term “Hydraulic accumulators
in hydraulic systems”, in the proposed standard for
machine bulilding {NAM) for the fluid power industry in the
DIN standard.This should cover the application of pres-
sure vessel specifications and technical reguiations
within the fluid power industry. The requirements of the
standard confine fhemselves to hydraulic power units
and hydraulic systems in machines and installations in
which hydraulic accumulators are used to sfore energy.

1.2 The division into groups

The pressure vessel regulations always apply to hydrau-
lic accumulators in hydraulic systems if, during the opera-
tion of the accumulator, a pressure of more than 0.1 bar
or less than -0.2 bar can ocour.

The product of pressure x volume (p « |, p in bar and [ in
Litres) is the tactor which is applied in sefting the test
groups into which accumulators are divided. There are, in
fact, seven groups. In general, only groups i, I, and IV
are applicable o hydraullc accumulators in hydraulic
systems.

Group l:

This group covers all hydraulic accumulators with a per-
missible operating pressure of more than 1 bar, and in
which the product of pressure x volume (p « 1) is not more
than 200.

Group Hl:

This group covers all hydrautic accumulators with a per-
missible operating pressure of more than 1 bar, and in
which the product of pressure x volume (p + /) is more than
200 and not more than 1000.

Group IV:

This group covers ail hydraulic accumutators with a per-
missible operating pressure of more than 1 bar, and in
which the product of pressure x volume (p » 1) exceeds
1000.

Group 1 applies to all pressure vessels subject 1o negative
pressures.

Groups V, Vi, and VIl apply to all pressure vessels subject
to pressures above 500 bar.

The acceptance details and the associated tests are laid
down in the individual group specifications. They apply to
both the manufacturer and to the operator of hydraulic
accumutators.
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2 Terms

Within the pressure vessel specifications and the tech-
nical regulations, terms are used which are practically
never found or are iotally unusable in the fluid power
industry. | is therefore necessary to define the terms laid
down in the pressure vessel specifications and the
technical regulations to make them acceptable to the fluid
power industry.

An exptanation of these terms related to fluid power tech-
nology, and as far as is required, is laid out in the following
sections. This does not strictly comply with the standards,
but is of more practical use.

21 Hydraulic systems/
hydraulic power units

Hydraulic systems consist of an electric motor driven
pump delivering fluid, a fluid reservoir, controi valves and
hydraulic motors together with the necessary pipes and
hoses for the operaton of the system.

Hydraulic power units consist basically of a pump deliver-
ing fluid, driven by an electric motor, the control vaives
and the fluid reservair.

(Similar to the official document of the European
Community, 19.04.85).

2.2 Hydraulic Accumuiators

2.2 Hydraulic accumulators as energy storage
devices in hydraulic systems

Gas loaded hydraulic accumulators used in hydrauiic
systems, with of without a separating wall between the
liquid and the gas. are pressure vessels in the terms of the
pressure vessel specifications and the technical regula-
tions. In general, accumulators employed in hydraulic
systems are of piston, bladder, or membrane design.
Only occasionally are so-called air loaded accumuiators
1o be found. The first three types ali have a separating
walt or membrane between the liquid and the gas, while
the lafter does not.

Pipes, pumps, valves, cylinders, filters, and isolating
vaives do not , at the moment, come within the scope of
the pressure vessel specifications and the technical
regulations (of 27. G2. 1980)
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222 The labelling of hydraulic accumulators

Hydraulic accumulators must at all times have durable
and easily readable labels showing:

~  Manufacturer or supplier

- Manufacturer's number

~ Year of manufacture

~ Permissible operating pressure
- Intarng! volume

-~ Permissible operating temperature
if more than 50 °C or less than 10 °C

- Official test approval number
(for officially tested accumulators)

23 Operational pressure
(above atmospheric zero}

For the operation of pressure vessels in fluid technology
and under ihe pressure vessel specifications and the
technical regulations, certain important pressure ratings
must be cbserved.

-~ Warking pressure

- Permissible operational pressure of the hydraulic
accumulator

-~ Permissible operational pressure of the hydraulic
system.

2.3.1 Working pressure

This is designated as the pressure at any moment in time
during the operational process at a predetermined point
in the hydraulic system.

2.3.2 Permissible operational pressure
of the hydraulic accumulator

Permissibie operational pressure of the hydraulic
accumulator is that pressure at which the accumulator is
permitted fo operate. it is also known as the nominal pres-
sure. This is the pressure at which the hydraulic accu-
mulator must be labelled for continuous operation. Under
ceriain circumstances, the permissible operating pres-
sure of the accumulator may be different dependent upon
acceplance society (see section 5.

2.3.3 Permissible pressure
of the hydraulic system

The permissible pressure of the hydraulic system is the
pressure 1o which the hydraulic system is limited. This
pressure is dependent upon the duty of the system and
is determined by the project engineer or the operating
company.

Safety regulations for accumulators in hydraulic systems

2.4 Pressure measuring devices

In hydraulic systems, pressure measuring devices are
normally pressure gauges. It is important that this pres-
sure gauge is installed on the fluid side of the accumu-
lator. A pressure gauge may be fitted on the gas side, but
is rot ohligatory.

The range of indication of the pressure gauge must be at
least 1.5 times the operating over pressure of the hydrau-
lic system.

It must be possibie to test the indication of the pressure
gauge e.g. by means of a test connection in the vicinity of
the accumulator or an isotating cock to DIN 16 262 or
DIN 16271, or by removing it and testing on a separate
test stand.

The permissible over-pressure of the system is 1o be dis-
ptayed in the vicinity of the pressure gauge. The indica-
tion rmust be durable.

The pressure gauge employed must be compatible with
the system fluid and may not be made unworkable by the
system fluid.

Damage to the pressure gauge must not cause any kind
of danger.

2.5 Safety devices to prevent
excessive pressures occurring

Corresponding to the difference between the definitions
of operating pressure of the hydraulic accumulator and
the hydraulic system, the safety devices must differen-
tiate between limiting the system pressure and prevent-
ing the operating pressure of the accumulator from being
exceeded,

251 Safety devices to prevent
excessive pressure in the hydraulic system

This can either take the form of a pressure regulated
pump or a pressure relief valve. o

252 Safety devices i prevent excessive
pressure at the hydraulic accumulaior

Safety devices 1o prevent excessive pressure in an accu-
mulator are defined as safety valves to AD guidance
sheet AZ. These are officially design tested valves. The
valves are subject to an acceptance test in the manufac-
turer's factory by an official inspector. At this time, they
are correctly tested and the setting and their compatibility
with the fluid io be used is checked. The setting is then
seated ( normaily by a lead seal ) so that they cannot be
set 1o higher pressures.

These safety valves are described as TUV valves, as the
setting is normally carried out in the manufacturers
factory by an inspector from the TUV.

The pressure safety vaives fitted o hydraulic accumu-
lators must be self operating and must iimit the pressure
in the accumulator to a maximum excess pressure of
10%.

The accumulator safety valves should not be cailed upon
10 operate during the normal operation of the machine.
The pressure should therefore be set sufficiently far
above the permissible excess pressure of the hydraulic
system.

Hegardless of the setting of the permissible excess pres-
sure within the hydraulic system, it is recommended that
the accumuiator safety valve is set so that the operational
pressure of the accumulator cannot be exceeded by
more than 10%. It must be noted that at this time the
whote of the pump flow may be passing through the accu-
muiator safety valve.
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And now an exampie

fn a hydraulic system with a system pressure of 100 bar,
a hydraulic accumulator with a permissible pressure of
210 bar is to be instailed.

With a pressure drop of 31 bar across the relief valve due
o the pump volume, the accumulator safety valve may
only be set at:

P,... = 210 bar + 10% — 31 bar = 200 bar.

if one pressure relief valve is not sufficient fo pass all the
pump fiow, a number of pressure relief valves may be in-
stalled in parallel.

The accumutator safety valve must be connected to the
pressure sotrce, on the hydraulic accumulator or the

pressure line by #s own connector. The valve must not be
able to be made unworkable by the systerm fluid.

it must be ensured that the pressure in the accumulator
cannot flow back to the pressure source. Generally a non
return valve is fitted between the pump and the accu-
mutator safety vaive. This non return valve can only be
omitted if the pump design containg its own integral non
return vaives.

The tank line from the accumulator safety valve must
oass the fluid which may pass along it safely to the tank.
As this pipe may be subject to sudden shock loading, it
must be held firmly in place. In addition, & must be noted
that the pipework must not lead to a further rise in
pressure at the accumulator safety valve

Accumulator safety valves must not be designed as fire
safety valves.
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Figure 77: Pressureflow dependence of design z‘ested pressure refief valves
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2.6 Isolating devices

Isolating devices are poppet valves, spool valves and
cocks.

it should be possible to isolate the accumutator from the
pressure line so that maintenance and possible replace-
ment is possible during operation of the system.

All isolating devices must be easily accessible. It must be
possible to open and close them under operating condi-
tions and an indication of “cpen - closed” must be made.
i must be impossibie to accidently remove spindies by
screwing them out

2.7 Pressure unloading valves

Pressure unloading valves are hand operated devices
with which it is possible to unload the fiuid side of accu-
mulaiors in which the gas is physically separated from the
fluid. in this process the fluid must be throtiled so that it
passes safely to the tank. The lever position of these
valves must again carry an indication “open-closeg”.

Pressure unloading valves are “pressure warning de-
vices” in the sense of the pressure vessel regulations.

3 Typical circuits

There follows a few illustrations of hydrautic accumu-
lators as energy storage devices in hydraulic systems.
No claim is made that this selection of circuits is
complete. Other circuits are certainly possible, They are
valid for all accumulators with a separating wall between
the gas and the fluid.

3.1 Typical circuit of a hydraulic accu-
mulator without a self operating
unloading device.

fromthe pump L toihsa user .

Figure 78

The pressure relief valve shown here can be unloaded by
means of a directional poppet valve so that the accumu-
lator is not under pressure when electrical power is not
present.
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3.2 Typical circuit with a number of
accumulators each with its own
safety and isolating block

Figure 79

The example in figure 79 shows that in a circuit with a
number of accumulators, each can be equipped with its
own isolating and safety block.

3.3 Typical circuit
with hydraulic accumulators
with a common safety system

Figure 80
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The example in figure 80 shows that
a number of hydraulic accumulators
can be saleguarded with a single
safety valve. It is recommended, but
not the law, that it should be possible
to isolate each individual accumu-
lator from the system. If this isolation
is included, it must be possible to un-
load each accumulator individually, it
is again to be recommended, but
again nect the law, that it should be
possible to check the pressure in
each accumulator separaiely.

Safety reguiations for accumulators in hydraulic systems

3.4 Typical circuit of one or more accu-

mulators backed up by gas bottles.

gigure 81

it is a sensible arrangement o fit a connection “B” on the
gas bottles to allow condensation to be drained off.
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3.5  Typical circuit of a hydraulic accu- 4 The relationship between the sections of this chapter and the relevant

mulator with automatic isolation
should electrical power fail

In the previous examples, the accumulator safety valves
were all shown between the non return valves and the
branch to the accumulator. This is not definitely specified.
The accumulator safety valve can be be connected
between the pump and the non retum valve as shown in
figure 82.

The set pressure of the safety valve can be reduced by
the installation of an additional valve. & must be self oper-
ated and ensure that a pressure higher than & 10%
excess above the permissible pressure of the accu-
mulator cannot occur,

The unloading valve shown in figure 82 must isolate the
accumulator from the system and return the stored fluid

Figure 82
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5 Acceptance specifications for hydraulic accumulators
in various countries

Country

Africa (other)

Africa (South)

Algeria

America (South)

Australia

Austria

Belgium

Bulgaria

Canada

Czechoslovakia

Denmark

Finland
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Tested by/to

TUV

LRIS/ASME code

Service des Mines
Algeria

LRIS/ASME code

Department of
Labour and Industry
to Australian standards

TUV Vienna, to their
own standards

Apragaz Brussels

TUV

Naticnal Board
{with U stamp)
Hydac-ASME code

TOV

Derekoratet for
Arbajdsog Fabrildil-
synet {available for
standard production
series accumulators)

THC (pretesting
10 be paid for}

Approved by

TUV

LRIS or TUV

Serwvice des Mines
Algeria

LRIS

LRIS or TUV

TUV

Apragaz

TOV

Lloyd's Register
Insurance Inc.
(Authorised Inspector)

TOV

TOV

TOV

Remarks

See German Federal Republic,
but with documentation in English

in general, the final customer specifies
the approval required. If this is not
given, to LRIS.

The Service des Mines France is not
generally recognised by the Service
des Mines Algeria. In exceptional
cases the Service des Mines France is
accepted. In case of doubt, the
customer must decide. Approval by the
Service des Mines Algeria is very
expensive to obtain. The permissible
operating pressures are lower than the
Service des Mines France.

The permissible operating pressures
are lower than for TUV

Some technical details must be cleared
by the final customer.

U stamp (as for the USA) is generally
accepted. However, in some provinces
the additional testing conditions are
expensive both in time and money.

Some technical details must be cleared
by the finai customer.

An accumulator passport rmust be
obtained for each pressure vessel,

Name plate in Danish

Safety regulations for accumulators in hydraulic systems

Country

France

German
Democratic
Republic

German
Federal Republic

Great Britain

Holland

India

ltaly

Luxembourg

New Zealand

Poland

Portugal

Rumania

Spain

Tested byio

Service des Mines

Staatl. Amt fUr Tech-

nische Uberwachung (TU),
Technical {TU) inspection

of the type presented

TV

LRIS, British standards

Stoomwezen Blro
of the relevant district

LRIS, Indian standard

ISPESL - Rome

TOV

LRIS in Croydon (GB)

to New Zealand standards

upT

LRIS

TOV

TOV

Approved by

Service des Mines

TU approved inspector

TOV

LRIS

Stoormwezen Blro
of the relevant district

LRIS

TUV to ltalian standards,

partly through ISPESL
themselves

TUV

LRIS

TUV, Hydac has the

. tight to use the UDT

official stamp of
approval

LRIS

TOV

TOV

Remarks

The approval of welded accurnulators
is very troublesome.
Standard are easier.

Some technical details must be cleared
by the final customer. Safety valves
must have the approval of the TU.

Pre-testing and approval by LRIS,
Operational overpressures less than
for TUV.

TUV approval accepted up o a nominal
volume of 25 L. Above this approval by
ISPESL is required. The operational
overpressure is reduced by around
20%. Special safety valves must be
fitted on the gas side.

if required, approval can also be ob-

tained from the Inspection du Travail
et Mines {a privaie organisation).

Up to now this approval has not been
required.

For approval by LRIS, an "as built
drawing” is required for approval by
LRIS in Croydon. Only then will the unit
be approved.

Documentation in Polish

Pre-testing and approval lies between
Portugal and LRIS. In part, a lower
operational over pressure is permitted
than for the TUV.

Some technical details must be cleared
by the final customer,

TUV documentation will be validated by
the Spanish Consulate.

143




Safety regulations for accumulators in hydraulic systems

Country

Sweden

Switzerland

UsSA

USSR

Yugoslavia

LRIS
TOV

H

i

ASME
AD
TU

i

it

[

unT
T7IC
SdM

i

i
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Tested by/ito Approved by
AB Statens TOV (under contract
Anldggningsprovning from SA)

(SA) und Arbetars-

kyddsstyrelesen

Schweizerischer TOV

Verein fir Druckbehélter

{SVDB)

Nationat Board (U stamp} Lloyd's Register
Hydac-ASME code insurance Inc.
{Authorised Inspecior)

Giost-Norm {covered by TOV
TUV approval)

TOV TOV

Lioyd's Register Industrial Services (Hamburg)

Remarks

The oil valve and the spilit ring must be
made of a different material to standard

Entry test by SVDB which must be
paid for.

The U stamp is not strictly required in
some states. B is most strongly recom-
mended for importation purposes.

Accumulator pass port

Some technical details must be cleared
by the final customer.

Technischer Uberwachungsverein (Federal Republic of Germany)

(Technical monitoring association)
The American Society of Mechanical Engineers (USA)

Arbeitsgemeinschaft Druckbehalter (Federal Republic of Germany)

Staatl. Amt fur Technische Uberwachung

(State office for monitoring technical standards) German Democratic Republic

Urzgd Dozoru Technicznego (Poland)
Teknilinen Tarkastuslaitos (Finland)
Service des Mines (France)

Safety regulations for accumulators in hydraulic systems

Notes
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Filtration in
Hydraulic Systems

Martin Reik

1 Introduction

Efficient and effective filtration in hydraulic systems
is absolutely essential in order to prevent malfunc-
tions and, at the same time, to increase the service
life of important and expensive components.

Any analysis of the causes of hydraulic system failure will
show that a majority of them are due to solid particles
contaminating the fluid.

Such contamination is a result of inadequate filtration.

The repair costs of components can only be kept under
control by preventive maintenance of the whole system.
Constant checking of the fluid (see Section 4.8) provides
a background for the condition of the fluid at any time. The
necessary counter-measures can then be adopted as
soon as deterioration sets in and any resulting damage
can be minimized.

The constant clamour for better performance from hy-
draulic components means that fits and clearances are
becoming ever tighter. Whereas in past years an abso-
Jute filtration rating of between 80 and 100 um was usual
for hydraulic systems, nowadays the minimum value is
around 20 um. When servo valves are used in a system
the figure can be as low as 3 um.

A correct choice of filter is essential as early as the project
design stage of a system. However, the initial good
intentions of project engineers are often overndden by
price considerations once the confract is awarded.
Changing the size of filter and the filtration rating is a
simple method of reducing a quoted price without seem-
ing to have any adverse effect on the functioning of the
system. Retro-fitting of a more suitable filter, however, is
complex and expensive. Also, the overall impression of
the system suffers from the fact that the filters are less
than the best. This often spoils the carefully nurtured
image of the supplier.

It cannot, therefore, be emphasized strongly enough that
there should be no “cutting of corners” as far as filters are
concemned. Any extra costs incurred through the use of

larger but optimum filters will definitely and quickly be
recouped through less maintenance and downtime.

Using filters with more filtration surface area reduces the
surface loading for the same throughput. This produces
a disproportionate increase in filter life (see Diagrams 32
and 40).

| |

| !

B i i
@ Element [ 1
of area Al 1 l

@ Elament l ‘

I |

of area 2 x Al

Diagram 32: Extended filter life with more filter area
When selecting the filtration rating

- remember that the component with the tightest clear-
ances govems the rating figure for the whole system

— and filtration ratings must be seiected for those com-
ponents. Power units must not simply be equipped
with the finest filter available from the manufacturer.
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2 Functions of filters in
hydraulic systems

2.1 The effect of solid particle
contamination

General

Tests on hydraulic systems have shown that reducing the
amount of solid padicles in the hydrauhic fluid makes an
important contribution to longer component fife and func-
tional reliability.

Solid particles are often produced by high mechanicat or
hydraudic stresses and, when they are allowed fo circu-
tate unhindered in the system, cause severe wear. Quite
naturally, this in turn produces more solid particles. Con-
tamination entering the system from cutside can some-
times initiate or accelerate the condition. The chain reac-
tion of solid particle production and accumulation can be
minimized by the use of a good filter. Effective filtering of
the fluid put into the system, ciean assembly and thor-
ough fiushing are all essential 1o give components the
best start in life.

Fig. 83: Surface damage due to solid particles
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Control valves and pumps

itwitt be clear from Fig. 83 that solid particles substantial-
ly smaller than the clearance befween two surfaces, e.g.
an oscillating spool, cause no damage; they simply pass
through the gap. If the relative motion is only occurs occa-
sionally, however, there is a danger of the gap becoming
silted up which can cause the valve to malfunction. Any
solid particles larger than the gap build upin frontof it and,
to begin with, have no adverse efiect on the valve.
However, at high operating pressures or fiow velocities
there is a danger of the mation of the spool crushing the
partictes and forcing them into the gap.

Particles of about the same size as the gap itself are the
most dangerous of all for the components because they
cause scratches and therefore heavy wear. The cutting
action of the original particles produces new particles and
a chain reaction is initiated. Component failure is very
often due to these solid particles.

Control tands frequently suffer from erosion due to the
high flow velocities prevailing there. The erosion is made
worse by any solid particles in the fluid. The end resultis
achange in the control characteristics of the component.

Seated valves (poppet valves)

Particles can become trapped between the valve and its
seat, s¢ causing it to leak.

Throttles and orifices

Particles of dirt in the hydraulic fluid become stuck in the
orifices and the restriction interferes with the accuracy of
flow control.

Bearings

With sintered bearings the pariicles of dirt get into the
pores or, if they are hard particles, they can be pressed
into the relatively soft sintered material. Severe scoring of
the shatt is the result. The blocking of lubricating grooves
is afso a possibility, causing the bearing and shaft to run
hot.

Fiitration in Hydraulic Systems

Erosion by solid particles

Due to the pressure gradient across a gap, solid particles
are forced through the gap at approximately the same
velocity as the flow within the gap. Due 1o its mass, each
particie possesses cerlain energy which is given up when
the particle strikes the surface. This causes other partic-
les to be detached from the surface, so increasing the
amount of solid partictes in the fluid.

The effects of solid particles in a system
~ Increased leakage

~ Jamming of pistons and spools

— Component failure

- Changes in control characteristics

2.2 Types of contamination

The following are the different kinds of contamination
encountered in hydraulic fluids {see Table 18).

Hard and sharp particles

These are mainly responsible for the wear of compon-
ents. Their precise effect on the component depends on
their shape and what they are made of.

Hard and sharp particles cause deep scratches and so
are more dangerous than soft, spherical particies. They
must be filtered out by means of filters in the systems
which must be of a size and rating appropriate to the type
of contamination anticipated.

Soft and gelatinous particles

These can cause blockages in working clearances and
so iead to component failure. They also interfere with
lubrication by gumming up lubricating channels.

Good systern filters will take out these particies but they
eventually block the fiiter element so a reduced filter life
must be anticipated.

Dissolved substances in the fluid

These do not cause any wear of the components but they
can lead fo changes in the lubricating characteristics,
faster ageing, carbonization and the deterioration of the
filtration capacity of the fluid.

Table 18:  Effects of solid particle contamination on working
clearances

Dissolved substances cannot be filtered with normai filter
siements so alt the fluid must be changed and the system
thoroughly flushed out.

2.3 Effect of contamination on
component wear

Generally speaking, all solid particles cause wear in
hydraulic components. However, the actual amount of
wear depends on the following parameters:

-~ The material of the solid particies

— The size of the solid particles

- The ratio of particle size to working clearance

— The shape of the particles

— The working pressure

-~ The flow velocity

Hard, mineral particles in even small quantities can
cause serious damage. The frequency of damage de-
pends on the operating pressure. The higher the pressu-

re in the system, the more the particles are forced into the
working clearances and the greater is the damage.
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2.4 The origins of solid particle
contamination

Before or during commissioning

In spite of thorough flushing of the egquipment after
assembly it is impossible to remove entirely every last
particle of dirt from the components and pipewcrk. Tests
have shown the following substances to be present on
many ceoasions:

core sand, weld spatter, swarf, scale, fluff,
rust, packaging residue, paint.

The hydraulic fluid itself with which the systemis filled can
be a major source of contamination so the following
procedures should be adopted before the system is
commissioned.

a New fluid should always be put into the system
through the filter or a separate filter unit similar to that
shown in Fig. 84. The filtration rating of the flushing
filter or filling unit must be at least the same as the
filtration rating for normal operation of the system.

b The existing hydraulic fluid in the system should be
cleaned with a separate filter unit,

¢ Startthe hydrauiic pump. Keep the separate filter unit

operating and this will ensure that the targe amount of
solid particle contamination to be expected in the fluid
returning from the hydraulic power unit wili also be
filtered out.

d After a predetermined amount of flushing, take a fluid
sample and determine the amount of contamination.
Dependent upon the results, more flushing may be
needed.

As Diagram 33 shows that, the amount of flushing de-
pends onthe size of the tank, the cleaniiness of the instal-
lation, the components being used, the required cleanli-
ness of fluid and the cleantiness of the new fluid added.

The amount of flushing required can be gauged only very
roughly hefore the actual flushing begins and it must be
anticipated that high-precision components might be
damaged during the flushing. Therefore, this type of
component, e.g. servo vaives and proportional valves,
are best not installed untit the flushing has been com-
pleted.

Of course, an instaliation should always be flushed again
by the operator if any subsequent modifications are
made 1o the piping, after repair work or if the equipment
is moved to a new site.

No. of particles -

- Amount of dirt to be filtered

- Permitted

System contamination
Dirt particle concentration
in new fluid

dirt particle concentration

Minimum flushing time required

>

Flushing time 1

Diagram 33: Variation in particle concentration during flushing of a hydraulic system
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Fig. 84, Separate filter unit for cleaning hydraulic systems and
filling them with fiuid

During operation of the system
This type of contamination can be divided into:
— infernal contamination

— external contamination

Infernal contamination means all the contamination
originating from inside the system itself, e.g. due to wear
at control lands, cylinders and pistons, particles of rubber
from hoses and seals, particles of paint and the products
of oxidation of the fluid.

External contamination is a result of dirt penetrating badly
sealed tanks, unsuitable air filters and damaged seals on
pistons and piston rods.

The task of the filters installed in the system is o filter out
the internal and external contamination and so interrupt
the chain reaction that produces contamination in the first
place.

Tests have shown that, when using very fine fiters in well-
kept units with good external sealing, it is possible to
achieve a much higher total number of service hours with
less downtime.

25 The task of the hydraulic filter

The filters installed in hydraulic systems are of the same
critical importance fo its overall function as every other
component with which it is associated. Correctly sized
and installed filters ensure that the costs of maintenance,
repair and downtime are keptto a minimum. Their use im-
proves the efficiency of the hydraulic system and hence
of the total installation of which it forms part. The filters
also have a great effect on the operator's opinion of the
availability and reliability of the system.

A correctly sized filter must perform the following
tasks:

— Remove solid particle contamination from the hydrau-
lic fluid

- Prevent functional disturbances due to solid particle
contamination

— Preventvariations in switching times due to damaged
control lands

- Reduce downtime between maintenance shutdowns
- Increase component life
- Permit preventive maintenance

- Prevent aging of the fluid due to chemical processes
{resulting from solid particle contamination)

— Maintain the |ubricity of the fiuid
-~ Extend the life of the fluid

— Maintain high reliability between maintenance shut-
downs

— Ensure long maintenance intervals for the filter

— Ensure continuous filtering of solid particte during ser-
vice

~ Have a high dirt holding capacity

— Ensure reliability and availability of the hydraulic
system

~ Ensure proper functioning of the filter under changing
pressure and How conditions in the system
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3 Requirements for
hydraulic filters

3.1 Testing standards

The filters used in hydraulic systems are subjected to a
variety of tests on the elemenis and housings.

A filter element is assessed from criteria laid down in
tasting standards. These standards can either be applied
individually or in combination depending on the require-
ments.

Testing standards are listed in the Appendix.

3.2 Filter elemenis

3.2.1 Materials for filter elements

The effectiveness of a filter element is governed by the
type of mat employed. Filter mat is sometimes also called
a matrix. The types of material used for filter mat allow
filter elements to be divided into two broad groups:

— Surface fiters
- Depth fiters

Advantages and disadvantages of various materials

General

Surface filters and depth fiters vary in terms of dirt
holding capacity and filtration capacity according to their
different construction {see Diagrams 34 and 35).

Surface filters

Fabrics in a variety of forms are used as the material in
this case {see Tablg 139).

Due to their construction the filters possess a defined
filtration rating referred to cubic particles which are about
the same size as or larger than the mesh size of the filter.
Under certain circumstances i is possible for long, thin
pariicles such as fibres to pass through these filters.

The free filter area available for filtering is small depend-
ing on the filtration rating. (*Free filter area” means the
areathroughwhichthe fluid flows.) With surfacefilters the
free filter area is approximately 30 to 40% of the total filter
matarea. With a filtration rating below 25 ym the free filter
areais even iess.
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Elements with a filtration rating of over 40 pm can be well
cleaned quite simply. When the filiration rating is less
than 40 um it is advisable {0 suppiement the cleaning
process with an ulirasonic bath.

Due to the simple cleaning, low initial pressure drop and
high differential pressure stability, especially with braided
mash, this type of filter element is chiefly used as safety
filtters in hydrauiic systems, in lubrication systems and
back flushing systems.

filter

Diagram 34: Dirt holding capacity of surface filters and depth
filters
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Diagram 35:
Filtration capacity of surface filters and
depth fiiters
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Table 19: Materials for surface filters
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Depth filters

Cellulose, plastic, glass and metal are the materials used
for this type of filter (see Table 20). The pore structure is
very closely related to the type of fibrous material used
and the length and thickness of the fibres. There is no
defined filtration rating from the construction. The resul-
ting labyrinth effeci causes particles of dirt of a wide varie-
ty of shapes and sizes 1o be trapped in the depth of the
filter mat. 11 is possible to draw a “filtration profile” which
must be determined by experiment,

With the exception of metal non-woven elements, depth
tilters cannot be cleaned and are regarded as disposable
elements. Due to their excellent filtration performance
and high dirt holding capacity they are chiefly used for the
filtering of solid particles under 26 um in size. This is
usually necessary with systems that are particulartly sen-
sitive to dirt.

Filtration in Hydraulic Systems

3.2.2 Constructive features of filter elements

The constructionalfeatures of filter elements are determi-
ned by the different conditions under which they are
expected to function.

Table 20: Matgrials for depth filters
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3.2.3 Verifying the filtration performance to
DIN IS0 4572 (Multi-pass Test)

This test enables the filtration capacity and dirt holding
capacity of filter elements to be determined.

itis aninternationally standardized method and so allows
a direct comparison 10 be made between elements with
the same filtration rating produced by different manutfac-
turers.

in order to make a compariscn the conditions of the test
must be recorded in the test log. Any modifications to the
method of testing, as is common practice nowadays in afl
countries, must be stated.

Arrangement of the Multi-pass Test rig and the test
procedure (Fig. 85)

The test rig incorporates two hydrauiic circuits.

The test system with fank, test fiuid, pump. cooler/
heater, flowmeters, filter with test element and electronic
particle counter,

The dirt injection system with tank, pump, coolet/
heater, injection nozzie and injection fluid. Inthistank the
injection fluidis contaminated with the test dust {ACFTD).

Before the commencement of the test, both systems are
cleaned with uitra-fine filters and the actuai test is not
begun until the prescribed figure of contamination par-
ticle count in the systems has been achieved.

Test sequence

The filter element is subjected to a constant circulating
flow of hydraulic fluid into which a small quaniity of fluid
with a specific contamination is injected.

The now contaminated test fluid is fed to the element and
fluid samples are taken upstream and downstream of the
test filter and analyzed in the electronic particle counter,
The pressure drop across the element caused by the
contamination is also measured. The retention rate for
filtration rating is defined by the degree of separation 5,
in which X denotes the particle size.

Any contamination not retained by the test filter element
remains in the system and so simulates real operating
conditions.

The B value always refers to particles either equal to or
larger than the particle size X under consideration. A
change in the pressure drop across the filter element also
changes the B value.

Fig. 85: Simplified circuit diagram of the Multi-pass Test rig
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Determining the degree of separation (8, _ )
(Fig. 86}

The number of dirt particles larger than a specific particle
size X counted upstream of the filter element is divided by
the number of dirt particles counted downstream of the
filter element (same particle size X, same pressure drop,
at the same point in time). The resulting dimensionless
number represents the degree of separation 5,

Fig. 86: Determining the degree of separation (8, )

Diagram 36: Degree of separation(Bx value } versus filter
efficiency in %

Definition of filtration rating

Earlier data on filtration rating was based on a variety of
in-house tests performed by different filter manufac-
turers. Only with the introduction of the degree of separa-
tion B3,, taking into account the resulting pressure drop,
has it become possible to compare filtration rating data
from different manufacturers,

Nominal filtration rating

There are no usable values of degree of separation laid
down for this. For the user it means that oniy part of the
dirt is actually filtered out which could be filtered out with
an optimum filter.

Definition: 8, <20

Thig corresponds to a filter efficiency of 95%.

Absolute filtration rating

Above a B, value of <100 or a filter efficiency of 99%, the

filtration rating is called the absolute retention rate (see
Diagram 36).
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Notes on 3, values

In the Multi-pass Test the values of 8, are determined at
a constant dirt concentration.

On account of the labyrinth effect of depth filters and the
resulting porous structure a certain range of particles will
be able to pass through the filter element. This means
that the Bx values change with different dirt concentra-
tions, different kinds of dirt and ditferent structures of dirt
compared with the “ideal dirt” used for the Multi-pass
Test. This circumstance is particularly impoertant when
the hydraulic fluids used in practice are to be employed
for verifying the filtration performance of a filier element
(see Diagram 37}.

3.24 Properties of filter elements of multi-layer
mat construction

The experience that has been accumulated from actuai
practice and test rig experiments has led to the develop-
ment of filter elements of multi-layer mat construction
called Betamicron® (Fig. 87).

Investigations have alsc shown that only with this mat
construction is it possible to maintain the required levels
of cleanliness.

The flow through the filter elements must always be from
the outside fo the inside.
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Diagram 37: Variation in B values with laboratory dirf and real dirt

So that as much filter area can be packed into & smail
volume, the filter mat should be pleated or corrugated to
a star form. The actual construction of the filter mat de-
pends on the permitted value of element pressure drop.

High-quality adhesives are used to attach the filter mat to
the end caps of the element and to join the mat ends. The
strength of these adhesives is temperature-sensitive and
decreases sharply at high temperatures.

Filtration in Hydraulic Systems

Betamicron® muiti-layer elements possess a number of
key features:

— & precise pore size

— excelient separation of very fine particies over a wide
range of pressure drops, i.e. adherence to defined 3,
values (see Diagram 38)

- high dirt holding capacity through a large specific cap-
ture area

- good chemical resistance

— protection against element damage due to a high bur-
sting strength, e.g. during cold starts and pressure
peaks

— water or water in the hydraulic fluid causes no reduc-
tion in filiration performance.

140 i
e

Fm

i

3

i
py
't

n

J

|

i

[]]

i
ey
[/

[
SeaNEee
ey

[T

[/

A

[ L]

|

[/
L]l ]

LT

Degree of separation in %

159




Filtration in Hydraulic Systems

Pressure drop .
across slement inbar - o

5}'agram 39: Curve of dirt retention in a filter element

Constructional features of
Betamicron® multi-layer elements

Direction of flow

With these filter elements the flow must be from the out-
side to the inside: flow in the opposite direction will
damage them. If necessary. fast-acting check valves can
be fitted downstream of the elements in order io prevent
reverse flow. Filter bodies with integral check valves have
proved ideat for such applications.

Star-shaped pleating

The filter mat of the elements is pieated into a star shape
in order to compress as much filker area as possible into
the element in order to achieve a long service lite.

Filter element life

This means the number of hours for which a filter element
can be used while delivering fluid of the required clean-
liness.

The filter must be changed before the maximum permit-
ted pressure drop across the element is reached and the
clogging indicator is triggered with the fluid at operating
viscosity.

Under certain unfavourable circumstances, such as
when fluid temperatures are high or there are frequent
and severe variations in the flow, it can be necessary to
restrict the maximum service life of the element regard-
less of the clogging indicator signal. If the service life were
unlimited in these circumstances there would be the pos-
sibility of fatigue failure in the filter material which would
cause a deterioration in the filtering efficiency. In the
worst case the clogging indicater would not operate at all.

1 Element Size 240
(Filter area 2087 cm?)

Etement Size 160
(Filter area 1327 cm?)

N

Prassure drop actoss element:

e
S s e g s g i RSO W

160

Diagram 40: Dirt retention in different sizes of alement with the same volumetric flow 120 L/min
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¥ there is no clogging indicatar in the system, filter
changing will have to be organized by time schedule,
including adequate reserves of service #e 1o ensure that
the filtering is always satisfactory.

ttis impossible to calculate filter element life theoreticaily
in advance during the project design stage of a system.

In order 1o provide as large a useful range of pressure
drop as possible for the dirt retention of a filter element,
and therefore its life, it is advisable when determining its
size 1o begin with the smallest possible pressure drop
whenthe elementis clean (see Diagrams 39 and 40). The
graphs show the pressure drop across the element with
increasing clogging and service fife. It is cbvious that the
low initial pressure drop of a arger filter alement provides
more real dirt retention capacity than a smaller filter ele-
meant with a higher initial pressure drop. In both cases the
by-pass vaive, clogging indicator or element pressure-
drop strength set the upper limit for element loading.

3.3 Selection criteria for filter elements

The selection of a suitabie filter element for a hydraulic
system with the best price/performance ratio shouid be
based on the following factors:

Highly stable B, values over a wide pressure drop
range

in order that hydraulic systems may be operated without
suffering damage due to sclid particle contamination the
type of filter element used must possess a constant filtra-
tion efficiency over a wide range of pressure drops. The
range should extend to a multiple of the response pres-
sure of the clogging indicator or the by-pass valve.

A graph of 3, values for filter elements of the same rating
produced by differerit manufacturersis shown in Diagram
47.

It is clear to see how only filier glements 1 and 3 maintain
a constant efficiency over the range of pressure drop up
to 10 bar and therefore are suitable for the filtration of
hydraulic fluid.

This stability of 2 value is of mostimportance to hydraulic
filters having no by-pass valve and therefare having 1o
function reliably at high pressure drops.

High values of pressure drop typically occur during cold
starts or if the clogging indicator alarm is not heeded.

lanufacturer 1

10000
1000
o
{D .
=
T 100
o
;?Qi’“"
10 .
0
o 4 g
' Pressure drop in bar T ARSI
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Dirt retention of filter slements

Anocther important criterion in assessing the price/perfor-
mance ratio of filter elements is the dirt retention or dirt
holding capacity.

i

- Pressure drop in bar

o a0 200 30 40
' Dirt retention ing '

_ Manvfaciurér 3 ‘Manufacturer 4

Manufacturer 2 Manufacturer 5

W
Manufacturer 3

Diagram 42: Dirt holding capacity of different makes of filter of
comparable sizes

As Diagrarn 42 shows, the filter element of Make t has the
highest dirt holding capacity. This factor, which also
nfluences the service life, is a further important factor in
addition to filtration rating and price in the overall assess-
rment of the suitability of filter elements.

Obviously, a longer service life means lower service
costs as weil as longer maintenance intervals.
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Specific dirt retention of filter elements

Investigation of the specific dirt retention provides an
even clearer assessment of the price/performance ratio
of filter elements. The figure is obtained by dividing the
total dirt retention of a filter element at a certain pressure
drop by the effective filtering area of the element, which
gives a figure of dirt retention per cm® filter area (see
Diagram 43).

- Specific _
dirt retention in mg/cr 2

o
S

'Manafaciuzfer 4

anufacturer 1

S

Manufacturer 2 Manufaciurer 5

Manufacturer 3

Diagram 43: Specific dirt retention of different makes of filter at
a pressure drop of 3.5 bar
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34 Filter housings

3441 Requirements
Fitter housings must satisty the following requirements:

Low pressure drop across the housing

A low pressure drop across the housing must be achie-
ved by means of a good flow shape inside the housing
and primarily around the intet and outlet ports,

Durable housing construction

Filter housings must be designed so that they have a long
operating life at the given value of operating pressure.
This means that they must successfully withstand a
pulsation test.

Bursting pressure of the housing

In order to verify the maximum cperating pressure for
filter housings several licensing authorities specify that
the burst pressure of the housing must be tested. The
burst pressure is the pressure at which the housing
ruptures.

Housing material
The materials used for the housings and seals must be
suitable for the hydraulic fluid fo be filtered.

34.2 Types of fiker housing

The different types and designs of housings for pressure-
line and return line filters are listed in Table 22.

Type
Pressure rating

- l'symbol . 'Application Remarks -

Low pressure,

up to 100 bar
Medium pressure,
up to 210 bar
High pressure,
up to 420 bar

For reversible fiuid flow
high pressure
up to 420 bar

Pressure lings

Co{;tl’{ﬁ fines

| Safety fiters

| ‘Satety fiters
11 Hor cylinders,
-proportional- .
Aloorsenvo valves

Table 22 (Part 1)
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horizontal stacking
systems.

Type

Pressure rating Symbol Application Remarks

Low pressure, For large

up to 25 bar quarntities of fiuid

Flange mounting, Manifold mounting | No filter

up o 315 bar piping

reguired.

Sandwich plate maodel, Safety fillers Can be fitted

up fo 315 bar for precision directly
valves, under the
for vertical and valve.

For systems which
cannat be shut
down for element
changing.

Turbine control
lines.

Pressure-line filter,
duplex, up to 315 bar

Filtration in Hydraulic Systems

Type

Return line filter

Pressure rating Symbol Application Remarks
Pressure line filters
Low pressure, Systarns to AP,
duplex, up to 25 bar oil supply systems.
For systems which
cannot be shut
down for element
changing.
Automnatic, up tc 16 bar Filtering of No filtering
machining oils. below 20 um
For severe

contamination.

Single, up to 25 bar

Duplex, up to 25 bar

Table 22 (Part 2}
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Mounied on the
tank.

Mounted on the
tank.

For systems which
cannot be shut
down for element
changing.

Table 22 (FPart 3)
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3.5 Ciogging indicators

Basicaily, hydrautic filters should always be fitted with a
clogging indicator to monitor the state of clogging of the
filter element.

3.51 Requirements

The body of the indicator must be designed for the
maximum operating pressure of the filter housing. This
means that the indicalors must also be subjected to a
pulsation test. The response setting must be reprodu-
cible.

3.5.2 Key features

Clogging indicators differ from each other in a number of
key features:

Type of indication

Back pressure indicators {absolute pressure)
(Fig. 88)

These indicators measure the difference between the
pressure in the filter housing and the ambient atmo-
spheric pressure. They are nearly always fitted to filters
which discharge directly to the tank (return line filters}.

Fig. 88; Visual pressure head indicator for return fine filters

Differential pressure indicators (Fig. 89}

These indicators measure the difference between the
pressure on the dirty side and the pressure on the clean
side. The ambient atmospheric pressure is not taken into
account. The body of the indicator must be designed for
the operating pressure of the fitter housing.

The vaiue of pressure drop indicated is independent of
the instantaneous operating pressure in the filters. This
type of indicator is used for pressure-iine filters.
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Fig. 89: Visual Differential pressure indicator
Processing the indicated signal

Visual

In this case the set pressure is indicated by means of a
pressure gauge or a red pin which emerges from the
indicator.

Electrical

Electric indicators are used when the signal is to be pro-
cessed by machine control systems or transmitted to a
contral room. Such indicators can alse he fitted in inac-
cessible places with the signal indicating the need to
change the filter brought electrically to a convenient point
(Fig. 80).

Bttt

Fig. 9C: Elactric pressure drop indicator
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Visual/electric

Etectric indicators also have an electric light source fo
give a local signal for the operalor or maintenance
personnel in addition to the main electrical signal.

Electronic

There are electronic clogging indicators available for
special applications. Thay are mainly employed for dy-
namic operating conditions. The electronic units sup-
press the indicator function up to an operating tempera-
ture of, say, 32 °C. Pressure peaks of up to 9 seconds are
also suppressed so0 that they cannot trigger the indicator
function. Electronic indicators are suitable for preventive
maintenance because they indicate the instantaneous
pressure drop across the element (Fig. 97).

Fig. 91: Electronic pressure drop indicator

Contacts for electric clogging indicators

N/C contacts

With this type the circuit is broken when the clogging in-
dicator is triggered. This contact arrangement is prefer-
abie because interference with the system is made more
difficult and wiring faulls can be detected immediately.

N/O contacts

In this case the circuit is closed when the contacts are
operated,

- Change-over contacts

The contacts can function in either the N/C mode or the
N/O mode according to the terminal connections. This
version is usually chosen by filter manufacturers so that
either mode of display switching can be provided for the
operator.

3.6 Breathers

The level of fluid in the hydraulic tank of a system fluc-
tuates due to the supply and return of fluid and due to
variations in termnperature. This means that air is con-
stantly being drawn into the tank and expelled from it. De-
pending on the surroundings this “breathing” can cause
badly contaminated air o be drawn into the tank and
particles find their way into the fluid.

A breather must be fitted to the tank in order to prevent the
ingress of this contamination. The filtration rating of the
breather must be maiched to the filtration rating of the
finest filter installed in the system.

Thus, if a systerr containg a filter with a filtration rating of
3 um the breather fitted to the tank must also have a
filtration rating of 3 um for air. This is the specification
recommended by the Cetop RP 98 H standard.

Smaller tanks are filled through a filling breather, al-
though this arrangement should be avoided whenever
possible. A better arrangement is for the system to be
filed through a separate connection on the tank or up-
stream of the retumn line filter. The filling shouid be carried
out with a mobile filter unit so that the fluid is of the pre-
scribed quality as it enters the system.
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Requirements for breathers

The filker element used in the breather must be renewable
and have a large filter area.

The retention rate (or filtration rating) chosen for the
element must be matched to the main filter.

The intake apertures must be as high as possible above
the tank cover so that no dirt which collects on top of the
tank can be sucked in.

Monitoring of the condition of the element by means of a
clogging indicator is sensible and the cover fitted should
offer adequate protection against splashing water.

Types of breather

Qil-wetted air breathers

These breathers contain oil-wetied knitted fabric for
separating the particles of diri from the fiow of air. The
fiter can be cleaned by washing. The retention rate is
over 40 wm and so is no longer adequate for the demands
of madern fluids.

Qil-bath air breathers

With these breathers the incoming flow of air passes over
a bath of oil and picks up minuie droplets of oil in the pro-
cess which bind the particles of dirt together. These dirt-
taden droplets of oil are then frapped in knitted fabric and
eventually drip back into the oil bath,

There must be a specific value of air flow velocity present
in order for an oil-bath air breather to function properly.
This is not the case with tank breathing so such breathers
are basically unsuitable for hydraulic systems.

Breathers with oil-bath immersed elemenis

This type of breather is also known as the “pseudo oil-
bath air breather”. In fact, although the filter element dips
into an oil bath, the bath itself plays no part in the function
of the filter. Consequently, the cormbination of oil bath and
paper or foam element brings no improvement in filtration
capacity which is determined solely by the retention
capacity of the paper or foam element.

The dipping of the filter element into the oil bath occupies
some of the free area of the filter which shortens its
service life.

As mentioned earlier, the filtration capacity of the element
is the governing factor for the cleanliness of the air. The
extra hydraulic fluid put into the filter only serves to
shorten the service life of the element. They are unsuit-
able for use in hydraulic systems.

168

Special designs of breather

With back pressure valve

These breathers are used where the overflow of fluid is to
be prevented or the inlet or outlet of air is anly 1o fake
place at predetermined vaiues of positive or negative
pressure in order fo improve the suction capacity of the
hydraulic pump. The use of back pressure valves is
intended 1o prevent the interchange of air in the tank with
the atmosphere or to reduce ii to a low value.

With dehydrating device

Hydraulic tanks are sometimes used in extremes of
weather and climate with the aftendant risk of air-borne
water gaining ingress to the tank. Under some circum-
stances substantial quantities of water can get into the
hydraulic system which the fluid cannot emulsify and so
cause malfunctions. For this situation there are breathers
incorporating a dehydrating chamber filled with silica gel.

Filtration in Hydraulic Systems

Table 23

{Part 1}
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Tablé 2.3 (Part—.:z) (top and centre ustrations by courtesy of Mann und Hummel of Ludwigsburg)
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4 The hydraulic fluid

41 General

Hydraulic power systems can be operated with fluids
produced from a number of different base fluids.

The different classifications are as follows:

— Mineral oil-based hydraulic fluid

- Vegetable oil-based hydraulic fluid

— Fully-synthetic hydraulic fiuid

- Fire-resistant hydraulic fluid

- Pure water.

From the filtration point of view a hydraulic #uid should
satisfy the following requirements:

— low solid particle contamination in as-delivered state
- good filtration
— good viscosity/temperature characteristic, i.e. flat

— neutral behaviour towards materials.

Viscosity characteristic

Inthe design and operation of hydraulic filters the viscos-
ity of the fluid is an important factor so that the whole
installation can be operated trouble-free.

The method of determining the viscosity index is dealt
with in DIN iSO 29086.

The viscosity/temperature characteristics for fluid lubric-
ants needed for designing hydraulic filters will be found in
DIN 51 519 and are reproduced in Diagram 44.

Filterability of hydraulic fluids

Additives in hydraulic fluids, or the

adding of fluids other than that origin-

ally used in a system, can sometimes

cause rapid clogging of filter ele-

ments. It results in the pressure drop
across the element increasing guik-

kly and shoriening the service life of
the element.

The suitability of hydraulic fluids for

filtration is ascertained by means of

test filter discs. Short through-flow ti-

mes are desirable.

LV 4V4

¢
A Sy

viscosity in mPa « 5

¥

/F

r4
DAnamic

Yo y4
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/
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Diagram 44:
Viscosity/temperature characteristic for
mineral offs to DIN 51 519
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4.2 Mineral oil-based hydraulic fluids

Most hydraulic power systems use this type of fluid. Itis
described in detail in Section 3of the chapter on “Hydrau-
fic Fluids”.

Due to their frequent and widespread use in hydraulic
systems the basic version of the hydraulic filker has been
designed to filter HL, HLP and HV fluids. This means that
when filtering other hydraulic fiuids it might be necessary
to modify the filter housing, filter element, accessories or
seals.

The design of hydraulic filters described in Section 5
refers 1o the fiitration of HL, HLP and HV fluids,

The filters will have to be designed to different require-
ments if the properties of the fluid used differ from those
of these mineral oils, e.g. dirt settling capacity, filtration,
viscosity/temperature characteristic, etc.

For the filtering of HLP-D fluids it is advisable tc calculate
the size of the filier at approximateiy 0.2 bar for return line
filters and approximately 0.5 bar for pressure-line filters
because of their poorer dirt settling capacity in the tank.
Also, the filiration rating ascertained from the diagrams
must be selected at least one step finer.

4.3 Vegetable oil-based hydraulic fluids

These fluids are bio-degradable and so are being used
more frequently in instalfations that are subject to strict
amii-poliution regulations.

The filters are designed in the same way as for the HL,
HLP and HV fluids. When operating a system with this
type of fluid it is very important to ensure that no mineral
oil gets into the fluid otherwise it will be more difficult to
filter and the anti-poliution aspect will be compromised.
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4.4 Fully-synthetic hydraulic fluids

These fluids are most commonly used in systems where
there are special demands on the hydraulic fluid. 1t is
impossibie to make any generai statement on the use of
standard filters so filter makers must be approached as
and when necessary. It is possible that a compatibility
test to DIN iSO 2943 will be performed in order to check
the compatibility of the materials used for the filter hous-
ings and elements and make any modifications found
necessary.

4.5 Fire-resistant hydraulic fluids

These fluids are used when there is a fire or explosion
hazard.

The most comman applications are in:

- mining

— die-casting machines

— hydraulic presses for hot working

—~ governing systems on steam turbines and gas tur-
bines

~ various manufacturing processes in the automotive
industry, e.g. upholstery

- instafiations in the chemical industry

The designations of the fluids and their properties are
listed in Table 24 and described in Section 4 in the
chapter on “Hydraulic Fluids”.

Modifications must be made to the standard filters so filter
makers must be approached for advice on the filtering of
these fluids.

Generally speaking, parts made of aluminium, zinc, cad-
mium and magnesium cannot be used in the filters.

Air carrying traces of these fluids can be very corrosive to
steei parts and castings. The formation of a cushion of air
in filters must be avoided.

The fitting of check valves downstream of the return line
filter or to pressure line filters from which the filter outiet
line runs to the hydraulic tank is to be recommended.

Filtration in Hydraulic Systems

Altfilter housings which come into contact with air bearing
tr_aces of these fluids (e.g. return fine filters) should be
given suitable surface protection.

When Qetermining the size of filter and filtration rating it
is most important to consider the poor dirt settling charac-
teristics and the soapy residue of these fluids.

The design of filters for fire-resistant fluids is dealt with in
Section 5.7.

4.6 Pure water

Pure water is seldom used as the fluid in hydraulic
systems due o the disadvantages described in the chap-
ter on “Hydraulic Fluids”.

Standard filters cannet be used.

Table 24: Properties of ﬁré-ré.sistant. ﬂur‘ds; |
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4.7 Solid contamination

The contarmination of hydraulic fluids by solid particles is
dealt with by a number of different classification systems.

There are 5 in alf at present:
SAE 749D

— 180 DIS 4406

—~ CETOPRP70H
— NAS 1638

- MILSTD 1246 A

Table 25 compares the classification systems with each
other. The different classes of contamination define the
quantity of particles of a certain size in a 100 mi sample
of fluid.

A classification is determined by counting and sizing the
contaminating solid particle. It is done either under a
microscope or by means of an electronic particle counter.
The electronic counter method is more objective than
using the microscope. Above a dirt concentration of
about 20 mgper litre, or if the fluid is very turbid, the conta-
mination can only ascaertained by weight, i.e. by gravime-
tric analysis. However, with this method the individual dirt
pariicles cannot be classified.
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Tabie 25: Comparison of contamination classifications
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Using ISO DIS 4406

Diagram 45 shows how the particle size is plotted along
the ordinate and the number of particles and classifica-
tion code along the abscissa.

In the case of ISO DIS 44086 the degree of contamination
of the fluid is defined by a two-digit code. One is the
number of solid particles over 5 um in size and the other
the number of partictes over 15 um in size in a 100 ml
sample of fluid.

In arder to determine the degree of contamination to ISO
DIS 44086, first count alf particles larger than 5 um in the
100 mi sampte and give it a code number. Then count all
particles larger than 15 um and give them another code
number {see example in Diagram 45}.

These code numbers form the designation of the sample.
Table 261ists the contamination figures and their coding.

.._._1.06_..

10t "

© No. of particles per 100 mi > specified value -

. Patidesizeinym

Diagram 45: Contamination coding to 1SO DIS 4406

 No.ofparticles per 100ml

Table 26: Contamination data and short form coding
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Using NAS 1638

In this standard the individual particle sizes are divided
into 5 ranges. A maximum number of particles is allowed
for each range in each class.

Class | 515um | 15-25 um | 25-50 um |50-100 wm| > 100 um
o 125 2 4 !
o 250 44 5 2 o
i 500 89 6 3 i
2 1000 178 32 6 i
3 2000 | 386 83 1| 2
4 4000 72| 126 22 4
5 8000 | 1425, 253 | 45 :
6 16000 | 2850 506 _' % 16
7 32000 | 5700 1012 '-'_wa 3
8 w000 | 1400|205 | 60 64
o | 128000 22800 4050 | 720 128
10 256000 | 45600 | 8100 | 1440 256
T 512000 | 91200 | 16200 | 2880 512
12 1024000 | 182400 | 32400 | 5760 | 1024

Table 27: Contamination classes to NAS 1638.
Maximum number of dirt particles in 100 m{ of fluid.
Contamination ¢lassification to SAE749 D

This classification system is hardly ever used due to the
relatively small number of gradings (9 particles/mi to 580
particles/mi).

Contamination classification to MiL STD 1246 A

This standard is only used in special cases and is of
practically of no importance in industry.
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4.8 Measuring the contamination of a
system

Solid particie contamination is measured by taking a
sampie of fiuid from the hydraulic system and analyzing
it.

The analysis can reveal:

— the solid particie contamination of fluid delivered by
suppliers

- the effectiveness of the system filters
— the flushing time when commissioning a system

—~ the state of the system and any possible damage to
components when regular checks are made.

Methods of taking samples (Fig. 92)

- Taking a sample from a moving fluid {dynamic sam-
pling)

Sampling point:

Within a system which is operating (there must be turbu-

lent flow). See IS0 4021.

— Taking a sample from a stagnant fluid (static sam-
pling)

Sampling point:

From the hydraulic tank.

See CETOP AP 95 H. Section 3.

Taking asample /= N
S fromamoving T N2,
fluid

Takingasample.
Cfromastagnant
? fluid R

Fig. 92: Methods of taking samples
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Fluid sampling procedure

General

- Before taking the sample the sampling device must be
carefully flushed out with clean solvent

~ Only use sample botties that have been cleaned with
fresh solvent

— Remove any remaining solvent before taking the
sample

— Allow at least 2 litres of system fluid to flush through
the sampling device before the actual sample is taken

— Take a zero sample. This is not used for the analysis
because it is not representative of the system conta-
mination

— Putthe fluid 1o be analyzed into a new, clean sample

botlle. The protective foil on the bottie should oniy be
lifted.

Analysing the samples

The samples are usually analysed by means of an elec-
tronic particle counter.

Due to their high cost and constant attention needed, they
willonly be found in use by major users of hydraulics, the
manufacturers of hydraulic fiters and various institutes.
This means that your fluid samples will probably have to
be sent to one of these institutes. A direct check at the
time of sampling is out of the question (Fig. 94).

This is why a system of monitors or test charts has been
produced in order to allow a rough but quick assessment
of the fluid samples to be made on the spot. A microscope
is employed to make an estimate of the solid particle
contamination and from that # is possible to assess the
state of the system.

What the fluid sample is able to tell depends very much
on the person who took the sample, Therefore, only
properly trained and experienced persons should be
employed for the sampling.

Errors in sampling procedures can have a very great
effect in the case of contamination classes below NAS 6
so itis advisable for particle counting to be carried out on
site in order to eliminate any errors in sampling.

For such situations there is a mobile iaboratory service
available to perform the measurements for customers
{Fig. 93}.

Fig. 94: Fluid sample analysis in the laboratory

Fig. 95: Sampling kit
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5 Designing hydraulic filters

51 General

Any filter used in a hydraulic system causes a pressure
drop which increases steadily with time. The magnitude
of this pressure drop is representative of the functional
efficiency of the filter. Selecting a filter and positioning it
properly in a system requires just as much care and
experience as selecting any of the other components,
Hydraulic filters should always be fitted with a clogging
indicator to monitor the pressure drop across the fiiter
element.

The following criteria govern the selection of a suitable
hydraufic filter:

- Specific filtration rating

- Operating pressure

- Number of work cycles

- Filtration efficiency

- Dirt holding capacity of the element
- Place of installation of the filter.

The benefits of a correctly and generousiy sized filter are:
- greater reliability for the system

e fonger service life for both machine and fluid

- tess downtime and fewer spares replacements.

Table 28 lists the advantages and disadvantages of the
different types of filter.

Table 28: Types of hydraulic filter, their advantages and disadvantages

178

Filtration in Hydraulic Systems

5.2 Positioning of filters in hydraulic
systems

The position of a filter in a fluid circuit depends onthe task
which that filter is expected to perform (Fig. 96).

Protecting the fluid against contamination

This taskis performed by return line filters or complete by-
pass filter units in the hydrauficinstaltation. The filter must
be selected appropriately for the specified class of fluid
cleanliness,

Protecting components sensitive to contamination

In order to offer as much protection as possible to the
components in question, the filter must be positioned as
close as possible to them. The filter must be selected for
the appropriate operating pressure and the filfration
rating specified by the component manufacturer.

Protecting the system against environmental con-
tamination

The task of these filters or breathers is to prevent any
environmental contamination from reaching the hydrau-
lic fluid. Selection of the appropriate breathers must take
into account the pulsating flow of air and the amount of
contamination in it.

Protecting the system against component failure

These filters protect the system against major contam-
ination in the event of component failure. They are in-
tended 1o avoid high repair costs and knock-on costs.

When choosing the position for a filter in a hydrauiic
sysiem the important points to watch are that the filter is
easily accessible, the element canbe changed easily and
the clogging indicator can be clearly seen at ali times.
Badly positioned filters have an adverse effect on main-
tenance since they cannct perform the tasks allocated to
them in the best possible manner.

Filters with by-pass valves

By-pass valves fitted to filters perform the following
functions:

— They protect the filter element from damage due to
excessive pressure drop across it.

A high pressure drop can arise due to the clogging of the
element with contamination or high viscosity of the fluid
during a cold start.

- They prevent the malfunctioning of components in the
system.

With return line filters in particular, an excessive pressure
drop across the filter element can resultin malfunctioning
of valves, uncontrolled operation of cylinders and da-
mage to seals.

The following points must be noted when installing by-
pass valves:

- Thefiltering action is reduced when the by-pass vaive
is open. When the valve is fully open there is no
filtering at all and, therefore, no protection forthe com-
ponents in the system,

- Clogging indicators are absolutely essential so that
filter maintenance can be carried out promptly.

— The filter element must be changed immediately
when the clogging indicator is triggered.
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Fig. 96: Diagram of filter positioning in hydraulic systems

5.2.1 Main filters

These filter the fluid flowing in the actual main circuit ot the
system.

The following types of fiiter are used:

Suction filters

These are fitted between tank and pump and their task is
to prevent any severe contamination from reaching the
pump. In order to avoid cavitation damage to the pump
such filters can only be fitted with cocarse strainer ele-
ments. A vacuum switch must also be fitted between
pump and filter in order to stop the pump if the vacuum
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falls below a certain figure. The low pressure drop means
that fine filtration cannot be achieved with suction filters.

Pressure-line filters

These filters are fitted between the pump and the com-
ponents of the system. In order to offer complete protec-
tion to the components they should not have a by-pass
valve. Their task is to ensure the reguired cleanliness of
the fluid fed to the hydraulic components such as servo
valves.

S e
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Return line filters

The purpose of these filters is o filter the flow of fluid
returning 1o the system tank. The filter must be capable
of handling the tatal volumetric returr: flow which, when
single-rod cylinders or accumulators are included, canbe
substantially higher than the installed voiumetric flow of
the pump.

Breathers

Their task is to filter the air drawn into the tank as the fluid
volume “breathes”,

The first law of filter design

The specified value of filtration rating must be
applied to all the filters installed in a hydraulic
system, e.q. pressure-line filters, return line
filters and breathers.

Task assignment of filters

For the purpese of economy in hydraulic system design
the filters are divided into two groups, working filters and
protective fitters (Fig. 97}

oressure-line filfer) -

r (return line fiter)

y-pass filter)

Control

Fig. 97: Simplified hydraulic circuit diagram showr’ng working filters and protective fi)’a‘érs
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Working filters

These include retum line filters and pressure-line filters
with by-pass valves and also by-pass filters.

Working filters are equipped with elements with good low
pressure stability which ailow them te have a large filter
area and so a high dirt holding capacity.

in order to perform efficiently, return line filters and pres-
sure-line fiters used as working fitters must be generous-
ly sized and positioned in the maximum volumaetric flow of
the system. if necessary, such filters can also be instafled
in the leakage fluid lines.

Protective filters

The purpose of these filters is 1o protect the components
of the system against sudden failure due tc high levels of
solid particle contamination. It means that they only fiter
out those particles which could lead to sudden seizure of
hydraulic components.

Anocther task for protective filters is extra protection
against contamination in the event of hydraulic pump or
motor failure. Installing such filters can help to reduce
repair costs should pumps or motors suffer catastrophic
failure.

When using these filters upstream of servo valves or
proportional valves the position must be chosen so that,
through the use of check valves, there are no negative
pressure peaks on the filter element.

These filters must have a markedly coarser filtration
rating than the other working filiers installed in the sys-
tem. They can be smaller in size and the filter housing
may not have a by-pass valve.

Only filter elements stable under high pressure should be
used.
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52.2 By-pass filters

The purpose of these filters is to filter the tank fluid con-
tinuously in a by-pass circuit. The normal practice is to
use a complete by-pass filter unit comprising pump, filter
and cooler.

The advantage of by-pass filtering is that the filter can
work independently of the operating cycles of the hydrau-
lic systerm and the flow of fluid through the filter element
is constant.

Ageing of the fluid is retarded and a clear improvement in
the service life of the fluid is achieved.

The advantages of by-pass filtering are:

- filtering is independent of the system

— the elements achieve high dirt retention due to low,
pulsation-free, constant flow

- elements can be changed without shutting down the
main plant

- substantial cost savings through lower material costs
— less maintenance

~ less downtime

- cheap filter elements

~ suitable for system filling

The filtration capacity of a typical by-pass filter unit is
shownin Diagrams 46 and 47. Note that the rubber press

and pump lest stand continue fo operate during the
fitering process.

The design of by-pass filters is described in Section 5.6.2.

In general, therefore, by-pass filters should be installed:

— when high dirt penetration rates are anticipated, e.g.
on production test stands, machinery in dusty envi-
ronments, cleaning installations

- when a separate cooling circuit is installed.

Filtration in Hydrauiic Systems

Operational hours.

1 Manifaciurer 1

2 Manufagturer2

. o Qﬁéiatibﬁé_l:-%éo__prsf' :

e
-2 Controlblack -

Diagram 47: Filtration performance of a by-pass filter unif on a rubber press
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5.3 Criteria of filter design

The following criteria govern the selection of filter size,
filttration rating and filter version:

Sensitivity to dirt
Thefiltration rating or specified cleantiness class mustbe
appropriate for the hydraulic components.

Application area of the total system

This must take into accountihe pessible contamination of
the surroundings, i.e. is if a laboralory or on the steel-
works floor?

Volumetric flow through the filter

This can sometimes he greater than the maximum deliv-
ery of the pump, e.¢. inthe case of singie-rod cylinders or
when there are return lines from several circuits.

Recommended pressure drop at normal viscosity
with a clean element {Housing and element)

Pressure-line filters,
without by-pass valve:
with by-pass valve:

approx. 1.0 bar
approx. 0.5 bar

Return line filters: approx. 0.3 io 0.5 bar
Permissible maximum pressure drop

The maximum pressure drop across the filter element
must be appropriate for the system conditions at the
place of installation.

Compatibility of filter materials
They must be compatible with the hydraulic fluid.

Design pressure of the filter housing
The filter housing must have adeguate fatigue sirength.

Determining the filter model

Decide what type of clogging indicator is to be fitted, e.g.
visual, electric or electronic. Pressure-line filters working
as protection filters must have no by-pass valve.

Operating temperature or desigh temperature

The operating viscosity of the fluid calculated from these
figuresis animportantfactor in determining the size ofthe
filter.
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5.4 Determining the filtration rating

Gearpumps -

Table 29; Recommended values of absolute filtration rating for
various hydraulic components

The cleanliness class for the total system depends on the

required classification for the system component that is

most sensitive to dirt. This “most sensitive component”
determines the filtration rating for the total system.

Filter elements with an appropriate absoclute filtration rat-
ing (A, = 100) must be used in order to achieve the re-
quired cleanliness class. Filtration ratings and the neces-
sary elements can be selected from Tables 29, 30and 31.

The filtering action in a hydraulic system is illustrated in
Diagram 48. This diagram also shows very clearly the
rapid rise in the contamination of the fluid that occurs
when no filter is fitted.

S R
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Without filter

With filter

Table 30: Defermining the recommended filfration rating for
hydraulic systems with Rexroth components

5.4.1 Selection of filter elements

Table 31: Sefecting filter elements"accordfng fo applr’caﬁén
and absolute filtration rating required

185




Filtration in Hydraulic Systems

5.5 How the fluid affects filter design

5.5.1 Viscosity of the fluid
(kinematic viscosity)

The characteristics fot filter housings and filter elements
pubiished in brochures refer to a fluid viscosity of
30 mmé/s. |f the design viscosity {usually the operating
viscosity) deviates from this reference value, the pressu-
re drop across the filter element (taken from the diagram)
will have to be converted to the appropriate value ai
operating viscosity. Conversion is performed by means
of the viscosity conversion faclior f,.

The viscosity conversion factor £,
This can be taken from Diagram 49.

5.5.2 Density of the fuid

The density of the fluid must be taken into account when
determining the pressure drop across the filter housing.
The filter housing pressure drop can be calculated with
the following equation

Pa

APye = APyg * P

Ap = Housing pressure drop, operating fuid
Ap .= Housing pressure drop, reference data {from catalogue;
P, = Density of fiuid, reterence data (from catalogue)

P, = Density of fluid, operating value

.

Diagram 48: Graphic ifluslration of viscosily conversion factor f,
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5.6 Determining the filter size

5.6.1 Main filters

The objective in determining the size of the filter is to
astablish a balance between the dirt gain of the system
and the dirt loss through the filter. Filter service life must
also be economical.

Therefore, the size of the filter must take into account the
amount of dirt around the machine and the maintenance
and care provided for the hydraulic systems. The envir-
onmental conditions are allowed for by factor £,. Indivi-
dual values of factor £, can be taken from Table 32.

The permitted pressure drop across the filter can be
calculated from the following equation:

AP = (APye+ £ Ap) o,

Ap,, = Totalpressure drop across the fitter at operating tempe-
rature with a clean eiement and effective volumetric
flow

Ap.. = Pressure drop across the filter housing with operating
fluid

Ap. = Pressure drop across the clean element with effective
volumetric flow {catalogue data)

= Viscosity conversion factor

f
£, = Environmental factor

Table 32: Environmental factar f,

Notes on Table 32

1 low: 8.g. testing machines in closed, air-conditioned
rooms

% average: e.g. machine tools in heated workshops

The pressure drop across the filter must be calculated for
the effective volumetric flow passing through the filker.

The equation is:
Q, = Q, - Ad

Q,, = Effective volumetric flow
(&, = Flow of the pump

Ad = Additional flow due fo accurmulators or cylinders.

The maximum initial pressure drops given in Table 33
must not be exceeded in determining the size of filter
required.

The data refers 1o a new filter element filtering hydraulic
oil. Other design criteria are applicable when filtering fire-
resistant fluids or engine oil (enguire from the filler
supplier as necessary).

# high: e.g. presses in foundries, ceramics machinery,
potash mining machinery, agricultural and mo-
bile machinery, rolling mills, woodworking ma-
chinery
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Size of filier required

The foial pressure drop across the filter can be deter-
mined:

— using the individual diagrams for fiter housing and
element

Ascertain the individual pressure drops across the filter
housing and element at the effective volumetric flow Q.
and operating viscosity. Diagram 50 shows the pressure
drop across the filter housing when filtering hydrauiic
fluid. Diggram 51 shows the pressure drop across the
clean filter element with a fluid viscosity of 30 mm#s.

I calcuating the required size of filigr the fofal pressure
drop must be multiplied by the factor £, in order to allow for
the environmental conditions.

If the total pressure drop across the filter ascertained in
this way is greater than the maximum value given in Table
33 the whole calculation will have to be repeated for a
larger size of fiter.

Only when the calculated total pressure drop of the fitter
is equal to or less than the maximum permitted total pres-
sure drop has the filter been correctly sized.

Tabie 33: Defermining the size of fitter
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Ciagram 51: Pressure drop across a filter element
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-~ Using the filter design diagrams

The filter design diagrams (Diagrams 52 and 53) were
originally developed in order to reduce and simplify the
relatively complex procedure of fitter sizing. The dia-
grams refer 1o a fluid viscosity of 3¢ mm?3s,

Higher operating viscosities and different environmental

conditions are allowed for in determining the volumetric

ftow for the filter.

The volumetric flow can be calculated from the equation:
Qe f-f

Q, = Volumetric flow for filter design

Q,, = Effective volumelric flow

)
i

Viscosity conversion factor

—
K

A Environmental factor

The required size of filter can be read off from the point of
intersection between the volumetric flow Q, and the filtra-
tion rating.

5.6.2 By-pass filters

The cleaning of the fluid circulating in a hydraulic system
can be greatly improved by instaling a by-pass filter.
Furthermore, the solid particle contamination of fluids in
existing systems can be reduced at any time and without
major modifications by using a by-pass filter.

The by-pass filter should work for longer than the hydrau-
lic system itself so it is better for the filter to be independ-
ent of the system and filtration can then continue while the
system is shut down, e.g. during meal breaks, tea breaks,
weekends, etc.

The sizing of a by-pass filter is based on
- the volumetric flow through the filter
— the filter area.

Volumetric flow required in a by-pass filter

The maximum volumetric flow required can be calculated
from the following equation:

a,-= o .TTTP.' TTPW - h
T8 ‘AW

@, = Volumetric flow for by-pass filtler
Q. = Total volumetric flow of pumps in power unit
1. = Operating time of power unit per day
Toe = Operating time of power unit per week
T.e = Operating time of by-pass fiter per day
T, = Operating time of by-pass filter per week

[

= Environmental factor {Table 32}

When there are minor differences between the period of
operation of the power unit and by-pass filter the flow rate
through the by-pass filtler will be simitar to the instatied
pump delivery in the power unit.

However, this is uneconomical so it is advisable in such
cases to design the by-pass fitter as follows:

~ Fix the flow rate through the by-pass filter so that the
contents of a 100G litre tank are circulated once at
least every 30 minutes. With larger tanks the circula-
tion cycle should be at least 120 minutes.

- The cleaning action must be increased so the by-pass
filter should be selected one step finer than the filter in
the power unit.

- The required filter area must be determined according
1o the specific area loading for the volumetric flow
required.
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Diagram 52: Filter design diagram for return line filters

Diagram 53: Filter design diagram for pressure filters
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Determining the filter area required

The filtration rating must be determined first before the
required filter area can be calculated. If possible, it should
be one step finer than the system filter.

The filtration rating depends on the hydraulic compon-
ents used in the power unit. The procedure is described
in Section 5.4.

The minimum required filter area can then be calculated
taking into account the specific area loadings given in
Table 34.

The maximum required filter area can be calculated with
the foliowing equation:

A = Reguired filter area

G, = Volumetric flow through by-pass fitter
g = Specific area loading (see Table 34)
f. = Viscosity conversion factor

1

Tabie 34: Specific area loading for the design of by-pass filters
with elements of glass fibre non-woven

5.6.3 Tank breathers

The dirt penetration rate has a major effect on the con-
tamination of the system and the tank breathing system
is very important in combating the problem. The function
of a tank breather is 1o prevent dirt from the environment
penetrating the system while at the same time aflowing
the tank to “breathe” air. Wrongly or carelessly designed
tank breathing can piace a substantial extra load on the
filter circuit and so shorten the service life of the elements.
The performance data of the breathers should be
matched to that of the system filters.

The design of breathers should take into account the
following data:

Filtration rating 3, = 100
{must be maiched to system filters).

Design flow rate for breather:
5 to 10 times the maximum pump capacity.

Design pressure drop 0.01 bar
{with clean element and at design flow rate).

The breather size can be determined with the aid of
Diagram 54.

Diagram 54: [etermining the size of tank breathers
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5.7 Filter design for fire-resistant fluids

The filtering of these fluids requires special aftention to
compatibility with the materials of the filter elements and
nousings.

Past experience has shown the following materials 1o be
suitable:

Filter elements:glass fibre non-woven, metal non-
woven, stainless steel wire mesh

Fitter housings: steel, cast iron with surface protection,
phosphated or electro-less nickel plated.

Filter housings can also be protected with a suitable
paint.

Filters for fire-resistant fluids must have a larger area than
those for mineral oi-based fluids because of the greater
wear of compenents, the soapy residue, the growth of
micro-organisms and the different dirt settling character-
istics,

The fiter area can be calculated with the following equa-
tions:

For pressure-line fiters: A=30+«f «f+ 1 +Q,

For return line filters: A=z60-F-F-f-Q,

A = Required filter area

= Viscoslty conversion factor
{f. = 1 for HFA and HFE fluids)

1

Fau)

f. = Environmental factor

f, = Fluid density conversion factor

Q,, = Effective volumetric flow

In determining the required size of filter, the area of the
filter selected must be equal or greater than the area

calculated above. In cases of doubt always take the next
larger size of filter.

Suction filters and flter efements containing phenolic
resin-impregnated paper must never be used,
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Fluid density conversion factor f,

Table 35

Determination of filter pore size

The filter pore for different types of hydraulic system are
as follows:

General purpose systems:
10 or 20 um absolute

Systerns containing proportional valves:
10 um absolute

Systems containing servo valves-or control valves:
5 um absolute

The filter size ascertained must be doubled in order to
obtain economic operation of systems containing servo
valves or control valves.

Design of by-pass filters

The procedure for the design of by-pass filters is the
same as that described in Seclion 5.6.2.

General remarks
on the filtering of fire-resistant fiuids

The filtration of fire-resistant hydraufic fluids can be very
badly affected by the presence of fluid contaminants such
as mineral oil in HFC. Consequently, especially with filtra-
tion ratings of 10 um absolute or 5 um absolute, it is
esseniial to ensure that the operating fluid is in a satisfact-
ory state.

it may be necessary to use fiiters capable of removing
any traces of foreign fluids from fire-resistant fluids.

Filtration in Hydraulic Systems

6 Practical examples
of filter design

The procedure for filter design will be explained by means
of a number of examples.

Example 1

System data:

Pump: 1 PV2 V5-3X/16 RE 01 ML. 70 A1
Max. operating pressure: 70 bar

Volumetric fiow of pump Q = 27.5 L/min
at a motor speed of 1450 rev/min

Hydraulic fluid: 1SO VG 46
Operating temperature: 40 °C
Continuous monitoring of the filter is provided and the

environmental contaminaticn can be regarded as aver-
age.

A Type 4 WS 2 EM 10/4X/5B... servo valve is employed
iry the power unit control,

Volumetric flow through the servo valve: 5 L/min

According fo the brochure for the servo valve, a fluid
cleanliness of NAS 7 is specified.

The power unit also drives a hydrautic cylinder having a
fulf bore/annuius area ratio of 2:1.

A working filter is to be instailed in the hydraulic power unit
and a protective filter upstream of the servo valve.

Procedure for filter selection

1. Determining the required filiration pore size

As the fluid cleanliness required is class of NAS 7, the
fiter must have a filtration rating of B5 = 100 (see Table
30.)

2. Determining the viscosity conversion factor f,

According fo Diagram 44 the operating viscosity of the
fluid at 46°C is 46 mm?/s.

Diagram 49 then gives the viscosity conversion factor f,
as 1.5

3. Determining the environmental factor 1,

According to Table 32 the factor £, for average environ-
mental conditions and continuous monitoring of the filter
is 1.0.

4. Determining the nominal filter_size

In designing the hydraulic system it has been established

that a return line filter will be the working filter and a

pressure-line filter upstream of the servo valve the pro-

tective filter.

4.1 Determining the nominal size of retum line filter
(working filter)

First calculate the effective volumetric flow Q,;

Q= Q « Ad =275 Umin » 2 = 65 L/min

Determining the fiiter size from the individual dia-
grams for housing and element

First select a size from past experience. i the total
pressure drop calculated for this size is greater than the
figure of maximum prassure drop given in Table 33 the
whole calculation will have to be repeated for a larger size
of filter. Only when the calculated figure of total pressure
drop is less than the prescribed maximum total pressure
drop has the filter size been correctly chosen and can be
incorporated into the system.

In the case of this example a return fine filter of Type
RF BN/HC 110 G 005 C 1.X has been selected.

According to Diagram 50 the pressure drop across the
Type RF 110 fiter housing at an effective volumetric flow
rate of 55 L/min is 0.18 bar.

According to Diagrarm 51 the pressure drop across the
Type 0110 R 005 BN/HC clean fifter element at an
effective volumetric flow rate of 55 L/min is 0.7 bar.
Calculate the total pressure drop:

APy = AP+ » Ap) + £ = (018 415+ 0.7) » 1.0 = 1.23 bar
The calculated figure of fotal pressure drop is greater
than the permitted figure of 0.5 bar which means that the

selected filter is too small. The calculation will have fo be
repeated for a larger size of filter.
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Determining the filter size using the
filter design diagram

Calculate the volumetric flow for the filler:
Q. =Q,¢f°f=550Lmin-+1510=825 L/min

The required size of filter can now be read from Diagram
52. The point of intersection between G, (82.5 L/min} and
the 5 pm line is close to Size 240.

Therefore, a return line filter of Type RF BN/HC 240 G 005
C 1.X is used as the working filter.

4.2 Determining the size of protection filter

This filter is installed directly upstream of the servo valve
and must have no by-pass valve. The filfer is fitted with an
electric clogging indicator for monitoring the state of the
element. The fiitration rating is to be B, = 100.

Determining the filter size using the filter design
diagram

Calculate the volumetric flow for the filter:

Q=@ f+f=5Lmns15:10=75Lmin

In Diagram 53 the point of intersection between Q, (7.5
L/min) and the 5 um line is close to Size 30.

Therefore, a Type LF BN 30 G 005 C 1.X fiter must be
fitted upstream of the servo valve as the protection fitter.
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Example 2

The procedure for by-pass fiters is explained by the
foliowing exampie:

Power unit data

Tank capacity: approx. 1000 litres

Hydrautic fluid: ISO VG 46

Operating temperature: 50°C

The unit incorporates 2 pumps each with a delivery of 100
L/min

The system is equipped with proportional valves.

The environmental conditions are average.

Continuous monitoring of the filter is provided.

The unit is operated for 7 hours a day and 5 days a week.

By-pass filter data

The by-pass fiter can be operated continuously 24 hours
a day, 7 days a week.

Procedure for filter selection

1, Determining the _volumetric flow

OP' TTPO TP\N.’(QE 2'100_7.5‘1

= = 41.6 L/min
N Tre® Tow 24+7
Use: 40 L/min

2. Determining_the filtration pore _size

According to Section 5.6.2 the filtration rating of the by-
pass fitter should be one step finer than that given in Table
30. This means that a rating of 5 pm absolute must be
used.

3. Determining the filter area

A G 4p.y
q 0.0035

= 11428 cm”

Results

The by-pass fitter must carry a flow of 40 Limin and its
area must be at least 11,428 cm?.

The fittration rating must be 5 um absolute.

Filtration in Hydraulic Systems

Example 3

For power unit data see Example 2
By-pass filter data

For safety reasons it will only be possible 1o operate the
by-pass filter unit while the power unit is working.

Procedure for filter selection
The contents of the tank must be circulated at least once
every 30 minutes. For a tank capacity of 1000 lifres, this

means that the flow rate through the by-pass filter must
be:

1000 )
Q=220 3331/
m 33.3 L/min

Use 40 L/min

Filtration pore size required

A filtration rating one step finer means that the rating must
be 3 um absclute.

Determining the filter area

Az e = e =2 16000 €M

Results

Although the flow rate through the by-pass filter in this
example is the same as that calculated in Example 2, the
filter efficiency of the element is better and the filter area
greater.

Example 4

The procedure for designing filters for fittering fire-resis-
tant hydradlic fluids is explained by the following ex-
ample:

Power unit data

Fluid: HFC 486

Hydraulic power unit for a die-casting machine
Environmental contamination around the machine: High
Intermittent monitoring of the filter

Tank capacity: approx. 1000 litres

Operating temperature: 50°C

Effective volumetric flow: 80 L/min

The systemn is equipped with proportional valves.

The power unit is fo be fitted with return fine filters,

Determining the filler pore size

The use of proportional valves means that a filtration
rating of B = 100 is needed.

0
Determining the fiter_ar
A= 60+ fi+f+f+Q,
Vigcosity conversion factor f,
For 46 mm¥s the factor f, is 1.5 (see Diagram 49)

Environmental factor £,
According to Table 32 factor f, is 1.7

Fluid density conversion factor f,
According to Table 35 factor f, is 1.27

Required filter area

A=60+15+17127+80
A = 15544 cm?

Results

Fitter RF BN/HC 1300 F 010 A 1.1/S0105 must be used.
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7 Instructions for
operation and maintenance

7.1 Operation

Temperature limits for hydraulic filters

Most hydrautic filters may normally be used at operating
temperatures between -10 and +100°C afthough temper-
gtures up 1o 120°C for shert periods will cause no harm.
Higher operating temperatures can damage the filter
elements and seals and proper fitering can no longer be
assured. When temperatures are low the materials of the
housings and seals must be checked for suitability. Filter
elements can be stored at temperatures down to -50°C.

Fire-resistant fluids

A higher cancentration of contaminants must be anticipa-
ted with these fluids. Also, galvanizing is not allowed.
Consequently, the filters used for these fluids require
special attention such as larger sizes and different kinds
of surface protection. See also Section 5.7.

Changing of filtration rating or element materials in
existing systems

In such cases it must be rememkered that the fitter
elements will clog more quickly due to the particies of dirt
already in the circuit. Therefore, a shorter element ser-
vice life must be anticipated when using finer fitters. The
use of mobile by-pass units is recommended when
canying out such conversions,

Suggested intervals for element changing

The elements used in hydraulic filters should be changed
at the following intervals:

— whenever the clogging indicator incorporated in the
fitter is triggered

- after 1000 hours of service or 1 year

— whenever the fluid in the whole system is changed.
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7.2 Notes for the manufacturers of
hydraulic power units

Satisfactory operation of hydraulic power units requires
attention to the following points when installing the filters:

- Allow adegquate space for changing the elements so
that the work can be performed more easily, more
quickly, and without damaging the elements.

- Run the pipes on the power unit 5o that they do not
obstruct element changing

~ Position the filters in easily accessibie places on the
unit. Correct positioning encourages proper mainten-
ance. Allow adequate height for removal.

— Note the direction of flow marked on the filter housing.

~ Use the N/C switching mode for the electric clogging
indicator if possible. B makes interference with the
system more difficult, e.g. removal of plugs, cutiing of
cables.

- Provide filing connections on the tank or upstream of
the return iine filter 1o make filling and topping-up of
the tank easier.

-~ Provide Minimess connections for taking fluid sam-
plas. In order o protect the filter element, a puisation
damper is also advisable if there are high pressure
peaks or fluctuations in flow .

— Avoid negative pressure peaks con the filters because
they damage the elements. They can be prevented by
fitting a check valve between fitter and valve or accu-
mulator.

7.3 Maintenance of hydraulic filters

Fitter elements are protected in sealed plastic bags fo
prevent contamination during storage and handling. The
plastic should not be removed untl immediately before
the element is 10 be inserted into the filter housing.

Only elements made of wire mesh, braided mesh or metal
nor-woven material can be cleaned. Filter elements
made of non-woven paper or non-woven glass fiore
cannot be cleaned.

Fiitration in Hydraulic Systems

Procedure for changing a filter elerent

— When the clogging indicator is triggered, depressur-
ize the filter or the half of the filter containing the
ciogged element.

- Unscrew the filter housing or remove the cover, ensur-
ing that the thread is not made dirty. Rotating the cover
of a retumn line filter by about 45° makes lifing it off
easier.

— Remove the clogged element and examine the res-
idue on its surface. This might give a clue to any
damage which has occurred to components. In the
case of return line filters ensure that the element is
removed together with the catchment baskst.

— The fluid left in the housing must be removed into a
suitable container. It is very contaminated and must
never be allowed to get back into the system.

- Clean the filter housing with a clean, fint-free cloth.

— Examine the seal on the filter housing or cover and
change it if necessary.

— Smear the thread and sealing surfaces of the filter and
the seal of the element with clean hydraulic fluid.

- Insert the new element after first checking the fittration
rating.

- Screw on the filter housing or cover.

— Switch on the system or fill the filter housing with fluid
and examine it for leaks.

Maintenance instructions for tank breathers

It is advisable to change the breather element every time
the fluid is changed. In some cases the whole breather
has to be changed. Others are fitted with a renewable
element or cartridge.

7.4 Flushing the whole system

Flushing of the system is recommended:
- when commissioning a new system
- after repair work

- after the system has been opened up in any way, e.qg.
for fiting a new pump or new valve.

Procedure for flushing a system
Fill the system with cleaned hydraulic fluid.

For this it is better to use a fluid service unit incorporating
a filter. It allows both the tank to be filled and its contents
to be filtered continuously in a by-pass operation.

High-precision valves such as servo valves or propor-
tiona! valves must be replaced by flushing plates or flush-
ing valves before flushing takes place.

The system fitters should be fitted with elements of the
filtration rating specified for operation of the system.

It necessary, use elements with the same filtration rating
as the system fiiters but which will only withstand a lower
pressure differential than the working filters.

After the total quantity of fluid has been circulated bet-
ween 150 and 300 times, examine it for solid particle
contamination and either stop or continue flushing.

Throughout flushing pay extra close attention to the
clogging indicators on the filters. The elements must be
changed immediately if the indicators are triggered so
have sufficient spare slements to hand.
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8 Symbols and subscripts

Symbols
Q. Wnin, s | Volumeric: flow
A o, rea, Fiter area
b b presse
e Deﬂsmy
e

“Kinematic viscosity

Dimensionless symbols

Symbols.. | Quantity .. -

f Correction factor, Conversion factor
% Per cent
t | Time, Flushing time . |
8. . . Betavalue Degree of separafion .
n - Number: -
M Million: " o
K Thousand
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Subscripts

| Hyoraic system per day
. Hydraulic system per week
s BY‘BESS fiter _'p'e;:.d._a Do

Prefixes

Smbos | Guenty

S

T
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9 International standards

IS0 228 Pipe threads where pressure-tight joints are not made on the threads - Designation,
dimensions and toletances

1SO 1000 Si units and recommendations for the use of their mufltiples and of certain other units

18O 3722 Hydraulic fluid power -
Muid sample containers - Qualifying and controlling cleaning methods

ISO 4021 Hydraulic fluid power - Particulate contamination analysis - Extraction of fluid samples
from lines of an operating system

1SO 4402 Hydraulic fluid power - Cafibration of liquid automatic particle-count instruments -

ISODIS 4405

150 4406
ISODIS 8162

DIN 1SO 2941
DIN ISO 2942

DIN 50 2943
DIN ISO 3723

ISO 3724
ISO 3968
IS0 4572
1ISO 5598
DIN SO 2909
DIN 24312
DIN 24550

DIN 51519
DIN 51562

DIN 51757
DiN 51777

CETOP RP 91 H
CETOP RP 92 H
CETOP RP 94 H

CETOP RP 95 H

NAS 1638

Method using Air Cleanser Fine Test Dust contaminant

Hydraulic fluid power - Fluid contamination - Determination of particuiate contaminants
by the gravimetric method

Hydraulic fluid power - Fluids - Method for coding level of contamination by solid particles

Hydraulic fluid power - Flange connections - Four-bolt spiit flanges rated for normal
duty applications - PN 35 to PN 415 bar (PN 3,5 to PN 41,5 MPa) - Dimensions

Hydraulic fluid power; filter elements; verification of collapse/burst resistance

Hydraulic fiuid power; filter elements; verification of fabrication integrity;
identical with 150 2942, edition 1985
Hydraulic fluid power; filter elements; verification of material compatibility with fluids

Hydraulic fiuid power; fiter elements; method for end load test;
identical with ISO 3723, edition 1976
Hydraulic fluid power - Filter elements - Verification of flow fatigue characteristics

Hydraulic fluid power - Filters - Evaluation of pressure drop versus flow characteristics
Hydraulic fluid power - Filters - Multi-pass method for evaluation filtration performance
Fluid power systems and components - Vocabulary

Petroleum Products; Calculation of Viscosity Index from Kinematic Viscosity

Fluid power systems and components; pressure; quantities, terms

Fluid power; hydraulic filters; definitions, nominal pressures, nominat sizes,
fitting dimensions

Lubricants; 1SO viscosity classification for industrial liguid lubricants

Viscosimetry, measurement of kinematic viscosity by means of the Ubbelohde viscosimeter;
micro bUbbelchde viscosimeter

Testing of petroleum and related materials; determination of density

Testing of mineral oil hydrocarbons and solvents; determination of water content
according to Kar! Fischer; direct method

Fluids for Hydraulic Transmission - Mineral Oils Specifications
Statement of reguirements for filters in hydraulic systems

Determination of particulate matter in hydraulic fluids using an automatic particle size
analyser employing the light interruption principle

Recommended method for the bottle sampling of hydraulic fluids for particle counting
Cleanliness Requirements of Parts used in Hydraufic Systems
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Steelwork Design for
Power Units

Hans H. Faatz

1 Introduction

A hydrauiic power unit comprises an unpressurized fiuid
tank. a motor-driven pump, control gear, accessories and
interconnecting pipework. The various sub-assemblies
of the unit can be arranged either separately or together
It is common practice to mount the maotor-driven pump,
control gear and accessories such as coolers, filters and
accumulators on top of the tank or on its sides. The sup-
porting structures required are generally made of weld-
able materials, usually steel, more seldom aluminium.
Plastics have not yet come into use for the supporting
structures of hydraulic power units. Although it might not
actually be made of sieel, the supporting structure made
of weldable materials is usually known as the "steelwork”.
The same basic principles that are applicable to the
construction of orginary steelwork are also applicable 1o
the steelwork for hydraulic power units so generaiities
have been avoided in this chapter.

Instead. close attention is given to the design of steelwork
suitable for welding because of the considerable import-
ance of this subject in connection with hydraulic power
units. The special aspects of the design of steelwork for
hydraulic power units referring to the individual sub-
assemblies which form the unit are also dealt with.

2 Design of steelwork
suitable for welding

Suitability for welding is an important factor even at the
initial design stage of steelwork, This also includes the
selection of steels suitable for the type of welding 1o be
employed. Form. dimensions, manufacturing conditions
and operating conditions of the steelwork must aiso be
taken into account.

21 Welding instructions
on the drawings

Drawings should show clearly the nature of the finished
structure. The standardized symbols listed in DIN 181010
£912 altow the designer to impart the necessary informa-
Hion in a form of shorthand. Due to the strain on the weld
seams the design must specify in each case the form of
joint. the method of welding and, if necessary, the filler
metal to be used. In the case of fillet welds, the thickness
must also be stated.

The symbols for the weld must be entered against each
seam. The thickness of fillet welds must also be shown.
Methods and soundness for welds and also the classes
of weld quality can be tabulated on the drawings.

22  Weldability

The materials that are to be welded must be suitable for
welding. Most steelwork for hydraulic power units is
fabricated from steels of quality RST 37.2 to DIN 17100,

Stainless steel tanks are made of X5CRNI189 or
X10RNITI189, Material Nos. 1.4301 or 1.4541 to DIN
17440.

When speciai acceptance of materiais is necessary the

procedures must be agreed between contractor and
principal.
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=012, 50

a 9 2xB0iZE0;

Fig. 88; Symbo.’s“for workshop drawings for the principal forms of welds (further details will be found in DIN 1912}

Amount of weld material

32I ?
?: 18000 mm

%lx 1500 mm?

fZJ = 3000 mm?

Fig. 99: Comparison of intermittent and continuous fillet welds Fig. 100: Bending can save on welds

Table 36! Types of grooves and chamfers for butt welds in steelwork {exiract from DIN 8551, Part 1)
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2.3 Economy in the use of welding

Designers should always attempt to keep the number of
seams, the seam cross section and seam length o a
minimum in order 1o save unnecessary welding work.
Cutting away corners in places where there are no forces
to be transmitted can also save work and, therefore,
money.

For butt weld preparation the type of groove must be
shown on the drawing. The actual shape of the groove
depends on the type and size of the workpiece, the
welding process, the number of passes and the equip-
ment. Shielded-arc weiding (MIG, MAG) and manuat arc
welding are most common in the manufacture of steel-
work for hydraulic power units.

Inthe case of fillet welds it can often be sensible to employ
intermittent seams, although the operating conditions of
the finished item must be taken into account. Intermittent
fillet welds are not allowed on hydraulic power units used
in civil engineering or inside tanks. In order to give an
intermittent fillet weld the same fracture area as a contin-
uous weld, the seam must be twice as thick if the interrup-
tions are as long as the bead. But this is not an econom-
ical solution to the problem. Therefore, intermittent
seams should only be used where there are no large
forces to be transmitted, such as with stiffeners. In this
case the intermitient walding has the advantage that
shrinkage and disiortion is less.

As calculations for strength of steetwork are seldom
carried out for hydraulic power units, the designer must
specify the minimum weld thickness from experience.
Weld seams should always be easily accessible. Special
care must be taken at the design stage when welding
together bent plate,

Weld seams should also always be positioned at points
of minimum stress and variations in cross section bet-
ween the parts shouid be avoided.

Box sections are to be preferred over flat secticns
because of their greater static and dynamic stiffnass. In
the case of hydrautic power units, however, itis important
for the box fo remain totally closed so that no corrosion
can occur inside.

The designer must see whether welds can be saved

through bending or folding (Fig. 100). Bending is gener-
ally cheaper and stronger than welding.
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2.4 Ensuring soundness of welding

The soundness of welds can be assessed according to
DIN 8583, Part 3. This DIN standard divides butt welds
and fillet welds into qualification classes, giving details of
how permissible external and internal faults are to be as-
sessed. Qualification classes DS and CK are sufficient
tor hydraulic steelwork.

3 Design of
hydraulic power units

The design of hydraulic power units must take into
account the special needs of fluid technology. The arran-
gement of the equipment must promote easy maintenan-
ce and there must be good accessibility to threaded pipe
fitings. The relevant standards such as DIN 24 346,
special company specifications and component manu-
facturers' maintenance instructions must also be adhe-
red {o.

in order o allow economic manufacture, sub-assemblies
or parts or parts of sub-assemblies should be standardi-
zed in company specifications.

Hydraulic power unit design should be based on the
model hydraulic circuit diagram and parts lists to DIN
24 347 .

The hydraudic circuit diagram fo DIN 24 347 indicates:
— the energy flow of the hydrauiic fluid

— the pressure settings

- the pipe sizes.

The parts list must contain ali the components in the

hydraulic circuit diagram with precise details of type,
supplier or manufacturer,

Steelwork Design for Power Units

3.1 Procedure

The basic guidelines of design theory also apply to
hydraulic power units. The method described in VDI 2221
can therefore, for example, also be applied (Fig. 101).

There are often numerous aids available to the designer
such as stick-on symbals for pumps, motors and valves
and template drawings for tanks and motor/pump units.
The gradual spread of CAD systems is also proving of
great benefit o hydraulics designers, especially systems
that will run on medium-size computers or personal
computers,

Clarification and
precise definition of task

Determination of functions
and their structures

Selection of solutions
and their struciures

Subdivision into
practical modules

Shaping of main modules

Shaping of overall product

Preparation of data for
execution and use

3.2 Special aspects of
hydraulic power unit design

In addition to the standard rules of design theory there are
also a number of special aspects to be taken into account
in the design of hydraulic power units. They vary accord-
ing to the application and type of equipment and are dealt
with separately in each case,

i

. Functional structure

List of requirements

Principal solution

Modular structure

Preliminary methods

Qverall method

Product documentation

Fig. 101: The design proced&re”
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4 Sub-assemblies

4.1 Qil tanks

Unpressurized oil tanks (generalfy termed oil tanks al-
though often containing other operating fluids) are nor-
mally used in hydraulic systems. They should be of suffi-
cient size to accommodate all the fluid in the systemwhen
there are no devices in the circuit, such as automatic
check valves, which prevent back-flow of the fluid to the
tank. The tank volume should be at least equal to or
greater than three times the delivery/minute of the hy-
draulic pumps. This applies fo systems operated with
mineral oil-based fiuids. If a different type of fluid is being
used, such as a fire-resistant fluid, the tank voiume must
be 5 to 8 times the flow/minute of the hydrauiic pump,
depending on the air-separation and dirt-settiing charac-
teristics.

Aluminium is normally used for tanks of up to about 63 L
capacity. Above that size they are made of stee! plate. For
machine {ools the steel tanks are rectangular and comply
to DIN 24 339 which also standardizes the tank connec-
tions. Rectangular tanks with flat reinforced or corrugated
sides are used on presses and foundry machinery. Steel-
works and rolling mill instailations normally use cylin-
drical tanks.
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Fig. 163: Aluminium tanks

Fig. 105; 16 000 litre tank

Any air entrained in the hydraulic fluid should be able to
escape from it within the tank. Suction and return lines
should therefore be kept as far apart as possible. The flow
velocity in the tank itself should be as low as possibie to
allow any dirt suspenrded in the fluid to settle out. Access
holes of adequate size must therefore aiso be provided,
so that the inside of the tank can be inspected and
cleaned from time to time,

Fig. 104: Steel fanks

In the case of tanks with a capacity over 1000 L itisagood
idea to have a fully welded separator plate with an
overflow between the suction and return chambers. In
such cases, of course, the two chambers would have to
be drained and cleaned separately.
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Instead of this type of separator piate itis also possible to
have a permeable separator which can be made of
expanded metal. Placing this type of separator at an
angle improves the air separation. Even with this design
there shouid at least be a fully welded separator plate in
the lower part of the tank in order o prevent dirt being
carried from the return chamber aiong 1o the suction
chamber.

Thetank itselfis often used as the supporting structure for
other components such as the complete motor-driven
pump set and/or the control gear. This sometimes makes
it necessary to stiffen the sides of the tank. The simplest
way of doing this is by means of pressed corrugations
which have the advantage of needing no welding.

Sometimes it is necessary to weld in stiffening plates. In
their simplest form they are flat plates welded to the tank
sides at each end with continuous fillet seams.

If flat plates provide insufficient stiffening the usual after-
native is to use welded U-sections. Here too the U-
section must be seal-welded to the tank so that any dirt
inside the section cannot get into the hydraulic fluid.

When welding in stiffening ribs take care to avoid accu-
mulations of seams and dirt fraps in corners. The interior
of the tank must always be easy to ciean thoroughly.

iftanks are tobe hot-galvanized, good accessibility to the
interioris essential. The interior must be ventilated during
the process so vent holes and drain hoies must be provid-
ed in the various parts.

Spray-galvanizing has only limited application to hydrau-
lic tanks. lts advantage is that tanks can still be galvan-
ized although they will not fit into a galvanizing bath.
However, the zinc can only be sprayed on to bright metal
surfaces which means that parts to which access is poor
will generally receive insufficient galvanizing and, at the
other end of the scale, the zinc peels off easily if it is
apphed too thickly.

When galvanizing hydraulic 1anks in a bath ensure that
the bath temperature is approximately 480°C because
this will relisve any welding stresses in the steel plate
which could otherwise cause distortion of the tank. For
this reason alone it can sometimes be necessary 1o
stiffen the tank sides. The zinc in the tank and in other
voids must be able to run away quickly and without any
major drop in temperature. The size of galvanizing bath
available and the method of dipping must be taken nto
account when finalizing the design. Additional points of
suspension should be provided for this purpose.

Steel tanks are sand-blasted and the interior primed with
zinc-rich paint before the cover is welded on. This paint
is resistant to most hydraulic fluids and also offers ade-
quate protection against corrosion.

For systems containing servo valves the tanks are often
specified in stainfess steel. The same design principles
apply to these tanks as to those made of carbon steel. A
careful check should be made to see whether the thick-
ness of the sides can be reduced. Weids between auste-
nitic sieels and carbon steels should be avoided.
Tanks made of stainless materials should be pickled after
manufacture and no painiing is necessary.
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With larger tanks the design must also take into account
the fact that their length will change with variations in
temperature. Therefore, cylindrical tanks must have
one fixed support and one sliding support /see Fig.
107).

Hydraulic tanks must not only allow none of their
contents to escape outwards, they must also prevent
any dirt gaining access to them. This is particularly im-
portant in the case of rectangular tanks having the top
part in the form of a drip tray. Any necessary openings
through the tank, e.g. pipe connections, filter connec-
tions and pump connections, must be carefully sealed
andtightened. Rubber-cork compounds are suitable as
seaiing materials. They must be fiexible and/or thick
enough to compensate for any small unevenness in the
structure and must be resistant to the particular fluid
being used. Sealing surfaces musthe flatand clean and
the pitch of the fixing bolis must be close enough to
ensure a good seal.
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Fig. 108: Additional features .for galvanizing a cylindrical fluid tank in a bath

Fig. 107: Principal dimensions of steel cylindrical fluid tanks
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4.2 Motor-pump sets

The motor-pump set of a hydraulic power unit converts
electrical energy into hydraulic energy. Other common
names for motor-pump sets are pump unit, pump set,
motar-pump unit and others.

The designations for the mounting arrangement of the
electric motor is also used for the motor-pump set itself,
e.g. V1, B3, B5 or B3/BS.

In the case of types of mounting arrangements V1, B5
and B3/B5 the torque is taken by the bellhousing, which
means that the torque forces are kept as short as poss-
ible.

Structure-barne noise is isolated by damping rings
immediately behind the pump. The rings must be spec-
ifically designed for particular pumps.

The various components such as bellhousings with or
without damping ring, foot brackets, couplings and
mounting plates are normal commercial items.

Types of construction V1, B and B3/B5 are preferred
because the inherent alignment of pump and motor shaft
prevents any misalignment at the coupling and the tedi-
ous process of coupling alignment is eliminated.

The coupling manufacturer provides a small screw in the
feather key to prevent the couplings sliding along the
shaft. This is adequate for motor-pump assemblies of
ratings up to about 15 kW, With more powerful motars
both half-couplings should be secured with a retaining
disc. This type of attachment is always sensible with the
V1 type of construction, at least for the upper haif-
coupling.

Ensure that the gap between the half-couplings is correct
when assembling the unit.

In the case of mounting arrangement B3, motor and
pump are mounted on a common chassis. The pump is
usually attached to a bracket. The common chassis
transmits torque and transmission forces and so must be
designed to prevent the forces causing any relative
movement between motor and pump.

A simple frame made of flat steel plate is sufficient for
electric motors up to Size 180. The mounting bracket can
be welded to the frame.

For motor Sizes 200 to 315 the simple construction wilt

have to be stiffened by additional welded angte sections
or flat sections.
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Fig. 108: Motor-pump set

Fig. 109: Motor-pump set

Fig. 110: Motor-pump set
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Motors of Size 355 and larger need rigid base-frames
fabricated from flat steel plate and U-sections. in this
case it is better to bolt the mounting bracket for the pump
on to the base-frame and not to weld it.

Shims can be used under the motor to adjust the height.
Suitable lugs should be provided on the base-frame to
prevent any lateral movement, at least over Size 200.
The motor-pump sets often carry the pump control de-
vices and/or pressure relief valves.

Fig. 111: Motor-pump set

With the BS and B3/BS mounting arrangements, a mount-

ing plate for attaching these devices can be secured to
the motor fixing bolts.

With the V1 type of construction the devices can be
placed on the mounting plate.

R
Cmm

B—'___"Etoﬁmm} |
Dxme sion Aimust be measured ai assembly
-_.so ihai d:menswn B can be ad;usted

s -'Metorend

2 Pumpend:

- 3_..'_i.e;ngth m‘ beﬂhousmg, .
'.w:th dampang rmg if ﬁecessa{y :

Fig. 112: Belf housing

2 B@i bousmg é‘iexeble
8 Pump fo: i '

RE ".Aswmbiy thh - _
: -mctor mﬂuntmg arrangemem \J1

Fig. 1 13: Assembly of motor—pump sets
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For mournting arrangement B3, a valve stack must be
mounted on the base-frame.

Study each application individually to see whether there
is any relative movement between pump and pipework
which will make hoses necessary in suction and delivery
lines and/or an expansion piece in the suction line.

Hoses are a good idea in the delivery and leakage-fluid
lines in order to isolate any structure-borne noise. An
expansion piece in the suction line is advisable.
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Fﬁg 1 14 Principal dimensions of motor-purmp sets with motor mounting arrangsment type B3
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4.3 Device mounting frames and
front panels

There must be facilities for the permanent and secure
mounting of the devices, valves and manifold blocks
used for controlling hydraulic systems.

With hydraulic systems for machine tools, the conirgl
gear is often mounted on the tank together with the motor-
pump assembly. In order to keep noise emission to a
minimum, the noise-emitting surface shouid be as small
as possibie. It is therefore advisable for the control gear
to be incorporated into a manifold block which is better
mounted straight on to the tank without an extra mounting
panel.

However, space reasons often prevent this arrangement.
In order, therefore, to keep the noise-emitting area as
small as possible mounting frames are utilised. These
are basically a standardized frame made of square tube
into which standard elements to accept components can
be welded.

The size of the square tube depends on the size and
weight of equipment to be supported:

— Square tube of 20 x 30 x 2 is sufficient for valves of
Size 6

-~ Square tube of 30 x 60 x 3 is used for valves of Sizes
1010 16

- Square tube of 60 x 60 x 4 must be used for valves of
Size 25 and larger.

Angled struts must be used to brace the frame if the
equipment is heavy.

If it is necessary to reduce the transmission of structure-
borne noise and hence lower the noise level of the unit,
the elements can be bolted to the frame with a damping
material such as a rubber-cork composition between the
two. The same applies to the fitting of the mounting frame
on the tank.

Fig. 115

Fig. 116:  The principle of the mounting frame

Fig. 117:  Twin-section mounting frame fo accept Size 8
slements
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Access to pipe fittings is an important factor with hydraulic
power units employing mounting frames. The elements
should be placed behind the frame so that the devices lie
between the square tubes. This can obstruct accessibility
to the adjusting devices so the position of elements must
be examined closely from case to case.

The mounting frame arrangement takes up more room
than the front panel arrangement. The latter will have to
be used if there is insufficient space to mount the equip-
ment on a mounting frame.

Fig. 118: C-sections and stiffeners for front panels

For front panels, also called mounting plates, there are
company standards for cut-outs so that the designer only
has to decide on the length and height of the panel and
the position and direction of the cut-cuts.

The rails supporting the front panel are also standard-
ized. In this case it is sensible to use folded C-sections
into which the panel can be welded.

Fig. 119:
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Stiffeners may be needed for the mounting plate and
braces for the tank depending on the size of front panel
and weight of equipment mounted.

It is a good idea to provide lifting holes in the top part of
the C-sections.

4.4 Valve stands

With hydraulic systems for large machines and installa-
tions the tanks, motor-pump sets and conirol gear are
mounted separately because of their size. Whereas the
tanks and motor-pump sets are mostly housed in special-
ly buitt rooms (often basements), the control gear is best
mounted as close as possible to the actuators, e.g.
hydraulic motors or cylinders. In many cases the control
gear is mounted and piped up on valve stands.

The size of a valve stand depends on the type and weight
of the equipment to be mounted so only the supporting
parts of it, such as the feet, drip tray and supporting
elements can be standardized.

Once again, as with front panels, stiffeners and braces
may be necessary.

Tubes welded into the side members are a good idea for
lifting, as lifting from below is impossible.

The design must allow sufficient clearance between the
components mounted on the stand so that they can be
piped with U-bends.

Fig. 120:
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Fig. 123. Valve stand, lightweight type
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4.5 Valve tables

On a valve stand, the components are usually arranged
so that the dividing surface between valve and plate is
vertical. This is not always best for maintenance so valve
tables are often used as an alternative. Most of the
dividing surfaces between valves and plates can then be
horizontal which makes maintenance easier.

Valve tables also come in lightweight or heavyweight
versions depending on the weight to be supported. The
gimplest version for control plates with valves up to Size
16 uses angle sections both for the vertical feet and for
the horizontal bearers. The iable top can be continuous
with suitable cut-outs or platforms between the horizontal
bars.

For large control plates with valves over Size 16the vaive
tables must be stronger and square tube can be used
both for the struts and for the horizontal cross beams.

Valve stands are often designed complete with connec-
tions for outlet piping. In the case of valve tables it is
better to run the outlets from the manifold blocks to
common lines, so that only the common lines for pump,
tank and leakage fluid have to be fitted 1o the valve table
andbe connected up later on site to the general pipework.
Within the valve table the blocks are then connected to
the common line for tank, pump and ieakage fluid.

Due to the fact that components are mounted one above
the other on valve stands the space requirement is
apparently iess than for valve tables in which the compo-
nents are mourted side by side.

In many cases valve tables are placed against the wall in
the hydraulics basement so that the pipework from the
control block can run immediately on to the wall. In such
cases the space reguirement is no greater than thatofa
valve stand and the better facilities for maintenance are
retained.
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Fig. 124: Valve table

Fig. 1.25: Valve téb.ie.

Fig. 126: Valve table
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Fig. 128: Valve table, heavyweight version
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4.6 Accumulator stands

Larger hydraulic systemns often contain accumulators
which, when they are providing energy siorage for the
control circuit, are mounted on the valve stands or valve
tables, There are standard ¢lips and brackets available to
secure them in place.

When hydraulic accumulators are providing energy slo-
rage for the main pumping system, however, they are
mounted on separate accumulator stands. Single-row
{lightweight) and double-row (heavyweight) versions are
available.

The single-row, lightweight version is usually fabricated
from sectional steel.

Folded sections are used for the double-row, heavy-
weight version. The same standard sections used for
valve stands can also be used here.

Regardless of their type, hydraulic accumulators should
always be installed vertically. This means that bladder-
type accumuiator can rest in a rubber ring in a hole in a
horizental plate. Piston-type accumulators are also
moumted on a horizontal plate; they must be secured by
welded rings or other restraining devices to prevent any
lateral movement.

Lifting and transportation must be considered when the
stand is being designed. Far example, if transportation in
the upright position is impossible due to the height, bolted
supports must be provided from the outset to allow the
stand to be laid down.

Hydraulic accumulators must be specifically marked and
secured for transportation. Details are given in the chap-
ter “Packing and Transport”.
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Fig. 129: Accumulator stand, single-row version
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Fig. 130: (left)

Fig. 131: {right)

weight version

Accumulator stand, single-row version

Accumulator stand, double-row heavy-
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Noise Reduction

Dr. Joachim Morlok

1 The task

Prabably the most outstanding feature of hydraulic drives
and conirol gear is their extraordinarily high power dens-
ity which is reflected in the physical volume and weight of
the components. However, one of the inevitable side-
effects of high power being packed into a small space is
a high noise level.

Many industrial countries have already introduced legis-
lation to restrict noise pollution. Such laws state that the
mean noise level at a workplace must not exceed 90
dB(A) or, in many cases, even 85 dB(A). These limits
have arisen from the discovery that continuous exposure
to sound ievels over 90 dB(A) can damage a person’s
hearing.

Each country (and indeed perhaps each individual indus-
try} has its own special requirements which must be
carefully checked at the project and design stages.

Nearly all workplaces are exposed to the sound emis-
sions of a number of machines and equipments together
with reflections from walis, floors and ceilings. Con-
sequently, the specification of a maximum sound level of
80 dB(A) from each individual machine is no longer a
rarity. _

Therefore, the manufacturers of machines are coming
under increasing pressure to design their products with
noise in mind at the outset and to optimize their perform-
ance as much as possible.

Misunderstandings constantly arise when the values
obtained by the manufacturer under standard conditions,
i.e. with no environmental effects, cannot be repeated on
the users premises. The obvious cause of this situation
is the nature of the surroundings at the place where the
machine of equipment is finally installed. |t is often
overloaked that some additional provisions will be neces-
sary in such cases in order to satisfy the requirements for
low sound emissions.

From this it can be seen that it is not only necessary to
consider the causes and effects of noise and measures
for its reduction but also appropriate methods of meas-
urement and interpretation of these measurements.

2 First a little physics

Sound is the sensation caused in the human ear by the
vibration of an elastic medium. Depending on the nature
of the medium we speak of either air-bome sound,
structure-borne sound or fluid-borne sound.

Al three are encourtered with hydraulic equipment.
Pumps and motors vibrate and the motion is transmitted
to the mounting points as structure-bome noise. Positive
displacement pumps produce pressure puisations which
can be detected through the whole circuit as fluid-borme
noise and can excite mechanical vibration anywhere in
the circuit. Air-borne noise is produced anywhere where
a component excited by structure-bome noise or fluid-
borne noise transfers its vibration to the adjacent mass of
air.

2.1 Air-borne sound

The number of oscillations per second, i.e. the frequency,
is measured in Hertz. It determines the pitch. The human
ear has a pitch range of 16 to 20,000 Hz, although the
upper limit decreases with advancing age. A healthy
twenty-year-old should be able to hear a 17,000 Hz note
whereas senior citizens often have difficulty at only
10,000 Hz.

In addition to high and low pitch our ears also distinguish
between high volume and low volume, or loud and quiet.
The governing factor of this is the sound pressure. Itis an
alternating pressure superimposed on the static atmos-
pheric pressure. A sound pressure of 1 ubar (mean-
square value) corresponds approximately to the normal
volume of speech, i.e. the millionth part of the pressure of
the atmosphere.

The sensitivity of the ear as a “measuring device” is
astounding. It can detect variations in pressure of an
order of magnitude of only a few 10*° bar. Another
remarkable quality is its wide dynamic range. At a fre-
quency of 1 kHz the limit of audibility is 0.0002 pbar. The
range of audbility extends to about 200 ubar without
overloading the ear in any way (the threshold of pain is at
approximately 300 ubar). Hence, the dynamic range of
the human ear is 1:1 000 000.

223




Noise Reduction

Noise Reduction

Dr. Joachim Morlok

1 The task

Prabably the most outstanding feature of hydraulic drives
and conirol gear is their extraordinarily high power dens-
ity which is reflected in the physical volume and weight of
the components. However, one of the inevitable side-
effects of high power being packed into a small space is
a high noise level.

Many industrial countries have already introduced legis-
lation to restrict noise pollution. Such laws state that the
mean noise level at a workplace must not exceed 90
dB(A) or, in many cases, even 85 dB(A). These limits
have arisen from the discovery that continuous exposure
to sound ievels over 90 dB(A) can damage a person’s
hearing.

Each country (and indeed perhaps each individual indus-
try} has its own special requirements which must be
carefully checked at the project and design stages.

Nearly all workplaces are exposed to the sound emis-
sions of a number of machines and equipments together
with reflections from walis, floors and ceilings. Con-
sequently, the specification of a maximum sound level of
80 dB(A) from each individual machine is no longer a
rarity. _

Therefore, the manufacturers of machines are coming
under increasing pressure to design their products with
noise in mind at the outset and to optimize their perform-
ance as much as possible.

Misunderstandings constantly arise when the values
obtained by the manufacturer under standard conditions,
i.e. with no environmental effects, cannot be repeated on
the users premises. The obvious cause of this situation
is the nature of the surroundings at the place where the
machine of equipment is finally installed. |t is often
overloaked that some additional provisions will be neces-
sary in such cases in order to satisfy the requirements for
low sound emissions.

From this it can be seen that it is not only necessary to
consider the causes and effects of noise and measures
for its reduction but also appropriate methods of meas-
urement and interpretation of these measurements.

2 First a little physics

Sound is the sensation caused in the human ear by the
vibration of an elastic medium. Depending on the nature
of the medium we speak of either air-bome sound,
structure-borne sound or fluid-borne sound.

Al three are encourtered with hydraulic equipment.
Pumps and motors vibrate and the motion is transmitted
to the mounting points as structure-bome noise. Positive
displacement pumps produce pressure puisations which
can be detected through the whole circuit as fluid-borme
noise and can excite mechanical vibration anywhere in
the circuit. Air-borne noise is produced anywhere where
a component excited by structure-bome noise or fluid-
borne noise transfers its vibration to the adjacent mass of
air.

2.1 Air-borne sound

The number of oscillations per second, i.e. the frequency,
is measured in Hertz. It determines the pitch. The human
ear has a pitch range of 16 to 20,000 Hz, although the
upper limit decreases with advancing age. A healthy
twenty-year-old should be able to hear a 17,000 Hz note
whereas senior citizens often have difficulty at only
10,000 Hz.

In addition to high and low pitch our ears also distinguish
between high volume and low volume, or loud and quiet.
The governing factor of this is the sound pressure. Itis an
alternating pressure superimposed on the static atmos-
pheric pressure. A sound pressure of 1 ubar (mean-
square value) corresponds approximately to the normal
volume of speech, i.e. the millionth part of the pressure of
the atmosphere.

The sensitivity of the ear as a “measuring device” is
astounding. It can detect variations in pressure of an
order of magnitude of only a few 10*° bar. Another
remarkable quality is its wide dynamic range. At a fre-
quency of 1 kHz the limit of audibility is 0.0002 pbar. The
range of audbility extends to about 200 ubar without
overloading the ear in any way (the threshold of pain is at
approximately 300 ubar). Hence, the dynamic range of
the human ear is 1:1 000 000.

223




Noise Reduction

in order, on the one hand, to cover this exceptionally large
range and, on the other hand, to achieve a high ‘resolu-
tion”, our hearing employs a logarithmic law in sensing
the energy {(or power) of the sound information. Thus, an
increase in the sound energy (or sound powert) by a factor
of ten corresponds approximately to a doubling of the
volume.

2.2 Sound energy {or power)

From what has been said so far it can be seen that sound
power is the quantity to use for identifying different
amounts of noise. The sound power transmitied to the air
from the sources of sound varies over several orders of
magnitude. For example, speech radiates a power bet-
ween microwatts and milliwatts. It takes a jet aircraft o
get up into the kilowatt range - see Table 37.

This means that the acoustic power P, of machines is
usually very low. The most important relationship is:

Pac Mpmeanz -8

Where S is the area of an imaginary envelope around the
machine and p,_,, the mean-square value of values of
sound pressure measured at various points on the envel-
ope.
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Table 37. Relation belween sound power and sound power
level
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Fig. 133 shows clearly how the value of “sound pressure”
{or sound pressure level) measured with instruments
depends on the particular points at which the measure-
ment is taken. A value of sound pressure or sound

pressure level quoted without its distance from the sour:
ce is worthless.

On the other hand, the sound power of the subject is
independent of the distance from the source. Greater
distance only changes the distribution of the energy. This
is termed a decreasing sound intensity (sound power per
unit area).

Therefore, the sound power of the subject can be posit-
ively identified by establishing a theoretical enveloping
surface around the source and measuring the sound
pressure or sound pressure level at several points on that
surface.

There are two conditions to take into account in choosipg
the form of this theoretical enveloping surface and its
distance from the sound source:

— The minimum distance from the sound source must
be maintained. 1t is usually 1 m.

— Al sound waves emanating from the sound source
must be able to penetrate the enveloping surface
{(perpendicularly if possible). Only then will & be pos-
sible to measure the full fransmitted power.

Sound pcwer

i = Pz Enveloping surface’ S,

I p? ey < p? mear. .

oung pressure P
_S > S . ' : N

“nveloping surface S,

Sound pressure p, .

"Eﬁyél'qug -svrfat:éﬁfﬁ:??%igé;'r;_nié;phé'ré e

Fig. 133: Relation between sound pressure, measuring
surface and sound power

In German standards it is common fo use a theoretical
enveloping surface of rectangular form, especially for
hydraulic power units.

Measuring points are then placed in the plane of this
theoretical measuring surface. In addition to other points,
measuring points should be set at the corners, in the
middle of each side and the top. A hard base is not
assumed - sound waves are reflected from it and emerge
at the sides. The distance from the outer contour of the
machine is usually fixed at 1 m.

Noise Reduction

2.3 Measuring sound power level and
sound pressure level

The absolute value of sound power in Watts is not very
suitable for practical purposes due to the wide range of
numerical values (Table 37). Also, as mentioned earlier,
the sensitivity of the human ear to volume is not linear but
finked logarithmically to the sound power and sound
pressure. It is for these two reasons that a logarithmic
reference system was introduced. The actual value of
sound power F_ is referred to a fixed basic value P,

Using logarlthms for this ratio gives a level de&gnated L
Therefore, the level is the log ratio of two energy values:

Ly = lg {P_/P.__)in Bel (B)

The added note or symbol Bel indicates that common
logarithms have been used, although Bel are not units in
the strict sense of the word.

In order to obtain numerical values that are easier to
handie, the practice is to convert 1o the smaller units
decibels (dB).

Sound power level L, = 101g in dB

acd
Substituting the following
Poo~pi+SandP 7S

ac §

gives the following relationship when solved:

o

Ly=101g= + 101g=- indB
po SU

! I j
!
Sound pressure levet L [ Measuring-surface level L

Thus, the sound power level L, comprises two quantities
- the sound pressure level L, and the measuring-surface
level L.

The sound pressure level L is indicated directly in dB by
measuring instruments. The chosen reference- value or
base value p,is p, . =2+ 10 ubar which is the threshold
of audibility of the human ear. Thus, a measured sound
pressure of p__ =2+ 10 ubar is precise sound pressure

miearn

level of L, =0 dB, the starting point of the scale.

The measuring instruments measure the actual sound
pressure directly and convert it internally, following the
above relationships, to give decibels. The reading of
sound pressure levei is then given in dB.

The measuring-surface level [ is calculated from the
type of enveloping surface chosen (e.g. the surface area
of the theoretical envelope in m? and the reference
surface 5, = 1 m2.

24 Averaging level values

Determining the sound power level requires a number of
measuring points to be fixed on an enveloping surface.
Measurements of sound pressure level are then taken at
those points. Calculation of the sound power level then
requires an average value, the measuring-surface sound
pressure level. If the difference between the maximum
value and the minimum value is less than 3 dB, the
arithmetic average can be faken. Otherwise the aver-
aging will have to be undertaken according to the follow-
ing equation (1 = No. of measuring points):

_ 01-L 01-L 61-L
9 1 P2 o
Lp.-;‘iOlg[}'-(}D +10 .. +10 )]

Theretfore, for the sound power level:

L= Ip +LindB

2.5 Auditory weighting

Ancther problem with the measurement of noise emis-
sions arises from the properly of the human ear to
perceive sounds of different frequency as of different
volume or different degrees of unpleasantness.

We are particularly sensitive fo the 500 to 5000 Hz pitch
range. For example, a 3000 Hz whistle requires only one
hundredth of the sound power of a 20 Hz hum in order for

it to be perceived to be equally loud.

in the measuring instrument this effect is taken into
accourtt by the physically-correct measured value of
sound pressure level being corrected or “weighted” ac-
cording to the frequency by a weighting network with
standard values.

There are a number of different weighting methods or
curves. The most popular is the A-curve. When the
weighting is switched on the measuring instrument dis-
plays a value of sound pressure level in dB{A) weighted
for human_perception.

As the human ear responds very sensitively in the fre-
guency range between 500 and 5000 Hz it is often
important to know where predominant levels occur in the
range because they can then be reduced by specifically
designed silencers.

Electronic filter networks are used for this “freguency
analysis”. Octave filters do not give particularly good
results; one-third octave filters are better; but the best
results are obtained by narrow-band analysis.
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2.6 Standards and
measuring procedures

There is a comprehensive set of standards degling with
the emission of noise from machines and equipment.

The base standard is DIN 45 635, Pan 1 _vyhich is the
outline work dealing with the general conditions for the
measurement of noise emissions.

Individual standards, such as DIN 45 635, Part 26 for
hydraulic pumps and DIN 45 635, Part 41 Afor hydrautic
power units, then provide details of enveloping surfaces,
measuring peints and operating conditions.

The main feature of these measurements is that it is only
the noise emissions of the machine itself that are deter-
mined. All environmenta! influences such as reflection of
noise are eliminated.

Procedure

The hydraulic power unit is mounted in a place }Nhere the
background level is low and the environmental influences
are low or known {method described in DIN 45 635,

Part 1).

The enveloping surface is taken as a theoretical rec’gan»
gular hollow form following the outer contour of the unit at
a distance of 1 m.

The prescribed measuring points are the corners the
mid-points of the sides and of the top of this envelope -
see Fig. 134

At these points the values of A-weighted sound pressure
level are measured in dB(A) under prescribed operating
conditions. The values are then averaged in accordance
with Section 2.4.

Environmental influences are allowed for if necessary by

correcting this value. . _
The sound power level is obtained by employing the
measuring-surface level L calculated from the envelo-
ping surface - see Section 2.3.

Basic arrangement of measuring points -

5 5

. Measuring
© surface

Additional bmims when
- ,-andfor [, is more than 1 m

Fig. 134: Measuring surface {thecretical) and arrangement of measuring points fo DIN 45 635, Part 41
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2.7 Emission and Immission

Emission:  The radiation of sound waves from a source

immission: The effect of a number of sound sources on
a particular point (e.g. the operating position
of a machine).

The theory so far has dealt with the guantites and
methods associated with the measurement of emission.
DIN 45 835 and the sound power level provide a firm base
from which 1o work.

Ascertaining the characteristic values in accordance with
the requirements of the relevant standards is the task of
the manufacturer of the machine. He can influence the
values by appropriate design. Another benefit is that the
data can be compared with other manufacturers’ data
obtained under the same conditions.

The user of the machine faces a completely different
situation.

When considering the anticipated immission at the oper-
ating position of a machine there are several additive
influences to take into account:

a) Emissions from the machine being operated

b} Environmental influences, such as reflection from
floors, walls and ceilings

c) Noise emissions from neighbouring machines

d) Background noise at the place of installation

The manufacturers of machines know practically nothing
about influences by} to d).

Therefore, specifications in contracts for adherence to
poorly defined “noise levels” sometimes lead to misun-
derstanding and subsequent claims.

The most common reason is that the environmental
influences at the final place of installation increase the
values measured by the manufacturer under standard
conditions. Multiple reflection from nearby walls and
ceilings together with reflection from neighbouitng ma-
chines, for example, can result in levels being increased
by up to 5 to 10 dB(A). This is particularly true when the
installation is in a small room, against a wall or close to
other machines.

Environmentat influences can be determined either by
calculation with empirical values (DIN 45 835, Part 1) or
by precise methods of measurement using reference
sound sources for example.

Basically, there should be agreement on the noise level
to be maintained based on DIN 45 635 and manufac-
turers should test their machines under standard con-
difions.

If agreements differ from this basic form the user must
provide very comprehensive and very precise data on the
environmental influences involved.

2.8 Estimating noise levels

A measuring point is often exposed to the simuitaneous
emissions from a number of different sound sources. The
rule for calculating the immission at that point is:

When the sound fields of several sources overiap, the
values of sound power must be added together.

Performing this addition - and various conversions and
rearrangements - gives the following relationship:

L=100g (10° © 41001224 4100 Li)indB (1)

where
Ly = Overall level
Li..L = Level of individual source

It makes no difference whether the sum reguired is a
sound pressure level from individual values Lp or a sound
power level from individual values L .

The case of several sound sources producing the same
sound pressures or sound pressure level L at a measur-
ing point is described by the following simple equation:

L

Py

TOfg(k'TO{”‘LP)wLp+10§gk (2)
k = No. of scurces

An extreme example:

When there are two sound sources, each with a sound
pressure level of L = 0 dB, acting on a measuring point,
according to Equation (2):

L, =0dB+10ig2= 3dB
This is probably the only time that you will ever write 0 +
0=23

Remember that values of sound power are being added
together here. At 0 dB there is still sound power present
but it is so low that it cannot be perceived by the average
human ear.
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Table 38 shows the relationship when the number of
sound sources all producing the same level at the meas-
uring poirtt is increased.

Conversely, it is easy to see how many sources must be
removed in order to obiain a certain level.

L oNosof ocinerease pioSound. e
sources. . inlevel . i power .- Perceived .
koL ALInGB T DHactor o velume L
ST ST R S R
10 A0 0
R g T
R s TS R e R e
1000 R0 100 e

Table 38: Relation befween sound level perceived volume
and number of identical sound sources

For example, 90% of the sources {or machines} must be
removed in order o achieve a reduction of 10 dB in the
level. Equation (2} now shows very ciearly indeed that the
same effect can be achieved by making each sound
source itself 10 dB quieter,

This relationship illustrates how important it is for the
noise emissions fram individual machines o be reduced
by design measures or other means of insulation or
mufiling.

3 Source and effect

Measures for reducing noise are particularly successful
and economic when i is possible to infiuence the sources
of structure-porne noise and fluid-borne noise directly.
For this it is useful to prepare a so-calied “sound flow
plan”. This notes all the possible sources of sound, the
paths of transmission and the likely places of air-borne
sound emission.

3.1 Flow of sound

There are many sources of sound in hydraulic drives; it is
also transmitted in a number of different ways and finally
racdiated from a number of different surfaces.

it is common practice for the individual sub-assembiies,

such as motor and pump and control valves, to be
combined and mounted on the oil tank.
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These hydraulic power units are usually installed separ-
ately from the machine being driven and connection to
the hydraulic cylinders or motors is by rigid pipes and/or
flexible hoses - see Fig. 135,

From a sound flow plan for such & power unit it can be
seen that it is primarily the pump which radiates air-borne
sound. It also excites structure-borme sound and fiuid-
borne sound. The transmission and propagation of struc-
ture-borne sound are made easier by the mechanical link
petween the motor-driven pump and the oil tank. Direct
pipe connections between the pump and the valves
provide another bridge for structure-borme sound.

Due to the principle of operation of the pump, fluid-borne
sound is also continuously excited in the form of periodic
pressure pulsations. The fiuid-bome sound propagates
throughout the whole piping system. Receivers of the
oscillations are the pump itself, the driven machine and all
downstream components including the hydraulic power
unit. Linked structures, such as floors and walls to which
the pipes are clipped, are also affected. Each of these
receivers radiates air-borne sound whose original source
can be traced back to the principie by which the plmp
operaies.

Hydraulic valves also excite air-borne, structure-bome
and fluid-borne sound. The operation of a directional
control valve causes a flow of fluid to be either slowed
down or speaded up. This causes oscillations in pressure
which propagate through the system as fluid-borne
sound.

Directional control valves, pressure vaives and flow
valves can cause high-frequency hissing noises due io
turbulence and cavitation at points of throtiling.

Beginning from this explanation it is now intended to
show. in a general form, how there are a number of
“fransfer elements” in the path between excitation and
radiation to be taken into account with the object of
determining where noise-reducing measures can be
successfully  included.

Fig. 136 shows a schematic illustration of a mounting
panel for a hydraufic power unit.

It is required to mount a valve on a sheet-metal panef the
input of which is exposed to a periodically changing force
F(t). This force can be calculated, for example, from the
fluctuations in pressure of the fluid arising from the pump.
From the variation in operating force with time it is
possible to caiculate the frequency spectrum which we
will now call the “excitation spectrum’™

Noise Reduction
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This means that there are defined and measurabie fre-
quencies for the excitation.

The nature of the stariing point is highly significant for the
frequency spectrum and the magnitude of the air-borme
sound finally radiated.

Depending on its mass, for example, it provides a “resi-
stance” against the excitation. This resistance (also cal-
jed “impedance”) indicates how the machine converts the
excitation force into a vibratory motion. The vibratory
motion becomes particularly farge (i.e. the resistance is
smalll when the resonance frequency of the component
is excited.

The vibration velocity, i.e. the structure-bome sound,
excited at the machine in this way is then transmitted
through the immediate structure and propagates into the
linked surrounding structure. The process of propagation
is influenced by the insulating or damping properties of
the siructure. This means that, at the radiating surfaces,
there will be a velocity v, which differs from v, according
to the frequency.

The radiating surface which is vibrating at velocity v,
produces an alternating pressure in the surrounding air
(i.e. air-bome sound) which is dependent on certain
properties of the surface such as size, shape, material
and thickness. This process is also related to the frequen-
cy. Consequently, there are several frequency-sensitive
guaniities or functions which determine how the excita-
tion is converied into air-borng sound. The functions can
also be regarded as “weighting funclions” for the force
spectrum. They are the final arbiter of what machine
noise is produced.

It must be emphasized that the chain of events described
is not restricted to the excitation of fluid-berme sound. The
same mechanisms also apply to purely mechanical
excitation.

3.2 Opportunities for noise reduction

The relationships that have been described ilustrate very
clearly which quantities or functions must be targeted in
order to reduce noise.

Possible starting points are:

Changing the exciting force F(f) by:
- teducing the amplitude
— expanding the time scale of the exciting forces

— selecting inherently quieter working principles
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Changing the input resistance by means of:

— insulating and damping elements, €.g. extra mass,
rubber insulators

Changing the propagation of structure-borme sound and
fluid-borne sound by:

— avoiding bridging points for structure-borne sound

— providing insulating and/or damping elements

Reducing the sourxd radiation by:
- reducing the radiating surface area

- providing acoustic “short-circuits”

Reducing the propagafion of air-borne sound by:
— enclosure

~  muffiers,

All of these measures are used with hydrauiic systems,
although the most effective and often the most econom-
ical are those which have a direct effect on the scund
source.

The dominant source in a system is usually the pump,
The most effective way of reducing the noise level of an
installation is to concentrate on the mechanisms that are
responsible for the emission of air-borne, structure-borne
and fluid-borne sound from the pumgp.

4 Noise emission from displace-
ment pumps and its reduction

4.1 Characteristic values for
pump noise

Manufacturers provide data sheets which show pump
noise in relation to pressure, speed and delivery. The
curves are plotted in sound-dead rooms in accordance
with DIN 45 635, Part 26. Basically it is only the air-bome
sound radiated directly from the pump that is measured.
it has become apparent that the noise level of the same
pump can vary by up to 5 dB(A} when measured in
different test rooms. The causes are different mounting
arrangements, methods of clamping, types of pressure
tines and suction lines and different load vaives. Manu-
facturing tolerances and setting tolerances also have an
affect on pump noise - variations of +2 dB(A) in a range
of machines can be regarded as normat.

These tolerances, which are large overall, must be taken
into account by a direct comparison of simitar pumps from
different manufacturers.

Noise Reduction

4.2 Effect of the pump in the system

It must not be forgotten that the pump is also transmitting
structure-borne sound and fluid-borme sound into the
system as well as radiating air-borme sound directly. For
this reason the noise level of a system is always higher
than that of the pump aione.

Depending on the design of the system a 5 to 10 dB(A)
higher level must be anticipated. However, generally
speaking, the system will be quieter if the pump alone can
be made quieter. Consequently, the selection of the

pump is the first important step towards establishing the
noise level of a system.

There are three fundamental influences on the noise to
altow for, criginating from the motor-driven pump:

- directly radiated air-bome sound
— structure-bome sound transferred to the system

- fiuid-borne sound transferred fo the system

Which of these influences is the dominant one for the
overall noise level of the system depends on the con-

struction and varies widely. Usually there is an interpiay
of all three.

4.3 Fluid-borne noise and pressure
pulsations

The continuous process of a succession of displacement
actloqs in a pump produces petiodic pressure pulsations
involving two superimposed processes.

4.3 Volumetric flow pulsation due {o the
geometry

The principle by which pumps deliver fluid is identicat in
all positve displacement-type machines. Piston pumps,
vane pumps and gear pumps all possess a specific
number of delivery chambers which, in a cortinuous
cycle, are first opened to be filed {i.e. suction), then
closed to prevent backflow, and finally opened again in
order o expel the contents - see Fig. 137, Obviously,
therefore, it is not a truly continuous process as there are
a number of separate flows superimposed on one an-
other which must be added together. The end result is a
pulsating defivery such as that shown diagrammatically
in Fig. 138.

A pulsating flow causes a similar sequence of pressure
pulsations which are propagated throughout the whole
system as fluid-borme sound. Ali downstream compon-
ents in the system and also the machine being driven are
therefore excited to vibration,

The fundamental frequency of the pressure pulsations f,
i8 calculated from the driving epeed and the number of
displacement elements. The usual practice is to use 11
displacement elements with vane-type pumps {f, =
275 Hz at 1500 rev/min), 12 displacement elements with
external gear pumps (£, = 300 Hz) and 7 or 9 displace-
ment efements with piston pumps (£, = 175 Hz or 225 Hz)

The multiples of f produce harmonics; they deter-
mine the air-borne noise produced by a system,
usually at very high levels,

Delivery area @

Fig. 1371 Process of delivery and pres-
sure generation
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2. IFrequency f = .%E)f’—

Fig. 138:

Defivery and pressure puisations from
positive displacement pumps (diagram-
matic)

Internal ;

- Strew purmp ¢ :

Gf-;dé]iage_fy .'éﬁé'm'bé;s_;gtf :
- displacement glements K.

Fig. 139
A comparison of cyclic irregutarity of
delivery for different types of purmp

These frequencies are exceptionally pronounced when
they match the resonance range of the column of fluid
trapped between the pump and the next throttling point.

The different types must be graded differently in terms of
delivery pulsations and the resulting pressure pulsations.
The characteristic for this is the cyclic irregularity of the
delivery which is defined in Fig. 138. It is directly related
1o the design and construction of the pump and so can be
varied at the design stage.

Fig. 139 shows the cyclic iregularity of different designs
in relation 1o the number of displacement elements (or
delivery chambers). it can be seen that having more
displacement elements than normal produces no sub-
gtantial reduction in the cyclic irregularity.

Low delivery pulsations are an inherent feature of internal
gear pumps which makes them quieter than external
gear pumps. The situation is even more favourable with
screw pumps; there is practically no volumetric flow
pulsation at all related to the geometry.
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4.3.2 Pressure maiching in the delivery chamber -
compression pulsation

The volume of a delivery chamber is constantly increas-
ing during the suction stroke. At the transition stage the
chamber is closed and during the delivery stroke the
volume is decreasing - see Fig. 137.

The deciding factor is the time scale of the matching of the
suction pressure and detivery pressure which takes place
inside the chamber. If the exposure to the delivery
pressure is not gradual, the rise in pressure in the
chamber takes place at very high speed; figures of up to
108 bar/s have been measured.

From the resulting periodic variations in the forces inside
the pump it is 1o be expected that there will be consider-
able consequences for the external noise. The patiern of
force has a shock-like character; the excitation spectrum
of the deforming forces exhibits several components of
very high frequency with a high excitation capability.
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Sén_ce the force loop of the pump is closed through the
cylinder block the latter is excited to flexural vibration at
these frequencies.

It must also be remembered that a reduction in volume
accompanies the compression of the fluid in the delivery
chamber. The “missing volume™ must be offset by back-
flow from the delivery side. if the rise in pressure is very
rapid, brief periods of high-velocity backflow occcur lead-
ing to transient expansion in the pump outlet, i.e. to a drop
in pressure.

Fig. 140 shows how important pressure matching can be
for the noise emission from a pump. Internat forces are
generated, ie. deforming forces, but there are also
external forces which induce the pump body to vibrate as
a compact mass.

This process _exc%%es the pump itself to radiate air-bormne
sound; it excites structure-borne sound in the mounting
bracket and causes periodic pressure fluctuations in the

connected pipework which propagate throughout the
whole system as fiuid-borne sound. Such fluctuations in
pressure are cafled "compression pulsations”. They are
superimposed on the geometry-related volumetric flow
puisations described in Section 4.7.

A gimple practical means of influencing the process that
has been described is “pre-opening”. it means employing
grooves, notches or small holes to provide a link between
the delivery side of the system and the delivery chambar
of the pump before the main opening to the delivery side
takes place - see Figs. 137 and 140. In terms of the
rotating chamber the groove behaves like a gradually
opening throtile so that the compression of the fluid in the
;hamber is determined by the higher pressure fluid which
is admitted according to a specific time function. The
result is a rise in pressure and force inside the chamber
cansiderably slower than for an arrangement with no
ggove - Fig. 140 (B}. The reduction in noise is consider-
able.

Variation in pressure pt) and
piston force Ft
in a delivery chamber

Piston force F

Frequency spectrum Frf)
piston force

Fig. 140: Effect of a pre-opening groove on théintema) .forcé.s.c.)f a p:ston pump -
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All designs are carefully optimized with regard fo rise in
pressure. However, one disadvantage of this fixed pre-
opening is that it can only really be optimized for one
value of operating pressure - see afso Fig. 141

Theretore, a different system is employed with vane-type
pumps. In this case there is an opportunity to initiate the
compression process before the delivery chamber has
been opened up to the delivery side. This means that the
contenis of the chamber are “pre-compressed” by the
displacement elements. The difficulty lies in timing the
opening-up to the delivery side precisely when the pre-
compression has reached the operating pressure. Mis-
sing the ‘change-over point’ resulls in incorrect mat-
ching. With this method the pressure build-up, and hence
the noise, of this type of pump can be optimized for any
required operating point. Another major advantage of the
method is that the optimizing can be performed on site.

Fig. 141 shows how the pre-compression of a vane-type
pump can be adjusted by moving the stroke ring at right
angles to the direction of the stroke motion.

4.4 Etfect of the suction process

It must be pointed out that the process of pressure
matching aiso depends to a large extent on the amount
of filing and amount of air in the delivery chambers. If the
chambers are not completely full, air will be drawn in and
cause compression pulsations of considerable amplitude
and also cavitation knock.

In order for the suction fluid to be free from turbulence and
air bubbles the hydraulic power unit must exhibit features
such as:

- a large tank voiume

- a retum line as far as possible from the suction I?ne
and separator plates in the tank to provide a settling
area

—~ & suction line completely free from leaks

Flow resistance in the suction must be avoided through
the use of shori suction lines of large diameter and the
absence of constrictions and kinks in the pipes. If high
flow resistance in the suction line cannot be avoided it will
be necessary to employ feed pumps or booster pumps.

Slight
precomprassion

More

Precompression Ps = B

{good)

Pg = 0.5 By
{not so good)

Fig. 141:
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Pressure maiching by adjustable pre-comprassion with vane-lype pumps _ A
(diagrammatic - the number of chambers has been reduced from 11 fo & for llustration only)
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The maximum permitted values of pressure at the suction
stated by the manufaciurer must be adhered to. Suction
lines and return lines should not be placed too ciose to the
side of the tank; the clearance should be at least 10 cm.

4.5 Arrangement of pump and motor in
the tank

In order to reduce the amount of air-borne noise radiated
directly it can be useful to mount the pump inside the tank.
There are two alternative methods.

4.5.1 Fluid-immersed arrangement

In this case the whole unit, i.e. the pump and an electric
motor of the oil-immersed type, is placed inside the
closed tank. The motor-pump unit is usually suspended
trom the lid on anti-vibration mountings and is completely
immersed in the fluid - see Fig. 152,

Advantages

— There is no directly-radiated air-borne noise. Al
though the vibration of the pump and motor is trans-
ferred to the surrounding fluid and then propagates as
fluid-borne noise, the sides of the tank provide a
damping effect if the clearance is sufficient.

~ The pump can take suction directly at a pressure of
about 1 bar.

— The problem of passing the suction pipe through the
id is eliminated.

Disadvantages

Access to the pump for maintenance and servicing is
severely restricted. The whole tank lid has to be removed
for servicing.

Prerequisites for full effectiveness

The pump and motor must be suspended from the lid on
anti-vibration mountings - not rigidly - with a minimum
clearance of 0.5 m from the ank sides.

4.5.2 Submersible pump arrangement

This arrangement is often used as an altemative to the
fluid-immersed arrangement. In this case the electric
motor is mounted vertically on the outside of the fluid tank
fid. A hole in the fid allows the pump to be flange-mounted
10 it 80 it can be submerged in the fluid and take suction
directly. There are considerable advantages concerning

the filling of the delivery chambers - see Sections 4.4 and
4.5.1.

Prerequisites for full effectiveness

There must be a clearance of at least 0.5 m from the tank
sides and the mounting flanges must be of the type
providing insulation of structure-borne sound - see Figs.
142 and 146.

These measures are particularly effective when the air-
borne sound radiated by the power unit is the governing
factor for the overall noise level,

The disadvantage, again, is that access to the pump is
restricted which makes maintenance and servicing diffi-
cult.
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4.6 Electric motors

In the submersible pump arrangement the directly-radi-
ated air-borne scund from the electric motor can prop-
agate freely as before. It should be noted that the motors
generate a similarly high noise level to the pumps that
they are driving, although with the advantage of a broad-
band frequency distribution in the spectrum which is “less
noticeable”.

In considering the reduction of noise this means that the
electric motor also has to be included and there are
suitable types available with bearings and fans designed
for optimum noise levels. Partial soundproofing must be
considered if this is insufficient.

5 Noise emission from valves
and its reduction

51 Flow valves and pressure valves

High-frequency noise is generated in valves by non-
steady-state flow at points where throttling occurs. Al-
ternating forces are produced by the detachment of
eddies and by localized Huctuations in velocity and pres-
sure with turbulent flow.

Another cause is cavitation which is produced by a drop
in pressure. Since these pressure fluctuations and drops
ocour in turbulent, high-velocity flow, the effects seem to
initiate each other and influence each other.

In normal commercial valves it is usual to employ flow
resistances which comprise a number of individual varia-
ble restrictors. Thus, the total pressure difference is
reduced at a singie resistance point and most of the
critical velocities then occur at low pressure differences.
Some influence due to the geometrical shape of the
resistance point has been ascertained.

If noise is to be reduced the critical flow velocily or
pressure difference must not be exceeded. This require-
ment can be satisfied by connecting severai throttles
together in either paraliel or series.

With parallel-connected resistances the total fiow cross
section is divided into a number of smaller areas - see Fig.
143. This aliows the total area, and therefore the flow
velocity, to remain approximately the same. However,
the oritical Reynolds number, i.e. the change-over 1o
turbulent, cavitation flow, is only aftained at much greater
pressure differences when there is a group of resistan-
ces. This also causes non-steady-state flow at greater
pressure differences or volumetric flows. Fig. 743 shows
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how the pressure difference critical to sound is shifted
when the number of resistances in a throttling cylinder is
increased while retaining the same cross area

An effective reduction in noise can also be achieved by
reducing the total pressure difference in stages by a
number of resistances connected in series. A combina-
tion of resistances comprising 3 pressure stages (the
pressure compensator of a flow control valve) has been
tested - see Fig. 144. The lower the inlet pressure and the
pressure difference (flow velocity) at the final stage, the
quieter this combination becomes. Fig. 144 shows a
diagram of the pressure compensator of a flow control
vaive of this type, its circuitry and the reduction in noise
achieved.

Such designs are somewhat cumbersome, complicated
to manufacture and therefore expensive so their use has
so far been restricted to special applications only.

5.2 Directional control valves
(reversing}

When valves perform control actions, the flow of fiuid is
suddenly accelerated or decelerated, producing fiuctua-
tions in pressure which eventually propagate through the
systemn as fluid-borne noise. The valve bodies are also
excited to vibration when their moving parts are acceler-
ated or deceleraied.

The behaviour of a hydrautic system is fundamentally
different when a pulse-like noise is superimposed on the
steady-state noise. The former can, in fact, determine the
overall noise of a system if operation of the vaives is
frequent.

Operating shocks can be avoided by extending the
actuating times of the valves. This also makes a substan-
tiat reduction in the speed of pressure rise or fali in valve
chambers, pipes or hydraulic cyfinders. It means that the
shock loads or sudden unloading are changed to relative-
Iy slow processes.

Noise Reduction

70 -

‘Sound power level L, in dB(A)

n
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see OiNQle-stage pressure compensator
{standard valve}

" 4-stage pressure compensator

Fig. 144: Reducing valve noise by connecting resistances in series faccording to O. Eich)
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There are several alternative designs that can be em-
ployed:

- spool valves instead of seated valves

— adjustable throttles to control the operating times of
pilot-operated  vaives

— valves with integral throtties for damping the spool
movement

— sgpecial control sclencids.

The use of proportional valves offers a particularly eleg-
ant means of regulating actuating time. In this case, for
exampie, the directiocnal control valves are simultaneous-
ly both directional valves and throttles with a linear or
progressive restriction characteristics. Directional con-
trol valves, pressure valves and flow valves with propor-
tional solenoids can be adjusted steplessly when driven
by low-power elecirical signals. The electrical control
gnables allemative actuating sequences with appropri-
ate timing to be selected. So-called ramp functions can
be set on the control amplifiers to produce exceptionally
“soft” acceleration and deceleration and changes in
pressure or speed. Ancther advantage is that the se-
quences can be optimized "on site” by simple adjust-
ments to the control amplifiers.

All the measures mentioned extend the cycle times of the
processes and a compromise between a fast cycle and
low noise emissions must always be sought after.

6 Reducing system noise

6.1 Reducing the transmission of struc-
ture-borne noise

With drives and control gear it is common practice to
combine the various devices into sub-assemblies and to
mount them on the oil tank. Pipes and hoses link the
components together and to the machine being driven.
The motor-pump set comprises an electric motor, pump
and mounting bracket which is bolted 1o the lid of the tank.
The vibration from the unit is fransmitted to the large area
of the fid and tank sides as structure-borne sound.

Rigid pipes connecting the motor-driven pump to the
valves provide another bridge for structure-borne sound.
From an acoustic point of view, the mounting of the valves
on a sheet-metal panel is particuiarly unsuitable. In order
to reduce noise, breaks must be introduced into the
following sound bridges:

— pump---mounting bracket—electric motor
— power unit-tank

-3 powsr unit—valve unit
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6.1.1 Structure-borne sound bridges
pump - electric motor - mounting bracket
and power unit - fank

Fig. 145 shows several methods by which the electric
motor is coupled to the pump.

in figure 145A the torque loop between pump and motor
is completed through the common base-frame. The vi-
brations from pump and motor are transmitted through
the frame and #s rigid coupling fo the fluid tank as
struciure-bome sound. Due 1o the large radiating area
and the strong excitation, the tank becomes the main
source of noise.

Figure 1458 shows a method of decoupling. Mounting
the frame on rubber blocks considerably reduces the
excitation of the tank by structure-bome sound. It is
particularly important for the flexible supports to have
three degrees of freedom. For example, if the frame is
hotted to the tank lid right through the rubber blocks most
of the desired decoupling effect will be lost. It must also
be ensured that the fank is not exposed to structure-
borne sound from any other routes - see Section 6.1.2.

Figure 145C shows an arrangement with a modified force
logp. The pump is coupled to the electric motor through
a rigid intermediate flange. The motor is secured to the
frame by a mounting bracket. In this case the torque loop
between pump and motor only passes through a smalt
and rigid area. The frame itself fies outside the torque
loop and can now only transmit vibrations originating
from the whole of the power unit.

A basic design rule for reducing noise is:
Do not allow forces to “go walkabout”.
The arrangement shown in figure 145C is better than that

in case A Nevertheless, decoupling the structure-bome
sound between base-frame and tank is sensible.

Noise Reduction

B: Coupling through base frame - elastic

C: Coupling through intermediate ﬂange— rigid, I
slastic frame

D: Coupiing through intermediate flange - slastic, -
rigid frame

Fig. 145: Decoupling structure-borne sound between pump - electric motor - mouniing bracket - tank
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The so-catled damping flange offers another aliernative,
in this case the rigid intermediate flange is replaced by a
flexible one - see Figs. 145D and 146. This is & particu-
larly good method if it is impossible (for example) to use
the decoupling between the pump and motor mourting
and the tank shown previously.

The isclating fange and shaft coupling must be kinema-
tically matched. If the suspension is oo “soft” the weight
of the pump causes displacement relative to the coupling
axis and hence causes stress and excites noise. A
coupling with an flexible intermediate component repre-
sents another method of decoupling.

Fig. 146 shows how, with such measures, even a “sub-
mersibie pump arrangement” with mounted through one
side of the tank can be employed.

Good arrangements for the power unit are when the
poinis of support can be positioned at those points of the
tank which are stiff and have mass - see Fig. 147.

Normally, however, it is necessary to position the sup-
ports for the unit where there is sufficient space. If, then,
the effect of the struciure-borne sound bridges is domin-
ant on the overall noise, additional masses can be
attached fo the points of support in order to reduce the
transmission of structure-borne sound.

Of course, all the measures described above will be
sericusly spoiled if there are any other sound bridges
between pump and tank, such as through pressure lines,
suction lines, leakage fluid lines and return lines.

Apertures through the tank lid for suction lines, leakage
fluid lines and return lines must always be generously
sized, Gakters providing the seal must be very soft and it
must be ensured that the pipes cannot transfer their
vibrations to the tank lid. Adequate clearance between
the apertures and the sides of the tank must be allowed;
it should be at least 10 cm - see Figs. 142 and 148.
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- rigid

Fig. 148: Flexible bulkhead adaptor in tank lid
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6.1.2 Structure-borne sound bridges
Power unit - valve unit

The connections between pumps, valves and actuators
are sound bridges that need special attention. Connec-
tions fo mounting panels (with the valves attached to a
sheet-metal plate) are particularly prone to the direct
fransmission of structure-bome sound. Direct mechan-
ical coupling also introduces a bracing effect which ob-
structs the freedom of movement for the power unpit
specified in Section 6.1.1. Hoses are the answer, espe-
cially for the low and medium pressure ranges. They must
be filted so that the flexible support for the power unit has
freedom of movemnent in all axes, The fluid velocity in the
hose fittings must also be restricted to 4 m/s.

High-pressure hoses are really very stiff due to the strong
reinforcement and the internal pressure. This means that
the sound damping effect is less for high pressures. Tests
must therefore be made with different runs to fing the best
way of obtaining the necessary freedom of movement
between power unit and valve unit.

With rigid and inflexible pipes and hoses it may be
Necessary {0 resort o extra mass in order to isolate
structure-borne sound. Such masses are heavy weights
whose inerfia reduces the transmission of vibration at
bridging points.

In individual cases it can be sensible and useful to
connect the pipe or hose from the pump to a heavy block.
This block is simply a through-point for the fluid and its
only function is to provide inertia. The same function is
performed ideally by those types of equipment with
subplates and verticaily stacked valves.

6.2 Emission from pipes and hoses,
avoiding line resonance

H pipes are found to be emitting clearly perceived and
measurable sound it will be necessary 1o investigate the
following mechanisms of excitation:

A Cavitation noise, turbulence due to high flow velocity

B Structure-borne sound transmission, éépecially
through pipes

C Pressure pulsations of high frequency and amplitude,
espectally with line resonance.

Countermeasures for A

Fow velocity in pressure lines no more than 4 nvs, in
return lines no more than 2 mfs

No sharp bends or changes in cross section

Bend radii as large as possible

Countermeasures for B
— Pipes replaced by hoses
— Extra masses fitted - see Section 6.1.2

- Modified pipe runs

Countermeasures for C
— Change length of line, change material {pipe to hose)
—~ Fit fluid silencer.

Resonance with pressure pulsations can be avoided by
choosing the length of pressure line carefully. The pulsa-
tions effect the power unit in the same way as an external
pulsating force which excites the whole power unit to
vibrate {when the electric motor and pump are rigidly
coupled).

The calculations for this method are very complex so trial
and error is the only reai course of action for the practical
person. Experiments with different line lengths are ne-
cessary if vibration in the pipes can be felt or they are
clearly emitting air-borne noise with tonal components in
the frequency.

Note

Look out for Ene resonance when pipes are replaced by
hoses in order to decouple struciure-borne noise. The
lower stiffness of the hoses shifts the resonance frequen-
cies downwards. Experimenis with hoses of different
lengths are weli worthwhile in these circumstances.

Resonance of the column of fluid between pump and next
throttling point {e.g. a vaive) occurs when:

1
Line = }TK’
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|

Wavelength A = ¢/f

where
Speed of sound ¢ = 1300 m/s for steel tube and ¢=400 to 700 m/
s for hoses {depending on the stiffness)

The fundamental frequency of excitation £, depending on

the drive speed n and number of displacement elements
kK in the pump is:

%:: -%:65 inHz
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6.3 Reducing the propagation of fluid-
borne noise by silencers

As already emphasized several times before, there are
three principal mechanisms governing the amount of
noise produced by a hydrostatic drive:

— the air-bormme noise emitted directly from the pump,
glectric motor and pipework

- the structure-borne noise generated by the pump and
electric motor and fransmitted through bridging points

— the pressure pulsations, ie. fluid-borne noise, im-
posed at a specific frequency on the system by the
pump.

Which of these three mechanisms governs the noise
depends on the construction, the power and rmany other
parameters of the hydraulic system.

The pressure pulsations provide a back-effect on the
motor-driver: pump acting as an external force and caus-
ing vibration which, as structure-borme noise, is impres-
sed on to the systemn. The pressure puisations reach all
parts of the system and can excite structure-borne noise
and air-borne noise everywhere.

Hence, providing a break in sound bridges is an effective
means of reducing noise from hydraulic power units.
Sometimes, of course, reducing the fluid-borne noise is
just as important.

The opportunities for influencing the delivery pulsations
or pressure pulsations by design, construction and type
of displacement pump have already been dealt with in
Section 4.3.

Most commion types of pump always produce a pulsating
flow and therefore a pulsating pressure. Fluid silencers
can be empioyed in order 1o reduce, or at least obstruct,
the propagation of this fluid-borne noise. Such devices
must satisfy the following reguirements:

- reduction of pressure pulsations across as wide a
frequency band as possibie with low pressure losses

— simple construction, no maintenance, no air bubbles,
no contamination of the operating fluid.

A variety of terms and quantities are used to assess the
effectiveness of silencers.

The insertion damping value is the reduction in sound
pressure level ascertained by comparison measure-
ments with and without silencers in the system. This
vatze can only be determined experimentally.
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The throughput damping value is the ratio of input sound
energy to output sound energy. Level notation is used
here similarly to air-borme sound.

2

AP
D,= 10 Ig ———"—in dB
Apamean
e = Input
a = Quipui

The value is frequency-sensitive, characteristic fo the
sfiencer, independent of the overall system and de-
scribes the frequencies at which the silencer reduces
pressure pulsations. However, the actual reduction in the
air-bormne sound level of a system that can be attained
cannot be calculated.

6.3.1 Absorption silencers

Absorption means destroying the sound energy by con-
verting it intc heat. It can be done by friction in the transier
medium in or at an absorbent layer (e.g. layers of mineral
fibre in air-borne noise silencers) and/or by compression
and expansion of a volume of gas.

6.3.2 Reflection silencers

Since adequate absorption silencing is difficult to achieve
int fluids, more use is made of reflection silencers which
employ an interference effect. Hybrid types are used less
often, i.e. reflection silencers with additional absorption
capacity.

With interference or reflection silencers the unwanted
primary sound wave is eliminated by superimposing on it
a second wave of the same amplitude and frequency.
This second wave is obtained by reflection of the primary
wave at resistances (e.g. sudden change in cross sec-
tion, branch point, efc.) and is dispiaced in phase by 1807
Typical examples of reflection silencers, hybrid types and
their characteristics are shown in Fig. 149.

Pure reflection silencers have the advantage over ab-
sorption silencers or hybrid types in that they contain no
material to become dirty and/or deteriorate in the course
of time.

The sizing depends on various parameters such as
mounting position (length of upstream and downstream
fines}, the type of connection of the downstream throttling
ooint, and many others, The nahmal frequencies of the
silencer with an upstream coiumn of fluid must be noted.
As a first approximation the volume of the silencer should
pe more than 1500 cm®. This ensures that the natural
frequency of the silencer is sufficiently far from the normal
fundamental frequency of the pump pulsations.

Noise Reduction
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The following is a typical calculation for a volume reson-
ator.

Assumptions

A frequency analysis of the air-borne noise from a hy-
dradlic system has been performed, with A-weighting of
the level. 1t is revealed that the air-borne noise is gov-
ernad by the first, second and third harmonics of the
pump pressure pulsations (structure-bome noise de-
coupling measures have already been instituted).

Exciting frequencies:
%: s il’! Hz
Piston pump with @ pistons {K) running at 1450 rev/min {n)

Wavelength & = cof
where c = 1300 m/s (steel tube)

: _;'-7213 z_-_'5

e

fo=SeniosHz [ t2m
gowSsfosEsH 1w

Table 39 |
The silencer must be designed so that {, to £, are frapped.

The throughput damping value for the simple volume
resonator (expansion chamber) is:

D= 101g [1+—(q———) sm2(2 %] inde

2 _ Silencer cross area Q
A, Pipe cross area d2

where g=

!/ = Length of silencer

Optimum effect for sin(2in =1 le. whenfx-—?\v,%

1o 3
2%

In the practical example the first harmonic of the pump
puisations £, =425 Hzand /, = 3 m must be safely trapped.
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Optimum effact of silencer at:

1.
s T “&“h1 = 0.75m

The form of the effect is shown diagrammatically in
Fig. 150. |t can be seen how certain harmonics of the
pulsations are not trapped or only slightly damped.

I order fo trap other frequencies the pure volume rason-
ator must be supplemented by & whistle resonator - see

Fig. 1508. Alternatively severa! volume rescnators must
be connected in series (Fig. 1498).

Whistle resonator

Dd=1ozg[1+-}(q~1) can? 2. )]

Optimum effect at tan (%3« I RE

i =X
e at = 7
Forf,=840Hzand 4,=15m

hapicto ™ ——}\. =0.375 = = l%m

Fig. 1508 shows a diagram of the damping value for the
combined volume resonator and whistle resonator. The
absolute value of damping can still be determined by the
ratio g of pipe cross area fo silencer cross area.

The target is a throughput loss of D, = 20

Assumptions

q = where Ds;t:ﬁ e ™5 Doipetinsice ciameter)

giving D, ~22.

This provides a purely theoretical reduction of the ampli-
tude of the pressure pulsations of frequency £, to 1/12 of
the input value.

Such silencers are easy to make out of hydraulic cylinder
components. Basically, they should have a whistle reso-
nator as shown in Fig. 1508.

Due to practical considerations, i.e. the strength of the
silencer pipe and the introduction of extra volume into the
circuit, g = 25 should not be exceeded.

Noise Reduction

The equation for calculating the
throughput loss D, also shows that
slight variations in the length of the
silencer and #ts diameter do not seri-
ously affect the results. This means
that the calculated values of length
and diameter do not have o be ad-
hered to with any degree of accuracy.

Neveriheless, it is important for the
air content of the fluid to be low and
for no air bubbles to form in the silen-
cer. It is also important for the siten-
cer 1o be placed directly at the outiet
from the pump.

Fig. 157 shows, with precise meas-
urements, the values obtained from
reflaction silencers. A hybrid type
which uses a gas cushion to achieve
some absorption is also shown.

The interference line is an interesting
solution o the problem which can be
fitted quickly in some cases. It is a
Kind of by-pass in the piping system
enabling one single frequency of the
excitalion spectrum to be eliminated
- see Fig. 148E.

The only cendition is that the differ-
ence in distance between by-pass

and through-pipe must be /2.

A similar simple solution of equal
effect uses the whistle resonator -
see Fig. 149D. A pipe of the same
diameter is fitted as a “dead” branch
line. s length should be A/4 of the
wave to be silenced. Venting is also
important in this case.

6.3.3 Hybrid types

A number of modified bladdertype
accumulators are offered under such
names as “Pulse Tone Silencer”,
“Hydraulic Silencer”, “Shock Absor-
ber” and “Suction Stabilizer”. The
latter should be regarded as branch
line resonators with a characteristic
silencing effect - see Fig. 149.

The elasticity of the volume of gas
also provides an absorption effect.
Similarly, the efasticity of the gas
cushion provides additional extra
volume.

 Tgpitess b,
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Fig. 150: Throughput damping vaiue versus frequency for resonators (diagrammatic
itustration of the calculation example}
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Summary

Flid silencers are a well-tried means of reducing pres-
sure pulsations and the associated noise-inducing for-
ces. They should be fitted when the measures for struc-
ture-porne  sound decoupling produce an insufficient
effect or no effect at all. They should also be used in large,
extensive or subdivided systems.

Apart from noise reduction they also improve the service
life and safety of the system through the reduced me-
chanical siresses.

Fig. 151: Amplitude response of fluid sitencers (W. Herzog)
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p, =40 bar

8, . = 50°C
d" =17 Umin
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6.4 Reducing noise radiation

So far this chapter has dealt with the causes of noise
emission and how, through suitable measures, its prop-
agation through the system can be prevented or reduced.
The sequence in which the various aspects have been
considered - pumps, structure-horne noise, fluid-borne
noise - is also indicative of the importance of the various
countermeasures.

Action to reduce noise radiation is always useful i # has
been impossible to decouple most of the structure-borne
noise and/or to make a major reduction in pressure
pulsations.

Noise radiation is particularly prevalent where there are
large surfaces which can be affected by even small
exciting forces.

In the case of hydraulic systems such places are often the
large-area tanks and the component “mounting panels”.
These "passive” radiators of noise have to be dealt with.
As a first approximation air-borne noise radiation is
proportional to the size of the excited surface and in-
versely proportional to the mass of the radiating object.

Therefore, the objective must be to reduce the radiating
surface area and increase its mass at the same time. With
lanks this can only be done by using thicker plate,
possibly corrugated.

There are more opportunities for sticcess with mounting
panels for valves:

— The use of perforated plate

This type of plaie produces a kind of “short-circuit”
between the front and back which, up to high frequencies,
aliows the equalization of localized fluctuations in air
pressure. This greatly reduces the radiation of air-borme
rnoise.

- The use of framed constructions

with small individual sheet-metal panels for mounting
control components. The frame itseif should be of heavy
construction.

- The use of modular construction

This refers 1o “manifold biocks” and “"stacked” arrange-
ments of equipment. Both are the ideal answer to the
demand for reduced area and greater mass

Fig. 152 shows the reduction in sound level obtained by
the measures described in a small hydraulic power unit of
3 kW capacity. The original proposed design was of the
mounting panel type.

Replacing the mounting pane! with a block produced a
level reduction of about 6 dB(A). The use of an internal
gear pump provided a substantial reduction in pressure
pulsation amplitude, reducing the exciting forces. A fur-
ther reduction in level was achieved by using anti-vibra-
tion suspension of the motor-driven pump in the tank
fluid. The total reduction of nearly 22 dB(A} is dependent
on the basic assumptions for this experimental case but,
nevertheless, shows just what can be achieved in the way
of noise reduction with hydraulic systems.

Fig. 152: Noise-reducing countermsasures for a 3 kW hydraulic power unit
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6.5 Encapsulation

Encapsulation is the next step if the countermeasures
against noise radiation have not achieved the required
lower values.

It is very effective but also complicated and expensive.
Another disadvantage is that accessibility and maintain-
ability of the equipment are compromised and, in some
cases, it might be necessary to adopt additional meas-
ures for the removal of heat, such as the fiting of addi-
fional air/fluid or waterfluid heat exchangers. An enclo-
sure will only reduce the air-borne noise radiated from the
piece of equipment inside. Fiuid-borne noise is naturally
unaffected; appropriate measures are described in Sec-
tion 6.3.

The first step, therefore, is to find out where most of the
radiated air-bome noise is coming from. Quite often it is
enough 1o provide partial enclosure, e.g. of the power
unit. This course of action is made much easier if the
motor-pump unit is mounted separately from the tank - as
is usually the case in the larger installations (see
Fig. 154).

All acoustic hoods are the same in principle. There is a
supporting structure made of sectional material with
removable panels aftached fo it. The panels comprise a
supporiing outer skin, an absorbent material such as
mineral woo! and an inner lining whose only function is
protection and support - see Fig. 153.

Without absorption the enclosure only has an insulating
gffect which is often insufficient since the level inside the
enclosure rises. The absorbent material uses conversion
into heat to produce a real reduction in sound energy
inside the enclosed space.

Since not only electric motors and pumps generate noise,
but also valves and pipework, i can sometimes be
necessary to enclose the whole hydraulic power unit - see
Fig. 155. In this case the most convenient arrangement
is a cubicle with the tank at the top. The acoustic panels
can then be in the form of doors if necessary. It is
essential, however, for the transmission of structure-
borne noise from the powsr unit to the cubicle to be
prevented. Cooling of the enclosed unit is provided by
fresh air supplied by a fan through air baffles with similar
baffles for the exhaust air. Whether or not the valve stand
requires enclosure must be decided from case to case.
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6.6 Screening

A full enclosure for a sound source prevenis all or very
fitthe air-borne noise reaching the outside.

Screening, on the other hand, ensures that air-borne
sound from a source can only reach a certain point by an
indirect route. The screening takes the form of insulating
and possibly absorbent movable panels and curtains.
The lafter especially are an ofter-used method of “on-
site” improvements. They are usually heavy rubber of
plastic mats containing lead; they are flexible and, when
suspended from rails like normal curtains, can be pushed
aside. Good designs can achieve level reductions of up
to 10 dB{A).

Since there is practically no absorption and air gaps
usually cannot be avoided, the reductions are never the
same as those achievable by full enclosure. An advant-
age, however, is that maintainability and accessibility can
be made much better.

Fig. 153: Section through an acoustic pane!

Noise Reduction
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Fig. 154: Diagram of an acoustic hood for a motor-driven pump

Fig. 155: Cubicle-type hydraulic power unit
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7 Summary

Hydraulic drives and control systems are characterized
by a high power density with very smal physical dimen-
sions of the componenis. High power in a smali space
usually generates high noise levels.

A systematic analysis allows countermeasures to be
adopted for hydraulic drives which make a substantial
reduction in noise emissions.

The main problem is that there are three mechanisms of
air-borme noise transmission:

- noise radiated directly from components {e.g. pumps
and valves)

— structure-borne noise transmitted through coupling
points between components

— propagation of fluid-borme noise throughout the piping
system.

The three mechanisms are interdependent t© a certain
extent and it can seldom be forecast which of them will be
the governing factor for the total air-borne noise radiation
from the equipment.

Usually the dominart itern in the generation of air-borne,
structure-borne and fluid-borne noise is the pumg. It must
be remembered that the type, design and mode of
operation of hydraulic pumps make a very great differ-
ence in the amount of noise emitted directly. Pumps
cause vibration (structure-borne noise) and pressure
Huctuations in the fluid (fluid-borne noise} and so excite
vibration in other items of eguipment in the system.

Often the use of a pump design optimized for low noise
or a different type of pump can vary the excitation
spectrum and cut the system noise level. The best pumps
in this respect are those with a low cyclic iregularity of
delivery and low siructure-borme sound amplitudes.

The construction of the pump and maotor unit must incorp-
orate decoupling to eliminate any bridges for structure-
borne noise. There are numerous methods such as
damping flanges, anti-vibration mountings, elc.

The pressure line requires special attention with refer-
ence to routing, resonance, flow velocity and the propa-
gation of structure-borne noise. Fluid silencers can be
used effectively for reducing pressure fluctuations in the
fluid flow. '

Minimum noise radiation is an aspect to consider in the
design of hydraulic power units. Maniold blocks and
vertical stacking satisfy the requirements for a small
radiating surface area and high mass.
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Air-borme noise, once radiated, can be prevented from
spreading by full enclosure or screening.

Close attention at the planning and design stage to all the
measures described for reducing structure-borne, fluid-
borne and air-borne noise will result in instalations with
noise levels fully compatible with the current legislation.
Remember, of course, that the extra planning, design,
equipment, installation and testing costs money.

Noise Reduction

8 Symbols and subscripts

Symbols Subscripts

Dimensionless symbols
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The Sizing of Pipework in Hydraulic Systems

The Sizing of Pipework in
Hydraulic Systems

Dr.-Ing. Norbert Achten

1 Introduction

The obvious task of the pipework in hydraulic systems is
1o carry the hydraulic fluid to and from the various
components. In the process, it is subjectec to mechan-
ical, thermal and corrosive stresses either individually or
all at once. It is these stresses that are the governing
factor for the sizing of the pipework.

Mechanical stresses are mostly as a result of the pres-
sure varying with respect to time. The task of the desig-
ner is to produce an econcmical, safe and reliable design
appropriate for these circumstances. The procedure for
attaining this target is shown diagrammatically in Fig.
156. There are company specifications and standarcs to
be followed as weli as all the general rules and recom-
mendations that are applicable.

The procedure for the design and sizing of pipework is
pased on the orginal circuit diagram and the principal
data such as the medium to be used, the flow per unit
time, the pressure and the temperature. As can be seen
from Table 40 there are also a number of other factors of
influence affecting the principal parameters which must
also be included in the calculations, i.6.

— pipe inside diameter
— wall thickness and

-~ material.

Circuit diagram

L

Specification

T‘__..__....WM

\J T
Pipe inside diameter |
{nominal bore) |
j I
I
Y .
Selection of material
Larger
bore if
‘ pressure
' drop
Rated pressures excessive

Y

A

Calculation of wall thickness

Y

Installation plan

Calculation of pressure drop

I
I
|
I
I
I
I
|
|
|
L

hydraulic system pipework

Fig. 156 Sequence diagram for the design and sizing of
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Table 40: Factors of influerice for z‘heT sizing of pipework

2 Determining the
inside diameter or bore

Together with the flow and physical properties of the
hydraulic fluid, the inside diameter or bore of the pipes
atso affects the flow resistance. In order to determine the
required pump power it is necessary to calculate the total
flow losses in the system. If the calculated pressure
losses are oo high compared with the projected values,
the pipework will have to be re-sized choosing a larger
bore.

The flow V given in the principal data is used for deter-
mining the pipe bore d. According to Equation (1) it is:

Substituting the flow in L/min and the average velocity w
in mvYs in Equation (1) gives the pipe bore in mm thus:

d=ap07 [ L, )
w

The average velocity in Eguations (1) and (2) must be
determined according to economic and technical factors.
The economic aspect includes capital costs and oper-
ating costs. On the technical side there are also limits
related to the flow, which, if exceeded, lead to noise
emission, excessive vibration of the pipework and ero-
sion at points of change in direction. Stariing points for the
selection of an average velocity [1] can be taken from
Table 41 which shows recommended figures from both
German and American sources.
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Determining the bore of the pipe alsc fixes the nominal
size (abbreviation DN) of the pipe to DIN 2402 [2] (ses
Table 42). This has the advantage that all other pipe com-
ponents used will be of the appropriate size for connec-
tion.

3 Selecting the material

The choice of material for the pipework depends mainly
on the strength needed, aithough there are other signific-
ant factors such as the method of manufacture - seam-
less or welded, any subsequent fabrication needed and
the suitability of pipe connectors. In view of possible inter-
nal or external corrosion the resistance of the material fo
such aftack must also be examined.

in the field of hydraulics, the most widely used material up
to DN 32 is precision steel tube to DIN 2381-C [3] made
of 5t 35 supplied normalized {DIN 2391, Pan 2). its
popularity is due 1o its excellent suitability for fabrication
(welding, bending and flaring), high resistance to repea-
ted stress and excellent matching of its outside diameter
to pipe connectors. For the extra strength required for
high-pressure applications St 52 can be used instead of
St 35. Seamless steel tube to DIN 2448 [4] and 2445 [5]
in St 37.4 or St 52.4 to DIN 1630 {6} is used for sizes over
DN 40.

The Sizing of Pipework in Hydraulic Systems

Table 41: F%’ecomended values of flow.ve;’ocfry in hydraufic system p:bewbrk

Table 42: Nominal sizes (DN} of pipework to DIN 2402 (exiract)

Table 43. Preferred pips materials in German and foreign standards

Due to the high pressures involved, the only types of
welded tube used should be those complying with special
quality standards (Group 2) and having a ratio of weld
strength to parent metal strength of unity. Welded tube
cannot be used with cutting ring fittings or flared joints.
Table 43 shows a comparison of the preferred pipe
materials for hydraulic systems according to Gerrmnan and
foreign standards. It also lists stainless steels for preci-
sion tube to DIN 2463 [7]. The foreign materialg listed in
the table are equivalent to the German ones and must be
used accordingly.

Itis usually necessary for tube exposed to high pressures
to be certified in accordance with DIN 50049-3.1B [8]. So-
called “commercial gquality” tube should not be used
because its pressure range is limited and larger safety
factors would have to be alfowed.

4 Nominal pressures

The nominal pressure of pipe and pipe components is the
name given to the pressure grading of components of
identical consiruction and identical connection dimen-
sions. The standard pressure grades are listed in DIN
2401, Part 1 [9] (Table 44). A plain figure is stated for
nominal pressure (abbreviation PN); there are no units
such as “bar”. The numerical value of nominal pressure
is the maximum pressure of use at a reference temper-
ature of 20°C.

Table 44: Pressure grading (PN) of pipe 1o DIN 2401, Part 1
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5 Calculating the wall thickness

Calculation of the required wall thickness of a pipe can
generally be performed for a specific load to DIN 2413
[10] or, as part of a pressure vessel subject to certifica-
fion, according to AD-Merkblatt B1 {11]. These calcula-
fion references are applicable to piping systems which
are either operated in Germany or are recognized by the
competent certification authority when instatled in other
countries. The overview (Table 45) lists the calculation
formulae for determining the theoretical wall thickness
according 1o these requlations. The safety factors S in
Formulae (3} to (6) and the weld efficiencies v can be
taken from Tables 46 and 47. Table 46 also lists the
strength coefficients K to be used in the individual formu-
fae.

The formulae to DIN 2413 are based on the requirement
that the operating pressure must cause no plastic flow of
the material at the most highly stressed inner fibre of the
pipea.

There are three load cases to take into account:

— Lase |

Primarily steady-state stress up to a maximum fempe-
rature of 120°C

— Case li

Primarily steady-state stress over 120°C (alsc applic-
able to temperatures below 120°C under certain cir-
cumsiances)

-~ Case Il
Repeated stress.

Cases | and I} are based on primarily steady-state stress
whereby certain maximum numbers of stress cycles
must not be exceeded. “Stress cycles” means alternating
pressures of targe amplitude such as when starting up
and shutting down a hydraulic systermn. Tables 48 and 49
list the maximum numbers of stress cycles in relation to
the tensile strength A and the permitted stress K8 for
two different types of steel tube. When numbers of stress
cycles above the specified limis are anticipated, the
theoretical wall thickness for predominantly steady-state
stress is calcuialed first,

Reference.
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Table 45: Basis of calculation to DIN 2413 and AD-Merkblatt B1
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The calcuiation for Case [H must also be performed,
whereby only stress cycles of the same pressure fluctua-
tion amplitude between maximum pressure g'and mini-
mum pressure p are taken into account. The larger wall
thickness of the two calculations is then used. In the case
of pipes which are exposed to a changing pressure
fluctuation amplitude at irregular intervals, calculation of
the wall thickness by means of the given formulae is
impossible. Special studies are necessary in such cases
concerning primarily the checking of damage anticipated
during normal operation.

Table 47: Weld efficiency of longitudinally-welded tube to DIN 2413

Unlike steady-state stress, dynamic stress also requires
the appropriate strength coefficients to be brought in. The
simplest way of doing this for a repeated internal pressure
stress is with a stress-number diagram (SN diagram).
Diagram 55 shows how the calculation of the pipe wall
thickness under dynamic stress can be performed for
either the fatigue limit range or fatigue strength range. It
should be noted that the fatigue life is related to the
appropriate number of stress cycles, i.e. the calculation
of pipe wall thickness is only valid for this number of stress
cycles.
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Permitted stress Tergile sirength B in N/mm? 766
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Table 48: Maximum number of stress cycles to DIN 2413 (Cases | and 1l) for seamless and HF-welded steel iube {v = 1} with g stress 1 . 53 ol \\\11\:\;;\;\;
cycle safely factor 5, = 10 B gy ™~ .
Permitted siress _ S tensile strength A_ in N/mm? B ; : t_z§ 135{) - P
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Table 49 Maximum number of stress cycles to DIN 2413 (Cases | and Il} for submerged-arc welded steel tube {v = 1) with a stress R e e st i S S L B
cycle safety factor S, = 10 Diagram 56: Strength under pulsating stress of seamless and HF-welded steel tube (v = 1)
In contrast, there is no limiting number of stress cycles for in the case of pipes that form part of a pressure vessel, '.;'rcé'-‘ o
fatigue strength. Diagrams 56 and 57 show the SN the calculation of the tube wall thickness is performed in _ SR =
diagrams for seamless, HF-welded and submerged-arc accordance with AD-Merkblatt B1 (see Formuia 6). In this 800 N
welded steel tube to DIN 2413 subjected to pulsating case the governing strength cosfficients are those given : ggg_— N
stress; the strength values can be taken directly from the in Material Sheet AD-W1, : e L CNUONORNON
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Diagram 55: SN diagram Diagtam 57: Strength under puisating stress of submerged-arc welded steel tube (v . )
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5.1 Calculation of wall thickness to
non-German  standards

Special calculation formulae taken from ihe relevant
guide-tines of the foreign acceptance authorities must be
empioyed for installations built 1o non-German regula-
tions. | must be established before the pipework is
designed what reguiations are 10 he employed for the
calculation. The following formulae are representative of
the principal foreign regulations; there is no claim that the
list is complete:

- Wall thickness calculation to British Standard
BS 778, Appendix A

in the United Kingdom the caiculation formula for pipe
wall thickness is laid down in BS 778, Appendix A [12].
The formula is:
d-p
§ = X ()
K
20 — —
{ S P

Formula (7) is identical to DIN 2413/l and AD-B1 except
for the walt thickness allowance x. The allowance is
generally 12.5% and takes care of any weakness caused
by bending. The minimum value of tensile strength is
taken as the strength coefficient. The safety factor speci-
fied here is 4 for non-corrosive media and 4.5 for water.
The minimum bending radii must be three times the
outside diameter of the pipe and the sccentricity must not
exceed 5% of the outside diameter.

- Pipe calculations to French Standard NF A 49-300

Unlike their German and British counterparts, the French
standard for pipe calculations [13] does not specify a
direct calcuiation of the wall thickness but gives basic
guide-ines for the calculation of the test pressure and
bursting pressure of actual tubes. The information allows
the following calculation formutae for determining the
pipe wall thickness to be derived:

q-p g
VT S0K CTap )
a-p
R — )
20K
LR g2
5 P

The theoretical wall thickness for the test pressure p’ is
ascertained with Formula (8), with 90% of the A, yield
point being used as the strength coefficient. In contrast,
the operating pressure and the minimum tensile strength
are used in Formula {9). The French standard does not
state any reguired safety factor S. It simply refers to the
existing regulations for different fields of application.
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-~ Pipe calculations to the Barlow formuia (USA)

Most American regulations for pipe calcutations make
use of the Barlow formula [14]
a-p
T TK

= {10
20 = -2p

Basically, Formula {10) is breadly identical to the calcu-
ation formula of DIN 2413, Case | excepi that the
minimum tensile strengih of the pipe material is used as
the strength coefficient. The following safety factors are
applicable to the different applications:

S=4 - normal operatng conditions
S= 6 - high hydraulic and mechanical siress peaks

S= 8 - harsh operating conditions, dangerous applica-
tions.

5.2 Influencing variables

The calculation: formulae of German regulations contain
no infiuencing variables related 1o the effects of corro-
sion, vibration due io non-steady-state flow, eg. pres-
sure pulsation, or others. However, such factors must not
be underestimated because, under some circumstan-
ces, they can establish different preconditions for the
design data or exceed them by a multiple. In the case of
pressure pulsations that can occur as & result of fast-
closing valves, the magnitude of the pulsations must be
calculated and added to the operating pressure. The
relevant formulae for this are given in DIN 2413.

The final determination of the pipe wall thickness s must
take into account two other influencing variables:

- pipe wall thickness undersize c,

~ wear due to corrosion c,.

The pipe wall thickness undersize (minimum tolerance
level) arises from manufacturing folerances and is speci-

fied in the conditions of supply and delivery for seamiess
and welded tube (see Table 50}.
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The allowance for corrosion is normally 1 mm for ferritic
steels. This allowance can be dispensed with if media or
environmental conditions are involved which cause no
corrosive attack at all. It can also be dispensed with for
austenitic (i.e. stainless) pipe materials. The actual pipe
wall thickness required is then:

§= S, +C +G, (11)

If the wall thickness undersize is given in %, s can be
calculated from Formula (12)

100
10{)-5:1

S= (8, + G * (12}

5.3  Calculation of pipe bends

The calculations for the wall thickness of pipe bends are
mostly based on the calculations for straight lengths of
pipe. However, as a resuit of bending, greater values of
wall thickness undersize and different stressing of the
outside and inside of the bend must be anticipated. In
order 1o prevent an adverse effect on the endurance limit
at repeated stress, primarily during dynamic stressing of
the pipe, there must be no major wall thickness undersize
or fiattening as a result of hending. Therefore, the bend-
ing radii should not be made too small. DIN 5508 [15]
recommends suitable bending radii in relation to the
oulside diameter (see Table 57). The ratic of bending
radius to ouiside diameter of the pipe is usually 2510 3
and is given as a minimum dimension for thin-walled
tube.

i wall thickness 10 DIN.2448

Table 51: Recommended bending radii to DIN 5508 (extract)

Table 50: Permitted wall thickness unders.r'zé of seam!esé and wefdéd stesf z‘ubé .
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The required wall thickness on the inside and outside of
the bend (sv and sv) is calculated according to DIN 2413
from:

s5,= %, B and {13)

Wi

S, = $,°B. {14)
In Formulae (13) and (14) B and B, are coefficients that
can be taken from Diagram 58 with reference 1o the bend
radius R/d, and the parameter 5/0. For thin-walled tubes
(s/d < 0.02) approximate values of the coefficients can
also be calculated with the following formulae

2R %
2 (3}
" 2R-d,

2F?+-(?!~9~ 16
) > (18}
¢ 2R+d.

6 Calculating the
pressure losses

The pressure drop Ap, due to friction between the hydrau-
lic fluid and the inner wall of the tube can be calculated
from:

2

. L W
.z e ® () — 17
Sl (17)

Where A is the coefficient of friction, L the length of the

pipe and p the density of the fluid. The coefficient of
friction depends on the surface finish k of the tube and on

the Reynolds number
W

Re= —~—. (18)

The coefficient of friction for the pipe can be taken from
Diagram 59 using the values of surface finish for steel
tube given in Table 52 and the Reynolds number.

The total pressure losses throughout a whole hydraulic
systern comprise not only the length-related resistances
of individual fengths of pipe but also the pressure drops
across individual points of resistance as represented by
valves, fittings and other similar components. Therefore,
it is useful to calculate the total pressure drop Ap, from the
resisiance cosfficient of all individual resistances. This
gives the total pressure drop thus:

Ap, = Ap, +Ap, (19)
and 2
Ap = TE -p“; . (20)
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Diagram 58: Coefficients for calculating the wall thickness of
tube bends

Substituting Formulae {17} and (20) in Formulae (19)
gives:
AL W
Ap, = (——5,5—*+ZQ}'P'"§“- (21)

The resistance values of the proposed valves and fittings
can be taken from the manufacturers catalogues. In
most cases manufacturer's documentation also gives the
pressure drop directly in the form of a curve versus flow.
This allows the pressure drops of the individual fittings for
the particular value of flow to be summated and substi-
tuted directly in Formula (19).

The Sizing of Pipework in Hydraulic Systems

according to Nikuragse

|
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1,14)
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Diagram 59: Pipe coefficient of friction | versus Reynolds number Re (see [16] (for example))
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e 52: Internal surface finish teel twbe {sea [16)for exampie))
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7 Examples

Example 1

Calculate the size of a pressure line subjected to predom-
inantly steady-stale stress by a maximum operating
pressure of 210 bar and a temperature of 50°C. The
matental is 1o be precision steel tube St 35 to DIN 2391-
C. The pump delivery is 160 L/imin.

Solution

1. Calculating the pipe inside diameter using
Formula 2
d= 4607, [ L

w

Assuming that the mineral-oil fluid has a kinematic vis-
cosity of 30 mm?/s and a density of 0.3 g/cm?® at operating
temperature, the average value of flow velocity given by
Table 41 is 6 nv/s.

This gives:

160

d= 4807 e 23.79 mm,

sefected from Table 55:
d =35mm, s=3mm, d =29 mm

2. Calculating the required wall thickness to
DIN 2413, Case I (see Formula 3)

9 p
8=
20-—?—-9'“2;)

The following Table 53 lists the mechanical parameters
for various tube materials. From K = 235 N'mm?, S=1.5
(see Table 46) and v = 1 for seamiless tube it is possible
to calculate the wall thickness from

= =220 5o5mm

20------235 ~2+210

i

Checking the diameter ratio

35 121<17

2

o8

3. Caleuiating the actual wall thickness required

As the wall thickness undersize is given in % for the
selected type of precision seamiess steel tube the actual
wall thickness required is calculated from Formula {12).

100
=& oo g

Table 50 shows the appropriate wall thickness undersize
to be 10%. The wear aliowance can be neglected be-
cause there is no corrosion from the fiuid or the environ-
meni.

100

G= 225 + e
10010

=25mm < 3mm

Therefore, the selected fube DIN 2391-C-35x3-S8t 35
NBK is adequately sized.

4. Calculating pipe bends

Table 51 shows the bending radius R for the type of tube
being used to be 100 mm. Formulae 13 and 14 give the
required wall thickness for the inside and outside of the
bend as:

svi
Svo = Sv - Bc

Coefficients B and B, can be taken from Diagrarmn 58.
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ey
=2
j}

A _ 300 345 and
d 29

228 o

o‘i 29

gives B=1.15and B =092

5 = 225+115= 259 mm

vl

5 = 2250+092= 207 mm

Vi

The pipe must be bent so that there is no undersize of
these two values of wall thickness on the inside and
outside of the bend.

5. Calculating the pressure losses

The pressure drop per unit length due to pipe friction can
be calculated with Formula 17:

2
RSP IO
L o 2

Determining the pipe coefficient of friction

First calculate the Reynolds number with Formula 18:

Wed

v

Re =

The velocity for the type of tube selected is given by:

° 3
W= 2V - TSO 210 s0ams.
d % 257 X .pn
! 4 4
which gives:
3
404 « 28+ 10
Re =~ == 33015 3

30

Table 52 shows the average value of internal roughness
of a seamiess steel tube with a rolled finish to be 0.04 mm.

Using the ratio:

it is possible to read off the value of 0.04 from Diagram 59
for the coefficient of friction. The pressure drop per unit
length can now be calculated thus:

Ap, 4.04° 2

004 =09~
L 29

“10= (}101b
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Example 2

For the fype of tube used in Example 7 now determine
what maxirnum value of pulsating pressure can be toler-
ated continuously.

Solution

The caiculation is performed according to Case Il in DIN
2413. The lower value of operating pressure is taken as
zero, which gives the maximum pressure from Formula 5
as follows:

K
20 ¢ 2.
po— 8
© d+3s,

tn this case the endurance limit at repeated stress must
be used for the strength coefficient K in Table 46; for this
tube material it is 226 N'mm? (see Table 53). The theor-
etical value of wall thickness to be used for the existing
tube is calculated with Formula 12 thus:

100 — ¢
t 160 - 19
C g, = 3 - 27 mm
AT R 100 '
Which gives:

2{) 02_2.._6.... 27
X 15
B = e — 2193 bar

289 4+ 3«27

According 1o Case | the maximum folerable pressure is:

K
20« e
TN
di+2sv
235
20 SZl .1 - 27
15

m - = 2459 bar.
29 + 227

Therefore: min (B p) = 219.3 bar

Which means that the pipe can permanently withstand a
pulsating pressure of 218 bar without suffering damage.
This assumes, however, that there are no other siresses
act on the pipe.
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Mechanical properties of tube materials and tube selection tables

Besignation - St37.4 | St524 | 51374 | St37.0 |5t 3BNBK XGC;‘N%MQT‘I? 122 | X6CITI1810
Material No. : 1.0256 | 1.0581 | 1.0255 | 1.0254 | 1.0308 qas71 14541
DIN . 1630 | 1630 | 1828 | .1626 | 2301 : _17458__ i 17458
Tensie strengzza Hq;'."in_'i\_ifmmﬁ 3401 490 | 340 | 340 | 340 U800 Sl Us00
{mm} . o el o o S
0.2%. yieici strengihﬁ ,in zx’zz'mmz 235 | 450% 1 285° | 235 | 235 20°G:210° . 2000 -
(min).or - - B I B0TCH202 g 190
-upper: ynelcﬁ polzzt ;n memé - - 100 G’C:'ﬂﬁﬁ : SATE
(m nj:: ) AT
1% y;ed strength A, éx;fmm'?'- i s = — o — Ta0 oC: 245 RS S
(mm) e : i LB0CCiZ34 L 2z
o " _ | i0cciete | 208
Elar;gahgrz at fracture (m;n) A5 in% 25 - R TR - 15 30 s30
L= 5{!} ERREE I o R
': Strength- coef?;cienz K m Nimm? . S
fo AD- MerkbiaﬁWzS, EEEIET S R (S nctes FE RN RN IR F e
@t o20c |35 @55 285 aa5 | 235 | =
“at 100 (120; bc 186 |1 255 | 186 186 | 186 | i
'mwm auemmm{sw 153 mem?- i — — - EREL 1) B (190):** 70
to DIN 2445 suppemeni B RERUIEILE RERERE L ' Sl Ce
to DIN 2413 see sheet 8. 32
* - For. calculatzons tr:; D!N 24‘%3 the- gvez'a values can be used up fo ’%2(}"(3
™ Not given in {}EN 2445 [see {z})

Table 53: Mechanical properties of different iube mater.-als

Mateﬂa i 5t 524 to i'}EN 1630, cemf:cataon eg. fo DIN 50 049 318

o PN 10{3._-_ s PN 160 . o IPN3e0 | PN 400
DN : da _-s_' : ﬂ: dg .S_ dx .dg'- IIS. . d; : . dﬂ:ﬁ S.
A0 A8 B 4 e 40371483 SRRt BN BERES: - S RUR (s Bt R
BO B0 4B B8 50,3480 | 10 0403|8891 17

85 78 4B BT Te UB3A TR L A2E B 0Re
80| B8O | B3 7B A0 B4 TA0T8 B BOET 1807
1007 114388 10 96,7 | 1 94,3 | 1143 17,50 793 [ 1683 1
125 ] :139,7- L0 18,7 127 S193.7 4 30 184 1 2194
150 | 1683 125 . 1433 146 2191186 |- 147 . 2445 .
200 | 21@1..--.'-'15 1B 244 204 | 2085. .45 . 208 : 3289 1
2507 273 2337 ] R 248 | 3556 | 55 246 | 4064
300 --355_' 18056 | 1206 - - T B =

Dsesxgnatton cf stee iabe io Dii\é 2»448 of 763 mzn outszde diameter and 12.5 mm wall thickness made of St 52 é sieei and

user's ingpection to DIN 1630

Tube i}iﬂ 2448-76.1 x 12.5 DIN 1630—St 524

Table 54: Selection table for seamipss stee! tube for pulsating pressure to DIN 2445, Sheet 1
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Table 56; Selection table for seamless steel tube fo DIN 2448

Note

Tables 54, 55 and 56 use the notation according to DiN 1629
and DIN 1630
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9 Symbols and subscripts

Symbols

Dimensioniess symbols

Indizes

Headers
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The Production and
Installation of Pipework

Arnold Krielen and Hans H. Faatz

1 Introduction

The pipework of a hydraulic system should be regarded
as a major component playing a full part in the function of
the system. It transports the hydraulic energy in the form
of flow and pressure, sometimes over long distances.
The high demands made on hydraulic systems obviously
refer just as much to the pipework. It must be able to
withstand the high pressures, pulsation and vibration to
which all the components are exposed without suffering
any leaks or other damage.

Proper installation of pipework needs
— thorough project design

- careful manufacture

— correct assembly

- carefut pickiing and flushing

- pressure festing.

The same great care with which other components of
hydraulic systems are selected must also be taken with
the design of the pipework. This applies both to the sizing
of the pipes, the type of connections and the routing.
Moreover, the connecting pipes between hydraulic
power units and actuators require the same careful,
skilled attention to design as the pipes within the hydrau-
lic power units.

In this chapler the word “pipework” will usually mean the
connecting pipework between hydraulic power units and
actuators.

2 Planning

Planning is based on the data obtained in the previous
chapler “The Sizing of Pipewark in Hydraufic Systems”
and on the properties and characteristics of existing,
commercially-available pipe and pipe connectors. The
ptanning must take account of routing, accessibility and
safety. These are factors which have a very important
effect on the price.

I Total

Cost
I
I
I
I

Energy

Materials

Nominal size e

Diagram 60

It should be mentioned once again, before going any
further, that the velocity and pressure drop of the fluid
bear a relation to each other and, when the pipes are long,
the bore must be farge enough fo keep the pressure drop
as small as possible. This is, of course, more expensive.
The relation between nominal size (fluid velocity) and
cost is illustrated in Diagram 60.

275




The Production and Installation of Pipework

Planning criteria

The installation of the pipework for a hydraulic system is
aimost the final link in a chain of activities which can only
be completed on schedule and with satisfactory quality
after careful prior planning. The foliowing points in the
form of a checklist are the ones requiring most attention
in the planning of pipework. No claim is laid to complete-
ness.

- Dressures
- velocities

— external forces

-~ environment

— cleanliness

— assembly and disassembly
— safety against damage

- Clarity

— menitoring  devices

~ maximum pressure drops
- material quality

—~ external and internal corrosion protection

— fixing and attachment,

3 Pipes

Different types of pipe are used in hydraulic systems
depending on the nominal size or bore and pressure.

Precision seamless steel ube to DIN 2391 C St 35.4 NBK
is normally used for up to nominal size 32.

Over nominal size 40 and up to 160 bar the usual practice
s to use seamiless steel tube to DIN 2448 or DIN 2445,
St 37.0 or St 52.0 to DIN 1629 certified to DIN 50 049-
3.1B. 5t 37.4 or St 52.4 N to DIN 1630 is used when the
pressure is over 161 bar.

Seamless steel tube to DIN 2391, DIN 2448 and DIN
2445 is also available commercially in other materials. It
i normal to use Material 1.457% for stainless steel tube
to DIN 2462,
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Longitudinally-welded and spiral-welded steel tube are
not normally found in hydraulic systems; although they
are suitable for secondary purposes such as suction lines
and return lines. They need special care with pickling.

Copper alloy tube is only used in hydraulic systems under
exceptional circumstances in a corrosive environment.

The earlier chapter “The Sizing of Pipework in Hydradic
Systems” contains selection tables for pipes so there is
no need to repeat them here.

4 Pipe fittings

4.1 Introduction

Steel tube usually comes in lengths of about 6 m so the
use of some form of connector is unavoidable.
Basically, these may be ciassified as

— permanent connections and
- detachable connections.
“Permanent connections” in hydraulic pipework are

welded and brazed joints which make the lengths of pipe
into an endless run.

Welded joints make use of welding nipples, flanges,
collars, bends and other fittings for welding directly to-
gether, and the subsequent pickling and flushing must be
particularly careful in order to prevent dint being carried
into the systen.

Brazed joints are unusual with steel pipe nowadays,
atthough they are used for copper alloy pipe. Once again,
bends, sockets and other fittings are employed to pro-
duce an “endless” run of pipe.

Detachabie connections mean that the lengths of pipe
are joined together by means of a threaded connector or
flange. There are many different types of such connec-
tions:

~ threaded connectors

- cutling ring fittings

— compression joints

- flared joints

- weiding nipple threaded connectors
- flanged joints.
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All pipe joinis have to perform two functions - “securing”
and “sealing’”.

it is alsa necessary to distinguish between the connection
between pipe and connector, fitting or icint and between
connector, fitting or joint and components such as valves,
subplates, control blocks, pumps, eic.

4.2 Threaded Fittings

4.2.1 Connection between pipe and fitting

For the connection between pipe and fitting & makes no
difference whether it is a joint between two pipe ends or
a joint between a pipe and a component.

Figs. 158 to 165 show the joining of fitting bodies to pipe
using DIN 2391 precision steel tube.

The type of joint gives each fitting its name.

4.2.1.1 Threaded connectors (Fig. 157)

The main feature of the threaded connector is that the
connection between pipe and fitting is made by means of
a thread cul on the pipe. The seal is provided by the
metai-to-metal joint and the “securing” funclion is provi-
ded by the thread. Such connectors are normally only
used for secondary purposes, such as water lines to
coolers and, possibly, suction lines to pumps with the
thread on the suction side.

Fig. 157. Threaded connector, meilal-to-metal seal securing
furiction by thread, for low pressure applications
{e.g. waler lines)

4.2.1.2 Cutting ring fittings

Cutting ring fittings are perhaps the best known means of
connecting a pipe to a fitting. The cutting ring is fitted to
the pipe with a special tool. It cuts into the surface of the
pipe in order to perform its “securing” and “sealing”
functions. The seal between the pipe and the body of the
fitting is alsc metal-to-metal. A union nut secures the
cudting ring to the fiting itself.

All culting ring fittings require maintenance because the
metal-to-metal seal is susceptible to “setting” which can
result in leaks. On the other hand, there are also limits on
the amount of re-tightening because of surface embrittle-
ment.

The fitting of the cutting ring on to the pipe must be done
very carefully because it can slip off when the pressure is
applied if it has not cut into the pipe deeply enough.

Ensure that the ends of the pipes have heen cut squarely
and have been deburred properly.

The single cutting ring (Fig. 158} has now been largely
superseded by the double cutting ring.

Fig. 158: Single culting ring, metal-to-meial seal, securing
function by a single edge

The double cutting ring (Fig. 159} improves the securing
and sealing functions by having two edges which cut into

the pipe.

Fig. 1589: Double cutting ring, mefal-lo-metal seal, securing
function by two edges, more fitfing force needead.
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The "Walpro” cutting ring shown in Fig. 760 has a double
cutting ring with a reinforced shoulder. it makes the
securing and sealing functions safer.

Fig. ?80:. Do&ble cuffing ffng with reinforced shoulder, metal-
fo-metal seal, securing function by two edges, more
fitting force needed than the single cutting ring

The principal dimensions of cutting ring fittings are stand-
ardized in DIN 2353. The most important feature of all
cutting ring fittings is the 24° internal taper.

4.2.1.3. Flared joints (Figs. 167 to 163)

in the flared joint the securing function is provided by
fiaring the end of the pipe and clamping it with a special
ring. In the case of the Parker Triple Lok and Wailter-
scheid flare joints the flare angle is 37°. With pipe wall
thicknesses over 3 mm this can lead to difficuities be-
cause of the danger of hairline cracks in the area of the
flare. The Parker Tripie Lok joint (Fig. 161) has the 37°
taper turned on the body of the joint. The metalto-metal
seal is provided with the aid of a ring.

Fig. 161. Flared joint. metal-fo-melal seal securing function
by 37 flare, turned taper on body

s

ST R $tas; pipe ; ; ~Stain ess sieei pgas 145?’2 s

T Pipe .-';Smgle ecige sutng fng. ii?:c;uba ﬁdga {:zztﬁng mg Smge edge caﬂsng nng - E}ouble ecige c:umng ring

oo i‘:m__kgf___ O pinbary F!n kgf p in bar - _::Fm kgf p n. bar RN p ;n bar
@5 | 543400 40| .'_3‘;?9 250 S s0

12";%? aar)_fj--_; [ |
10491 525_. L

3 F“or fcttmg machf;zes wnth QG mm déameter pxsio 3
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Table 57: Fi‘ecommended nghremng force for cuh‘mg rmg mzmgs (average va!ues)
Forces can differ from manufacturer to manufacturer.
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The Walterscheid flared joint (Fig. 762) can be used with
a DIN 2353 connector body with the 24° internal taper.
The intermediate ring seals on 1o the 24° taper with an O-
ring. The sealing function hetween fitting and pipe s also
exscuted with an O-fing on the 37° fiared taper. The
securing functicn is performed by a backing ring and the
retaining nut.

Fig. 162: Flared joint with intermediate ring, elastic seal,
securing function by 37° flare on intermediate ring
The flared joint marketed by Voss (Fig. 163) also has a
metal-to-metal seal between the pipe and backing ring
although. in this case, the flare is only 10°, The securing

function between pipe and ring is effecied with the
backing ring and the retaining nut,

The smalter flare is better for thicker walled tube. A DIN
2353 connector body is used and an O-ring provides the
seal to i

Fig. 163: Flared joint with intermediate ring, metal-to-metal
seal, securing function by 10° flare, better for thicker
walled tube, infermediate ring and backing ring
needed.

4.21.4 Compression joints (Fig. 164)

Compression joints use non-standard connector bodies.
They provide a contrast to cutting ring fitting in that the
securing function is provided by the clamping of the
cutting ring on to the pipe. The seal is metal-to-metal -
both to the pipe and to the connector body.

Ali the connectors, fittings and joints described so far are
known as “solderless” fittings.

Fig. 164: Compression joint, metal-tc-metal seal,
securing function by clamping

4.21.5 Welding nipple threadeded connectors
{Fig. 165)

With this type of connector a welding nipple is welded to
the end of the pipe. All modern methods of welding can
be employed as described in Section 62232 This
ensures that there are no problems with the seal between
pipe and welding nipple

The seal between the welding nipple and the DIN 2353
connector body is elastic so once again there should be
no problems with its use. The securing function between
welding nipple and connector body is provided by the
refaining nut.

Fig. 165: Welding-nipple threaded connector with taper fo
DIN 3865, elastic seal, securing function by welding
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4.2.2 Connection hetween fittings and
components

With all threaded fittings the securing function between
fitting and component is provided by the thread. Male port
frttings with a parallel thread provide a good joint of this
type. The female ports and the male port fittings are
standardized in DIN 3852, The only difference between
the male fittings is the type of seal between the connector
body and the compeonent.

4221 Sealing lip (Fig. 166)

This type of male port fiting has a sealing lip machined on
the stud coupling section, giving a metal-to-metal seal to
the component. The prerequisites are that the sealing
surface is perpendicular to the centreline of the threaded
section and has no scratches or grooves across it. The
pulsation common in hydraulic systems can lead to
hardening of the material which makes re-tightening of
the fittings necessary.

Fig. 186: Sealing Kp, metalfp-metal seal, undercut perpen-
dicular to thread, the counterbore will be damaged
by cutting edge

4.2.2.2 Connector body with O-ring (Fig. 167)

The sealing function of this type of fitting is provided by an
O-ring. The prerequisites again are that the clamping
surface is perpendicular to the centre-line of the threaded
section and there are n¢ tfransverse grooves or scrat-
ches. The roughness of the seatling surface and of the O-
ring chamber shouid not exceed Rt 16,

Fig. 167: C-ring, female port to DIN 3852 wide, elastic seal,
undercut farger than cutting edge, high lensile force
on fhread
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The tensile forces on the thread are relatively high due to
the large diameter of the O-ring. The female port must
have the “wide” undercut conforming to “DIN 3852-wide”

4.2.2.3 Connector body with profile seal (Fig. 168)

With this type of fitting the O-ring is replaced by a
rectangular ring of smaller diameter inserted into the
connector body in order {o provide the sealing function.
The female port must be thoroughly deburred at the run-
out of the thread so that the rectangular ring is not cut
accidentally. The clamping surface must again be per-
pendicular 1o the thread. A “normal” undercut 1o DIN 3852
is sufficient.

Fig. 168: Profite seal, female port to DIN 3852, elastic seal,
undercut as for sealing lip. fensile force on thread
less than with O-ring

4.2.2.4 Male port fitting with O-ring for female ports
to IS0 6149 and DIN 3852, Part 3, Form W
{(Fig. 169)

With this type of fitting the O-ring is fitted in the thread
undercut of the stud end. The female port must comply
with ISO 6149 and DIN 3852, Part 3, Form W, The stud
end and O-ring dimensicns must comply with DIN 3852,
Part 3.

Since the O-ring is closer to the thread the tensile forces
on the thread are less. When fitting the O-ring take
special care that it is not damaged by the thread.

Fig. 169: Female port to DIN 3852, Part 3, elastic seal, O-ring
closer fo thread, reduced tensile force

The Production and installation of Pipework

4.2.2.5 NPT threads (Fig. 170)

NPT threads are tapered and are
designed to fit into tapered mating
threads. The seal is metal-to-metat,
although seme sealant such as Log-
tite is usually applied.

The tapering of the thread on a male
fitting means that a high bursting
force can be exerted when the fitting
is screwed into components made of
cast iron or aluminium. Neverthe-
less, fittings with this type of thread
are very popular in North America,
although encountered much less in
Europe.

Fig. 17G: NPT thread, melal-to-metal
seal, sealant necessary, high
bursting forces, undsfined
position of pipe end.

Naturally, there are many different
versions of the types of fittings de-
scribed here available on the market
but they all perform the basic func-
tions of “securing” and “sealing” in
the way that has been described.
Figs. 171 to 182 show some of the
more common standard fittings.

Fig. 175: Stud banjo fitting

Fig. 178: Cross. fitting

Fig. 180: Bulkhsad slhow fitting
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Fig. 182: Welded bulkhead fitting
4.3 Flange joints

Threaded-type fittings, joints and connectors are not
normally used for diameters over DN 40. They are
replaced by flanges for connecting pipes together and to
system components. Flanges are available for sizes less
than DN 40 but are not so widely used because of the
greater cost compared with threaded-type fittings.

Figs. 183 to 187 show the normal types of flange joints
for pipes to DIN 2448 and 2445 used in hydraulic sys-
tems.

in the case of a flange joint the connection between
flange and pipe is nearly always welded. In Europe the
buti weld is used aimost exclusively. In North America the
fillet weld is very common, sometimes in conjunction with
sockets.

The type of flanges used largely depends on the particu-
far components involved.

4.3.1 DIN flanges (Fig. 183)

Sorme shut-off cocks, flap valves and other fittings have
a hole pattern for DIN flanges so that DIN flanges have to
be used for that reason alone. However, some DIN
flanges have o be modified for the pipes normally used
in hydraulic systems. The O-ring groove normally used
for sealing in hydraulic equipment must be machined into
the DIN flange.
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4.3.2 SAE flanges

Above size DN 40 many items of hydraulic equipment
have hole configurations for SAE flanges. These can be
sub-divided info one-piece SAE flanges and multi-piece
SAE flanges.

. Flange with O-ring sealto DIN 2632, 2638 and 2629,
securing function by screws, ground sealing sur-
face. The large outside diameter is a disadvantage

Fig.

4.3.2.1 SAE flange, one-piece (Fig. 184)

This flange is made from a single piece of material; it is
usually an St 37.4 forging. Different welding ends, for
different pipe sizes, can be given the same SAE hole
configuration. This type of flange is comparatively cheap
and has the advantage of being relatively compact. its
disadvaniage is that it can no longer be “adjusted” {rota-
ted) after the welding.

Fig. 184: SAE flange, one-piece with O-ring to SAE-J 518 C,
securing function by screws, ground sealing sur-
face, overall shape an advantage since it is more
compact

4.3.2.2 SAE fiange, multi-piece (Fig. 185)

The multi-piece SAE flange comprises the so-called
welding collar, a turned piece or shaped part of weldable
material and the two flange shoulders which perform the
securing function. The space needed is slightly greater
than the one-piece SAE flange and the split flange
shoulders can also be a disadvantage.
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The seal between the base surface and SAE flange or
between SAE flanges is provided by O-rings.

SAE flanges can be used for pressures up to about 400
bar (6000 psi). There are multi-piece SAE flanges avail-
able for low pressures up to about 16 bar (240 psi) for
sizes up to DN 100 and, for high pressures, up to size DN
63.

Fig. 185 SAE Hlange, muiti-piece to SAE-J 518 C, elastic seal,
sectiring function by screws. The split flange shoul-
ders can be a disadvantage

4.3.3 Square flange joints (Fig. 186)

In Europe the so-called “square” flange is the most
popular for flange joints from about size DN 63 upwards
and for pressures from about 210 bar. The flanges are
usually in two pieces and comprise the actual welding
collar and a square flange which performs the securing
function.

Technically, there is no difference between this type of
joint and the SAE flange.

Fig. 186: Flange joint with square flange, elastic seal
{usually an O-ring), securing function by screws

4.3.4 GS Hydro flange joint (Fig. 187)

The main feature of the GS Hydro flange joint is that the
securing function between flange and pipe is not per-
formed by a weld but by a spiral spring. The groove for the
spring mustbe cut into the pipe so a thickerwall is needed
than the pressure would normally require. The seal is
provided by an USIT ring. The groove for the ring must be
machined into the end face of the pipe. This type of flange
joint is very good i it is impossible to employ a welded
joint. The USIT ring is a metal ring with an integral elasto-
metric sealing ring.

Fig. 187 GSHydroflangejoint, sealing by USIT ring, securing
function by spiral spring and screws, thicker pipe
walls and machining of pipe ends needead

4.3.5 Flanges with fillet welds (Figs. 188 and 189)

All the flanges described so far have been joined to the
pipe by means of abutt weld. Thistype of weldis the usual
one for hydraulic piping systems because it can be X-
rayed in order to verify its guality.

Joining the flange to pipe by means of filet welds is
cheaper. There are suitable flanges on the market. Their
form, i.e. hoie configuration, depends on the hale confi-
guration of the items of equipment involved. The main
disadvantage of fillet welds is that their quality cannot be
veritied by X-ray. Also, during pickling it is possible for
acid to penetrate info the gap between pipe and flange
anditcannotbe removed. Over along period oftime itcan
damage the weld seam. Dirt can also escape from the
gap between pipe and flange into the hydraulic system.

Only weldable materiai can be used for the flanges.
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When inserting the pipe ensure that it does not sit on the
bottom of the flange hole. There must be a gap between
them so that the expansion and contraction resulting fram
changes in temperature do not break the weld.

Fig. 189: Square flange and flange joint, securing function by screws, flange joined fo pipe by fillet weld, elastic seal usually an O-ring

Altjoints, connectors, fittings and flanges are available in
the same materials as the pipes. So it is easy to obtain
flange joints in St 37.4 or stainless steel, Material 1.4571.
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5 Accessories

The pipework of a system does not just consist of pipes,
connectors and flanges. There are also mountings, clips,
glands, hoses and expansion pieces which all have their
part to piay.

Fig. 1990:

Fig. 191:
Twin pipe clip, Pipe cfip,
standard version heavy-duty version

5.1 Supports (Figs. 190 to 193}

The purpose of supports is to provide a secure mounting
tor pipework. Normal commercially-available pipe clips
are made of aluminium, plastic or plastic with a rubber
insert.

Which type of clip is used depends on the circumstances
of the installation. For exampie, aluminium clips are used
whenever high temperatures are expected. Plastic clips
with a rubber insert are often used to reduce the prop-
agation of structure-borne sound.

With all the clips the baseplates are made of weldable
steel so that the baseplate of the clip can be securely
attached to a substructure.

In special cases, such as theatre engineering, the base-
plate of the clip is welded on to an intermediate structure
which can then be attached to the actual supporting
structure through anti-vibration mountings. This is an-
other method of reducing the trangmission of structure-
borne noise (Fig. 194).

Fig. 102:
Pipe clip, heavy-duty version
with elastomer insert

Fig. 193:

Piggyback clip,

e.g. for two pipes above one
another

Fig. 184: Pipe support with flexible mountings for isolating
structure-borne sound
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The pipework is usually attached to the main structure of
the machinery. In some cases it is necessary to make a
separate substructure for the pipewark (Fig. 795).

The spacing of the clips depends on the oulside diameter
of the pipe. DIN 24346 states the following:

Talé 5.8:.Spacmg. of pipe supporté
With marine applications in particular itis essential forthe
pipe clips to transfer the forces originating from the

pipework not to the deck plates but to suitable structural
members capable of taking the load (Fig. 196}

Fig. 185: Subsiructure for carrying pipewark
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Fig. 196: Correct method of installing pipe clips (bottom};
incorrect method (fop)

5.2 Glands

Glands are used to carry pipes through bulkheads and
decks. On board ship the glands are usually welded into
the deck plates or bulkhead plates (Figs. 197 and 198).
The glands should be designed to insulate as much
structure-borne sound as possible (Fig. 199).

The glands must also be resistant to fire.

Fig. 197: Rigid deck gland

The Production and Installation of Pipework

Fig. 189: Flexible gland
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5.3 Hoses

Hoses can form an important part of hydraulic systemsin
providing compensation for relative movement between
items of equipment and for accommodating expansion
and contraction inlong lengths of pipe. They mustbe able
to meet all the demands made upon them by a variety of
applications.

A hose line comprises the actual hose itself and the
necessary fittings at each end. The fittings must match
the other fittings used throughout the pipework systern.

5.3.1 Press-fit hoses

Figs. 200 to 207 show the wide variety of fittings that are
available by crimping to the end of hoses . There are
several flare fittings, 24° external taper fittings and others
for flanges. The standard versions come in straight form,
45° bends and 90° elbows.

Hose and fitting can be selected separately by the de-
signet.

The choice of fitting depends on the pipework system,
e.g. whether flared fittings, cutting ring fittings, welding-
end fittings or flange joints are being used. In hydraulic
systems the fittings are usually of steel or, in special
cases, of stainless steel.

The choice ot hose usually has to begin from the nominat
size and nominal pressure. These two factors are prede-
termined by the flow and operating pressure stated inthe
circuit diagram. Suitabitity for the fluid, operating temper-
ature and environment must also be taken into account.
tn pressurized hoses the fluid velocity should not exceed
2 to 3 m/s, also in order 1o keep noise to a minimum. The
same velocity should not be exceeded in return lines
either.

The operating pressure should not exceed 25% of the
hose bursting pressure. Thisis usually taken into account
inthe catalogue data for the permitted values of operating
pressure.

Fig. 200: Straight hose end fitting for flared joints
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Fig. 201: Straight male hose end fitting for flare joints

it a hydraulic system suffers from pronounced pressure
peaks, e.q. rates of change over 3000 bar/s and pressure
peaks up to 20% above the nominal value, hoses of a
higher pressure rating than the theoretical value should
be used.

The choice of hose rnaterial must alsc take account ofthe
suitahility of the inside and outside surfaces for the fluid
and/or the environment. The inner rubber surface of
standard hoses is resistant to mineral oil-based fluids and
water-glycols. A special internal coating must be pro-
vided when phosphate esters are used. The external
covering of standard hoses is ozcne-resistant; many
makes are also mineral oil-resistant. Detailed checks
must be made from case to case. When hoses are used
inside tanks filled with phosphate ester the exterior ma-
terial of the hoses must also be suitable for the fluid.
Table 59 iists the resistance of materiais 1o different
fluids.

The length of hose required must be calculated by the
designer. A minimum bending radius and a bend-free
zone as shown in Table 60 must be allowed.

Hoses are tested in accordance with DiN 20021, De-
pending on the type of hose it must be able o withstand
between 150,000 and 400,000 stress reversals with a
pulsating pressure rise of approximately 30% above
rated pressure.

Hoses and their fittings should be stored in a cool, dry
place at approximately +20°C and a relative humidity of
65%. They must be protected from direct sunlight.
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Fig. 202: Straight hose end fitting for 247 connections

Fig. 203: Crimping steeve

Fig. 204: Straight hose end fitting for 24° connections with
O-ring seal

Fig. 207: Hose, e.g. 4 SPA-SAE 100 RIF, 4 SH-DIN 220232
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5.3.2 Re-usable threaded fittings

Hose lines with re-usable fittings are used in hydraulic
systems so that, if a repair is needed, only the hose itself
has 1o be replaced. This means that the maintenance
deparimentdoes not have to stock alarge number of pre-
fabricated hoses; it is sufficient for them to have coils of
hose that can be cut to length as required. The fittings, as
their name suggests, are simply used again.

Basicalty the same type of connections are available in
reusable fittings as in press-fit fittings. The difference is
that the hose is gripped by the slesve of the fitting and
then pulled over the tapered stub to sitfirmly on the fitting.
The securing function between hose and fitting is pro-
vided by the specially shaped sieeve. The connection
between hose and fitting limits the maximum operating
pressure in this case. It is generally lower than with the
press-fit fittings.

Fig. 208: F?eﬂsabie threaded fitting for 24° connection,
O-ring seal

Fig. 209: Instructions for re-usable threaded fittings
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Tabie 59

Table 60

*) Hose to DIN 20066
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Table 61: Length tolerances for hoses installed fo DIN 20 066
533 installing hoses

Installing hoses correctly is of great benefit to their
satvice life. The correct procedure is described in DIN
200686, Part 4.

It is most important not to wist hoses when fitting them.
They should also be arranged so that there is no fensile
stress apart from that due fo their own weight. The
bending radius shouid not be iess than the minimum
permitied value. When they are instalied with a bend the
jength must be such that the specified amount of bend-
free zone is retained. The hose fittings must be chosen so
that they do not exert any additional stress on the hose.
Hoses must be protected from external damage. Sharp-
edged components should be guarded and. where ne-
cessary, hoses should be given a profective sheath.
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Fig. 210: Examples of correctly instalied hoses
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534 Prerequisites for safe hoses

Selecthoses of adequate bore according to the operating
pressure and working conditions involved.

}

apply only according to the relevant standards

— proper fixing

- careful installation

- reguiar inspection for early detection of damage

- quick replacement of damaged hoses.

The following list of possible defects in hose lines has
been taken from a brochure published by a German
professional organization.

5.3.5 Typical defects in hose lines

1. Is the natural position or movement of the hose ob-
structed?

2. Is the hose subjected to tension, torsicn or com-
pression?

3. Is the bending radius of the hose less than the
maker's mirimum value during movement or when
stationary?

4. Is the hose exposed to any external mechanical,
thermal or chemical stress?

5. Have the hoses been painted?

B. Is the outer skin damaged {e.g. chafing, cuts or
cracks)?

7. s the outer skin brittle {e.g. cracked}?
8. Are there any pinch points?
9. Are there any kinks?
10. Are there any bulges?
11. Are there any leaks at the fittings?
12. Is the hose leaking fluid?
13. Is the hose coming out of the fitting?
14. Is the hose fitting damaged or deformed?
15. Are the hose fittings corraded?

16. Is there any discolouration of the exterior (a.g. due
fo solvents)?

17. 1s the hose time-expired?

54 Quick-release couplings

Quick-release couplings are used for the quick coupling
and release of sections of hydrauiic systems. Their uses
are many and varied but are usually related to the linking
of certain items of equipment into the system for brief
periods of time.

The coupling action automaticaily operates check valves
to openup orisolate the flow offluid, The check valves are
designed to give a good seal when uncoupled; they can
withstand operating pressure in that state.

The male part of the coupling Is usually permanently
attached to the pipework system and the female part to
the hose. Any type of connection can be used between
the female part and the pipework and the male part and
the hose. The usual type of fittings are used for the
connection to the pipework system. The connection to
the hose is usually executed with an external taper having
an O-ring seal,

Fig. 212: Quick-release coupling open
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5.5 Expansion fittings

Rubber expansion fittings are used in a pipework system
1o accommodate expansion, contraction, stress and
movement caused by fluctuations intemperature, move-
ment of foundations, fluctuating loads or vibration. They
are also used for isolating structure-borne noise and
shock and for accommodating inaccuracy in installation.
The normal expansion fittings used in hydraulic systems
are made of natural rubber or synthetic rubber in various
qualities, e.g. EPDM chloroprene or NBR, which, de-
pending anthe pressure, is applied to a strong carcase of
synthetic fibre or steel wire (Table 62).

The connections to the pipewocrk system use steel
flanges of St 37.2 for sizes from DN 40 upwards or, if
necassary, of other materials and normal pipe fittings for
sizes up to DN 40 (Figs. 213 1o 215).

Standard rubber expansion fittings are widely available
for sizes from DN 20 to DN 3600 and for nominal
pressures of PNG, PN10 or PN16. Special connections
stich as SAE flanges are also available.

The pressure strength of rubber expansion fittings de-
pends on the size and design of the fitlings, the temperat-
tire 10 which they are exposed and the amount of move-
ment involved (see diagram in Table 63).

Usually, expansion fittings with synthetic fibre reinforce-
ment can be used up to +10°C and with steel wire
reinforcement up to +130°C.

The preferred point of fitting for rubber expansion fittings
in hydraulic systems is in the suction line. They can then
be combined with isclating valves (Fig. 216).

Fig. 213:  Expansion fitting for flange connection o DIN 2632
and 2533, PN 10 and 16, DN 40 fo 400, suitable for
phosphate ester

Fig. 214:  Expansion fitting for flange conrection fo DIN 2632
and 2633, PN 10 and 16, DN 40 to 400

Fig. 215:  Expansion fitting for threaded connection 3/4 io (a) 1 1/2" BSP, external or internal thread,

suifable for mineral oil and water-glycol

294

S A R

The Production and Instaliation of Pipework

Table 62: Expansion filtings - sfandard types, properties and applications
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Fig. 216: Expar:sfan ffrﬁ;g coup?ed to fsolating valve

Table 63: Movement accommodated by expansion fittings with steel wire reinforcement
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Flexible pipe fittings should always be installed where it
is possible to keep an eye onthem. Any rubber parts must
never be coated with any substance such as paint. No
lagging or other insulation should be applied.

it ig better if flexible expansion fittings can be slightly
compressed. Tension should be avoided in the operating
state and torsion is not allowed at any time.

No more than one flexible pipe fitting may be installed
between two fixed points.

Elastic pipe fittings must be protected against radiation
and heat and, if necessary, must be covered or given a
protective sheath.

If the hydraulic system pipework sysiem is used for
conducting electricity, e.g. for earthing welding trans-
formers, there must be adequate bridging over expan-
sion fittings. If such bridges are absent the pipe will act
like an electrical resistance and could be damaged.

The unusual internal shape of an expansion fitting can
cause turbulent flow which might cause a high noise
level. A suitable guide tube must be fitted in such cases.

6 Production of
hydraulic pipework

6.1 Introduction

Hydrautic pipework can be produced in two different
ways - either by prefabrication in the workshop or on-site
fabrication.

Technical and practical considerations often result in a
combination of both methods being employed.

6.1.1 Prefabrication

Prefabrication means producing the pipework in-a sep-
arate workshop away from the other activities on the site
and then delivering it to the site for installation. The
method requires a prefabrication department equipped
with all the necessary means of production.

When the hydraulic power units have been installed, the
site is surveyed for the hydraulic pipework and isometric
drawings are produced. Production in the prefabrication
department is then commenced.

Fully equipped workshop containers are used for the site
instaflation work. They contain equipment for a fimited
amount of pipe-making and the execution of modifica-
tions when neceassary.

Advantages of prefabrication

- fewer personnel, less material and less work on site
without loss of flexibility

- more controllable methods for manufacturing the
pipework with highly consistent quality through:

« optimized production using permanently installed
machines

= the availability of modern, specialized equipment
= the availability of skilled personnel
= the use of automation

-~ short lines of communication between project
management, design staff and production

- less fransport of materials and equipment.
Another advaniage of prefabrication is that the pipework

can be flushed and pressure-tested in the workshop., The
fitting of solderless fittings on site is not so good.

The use of prefabrication cuts production times quite
substantially. It leads to a marked improvement in quality
afthough heavy capital investment and the accumulation
of practical experience are necessary at the start,

6.1.2 On-site fabrication

With on-site fabrication the production of the pipework
advances with the general progress of the work of in-
stallation.

The pipes are produced in small quantities actually on the
site itself or nearby after first taking measurements from
the equipment already installed.

The preduction team and installation team work clossly
together and are interdependent. A well equipped work-
shop is an essential requirement.
Advantages of on-site fabrication
- quick response to madifications as work progresses
- early commencement of work

— short fines of communication between end user and
installers.
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6.2 Prefabrication of
hydraulic pipework

The production of the pipework is based on the hydraulic
circuit diagram. The items of hydraulic equipment shown
in the diagram must first be set up and installed in
accordance with the layout plan. The design of certain
parts of the pipework can be established from the plan
and prefabricated. Other parts are measured up on site
after the other equipment has been installed.

6.2.1 Measuring the pipework

Here again the hydraulic circuit diagram is the most
significant factor. it must contain information on the sizes
and connections of all pipes.

Armed with this information the “global” setup of the
pipework canbe established onthe site in discussion with
the customer. Coordination with the installers of other
systems, such as eleciricians, is essential. The other
comractors mustleave the chosen routes free for the runs
of pipework. Each runis measured separately and accur-
ately and entered intc an isometric drawing together with
any additional information. These drawings are subse-
quently handed over to the prefabrication department.

6.2.2 Producing the pipework

Pretabrication needs all the machines and tools for the
work o be concentrated in a central werkshop.

A range of permanently instalied machines provides
opportunities for using large, modern units such as CNC-
controlled bending benches, automatic welding ma-
chines, flushing systems, X-ray equipment, pickling plant
and paint spray equipment for external corrosion protec-
tion. Of course, the most economical passage for the
material through the department is chosen.

Any good prefabrication workshop wili have a separate

room and separate tools for pipes made of stainless steel
s0 that there is no cross contamination.
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During production the pipes pass through the following
stages:

- cutting to length

— bending

— fitting of means of connection

-~ pickling and passivating

-~ cleaning

— flushing and pressure testing

— application of corrosion protection

- preparing for shipment.

QOther production activities are in progress at the same
time:

— manufaciure of supporting structures

- manufacture of any foundation structures needed
— gland and bulkhead units

— connection and distribution biocks

- gther pipework components.

6.2.2.1 Cutiting to length

It is preferabie for the pipes to be cut to length on a
machine. Pipe cutters cause the bore to be constricted.

65.2.2.2 Bending

A bent pipe is preferred to one fitted with an eftbow fitting
in order to keep the danger of leaks to an absolute
minimum. Bending is quicker, cleaner and cheaper.
Bends aiso cause less noise.
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Good flow demands that bends should have the largest
possible radius. The need to compromise with the
amount of space required in the installation has led to the
use of the following rule in hydrautics:

The radius should be three times the outside diameter
R=3+d

Small radii (R = 1.5 « d.) cause substantial pressure
tosses.

The following methods of bending
are in common use!

Fig. 217: Bending by hand

Fig. 218: Press bending

Fig. 219: Fixture bending

Fig. 220: Stretch bending
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The stretch bending processis preferred because itig the
most precise and its great advantage is that the pipe can
be loaded internally during the bending.

Thin-walled pipes must be supported on the inside at the
point of bending in crder to prevent the bore going oval or
deforming info a kink. A mandrel is used for this purpose.

Fig. 221: Different types of mandrel
Bending without a mandre! often results in distortion and

reduced wall thickness at the bending zone. The eftects
can be kmited by increasing the radius.

300

Pipe bending equipment is manufactured in many differ-
ent types and sizes. it ranges from the simple manual
pipe bending kit 1o stand-mounted bending machines
and single or multiple CNC-controlled bending ma-
chines. They are also powered in several different ways,
e.g. mechanical, hydraulic and electric.

Linking & CNC-controiied bending machine to a CAD/
CAM system alfows one or mare fully-automatic bending
cycles to be initiated by simply entering the pipe number.
The process stants with taking the material from store and
ends with the delivery of the finished product. It is a fast
and accurate means of production butis only econormical
when there are large quantities involved.

Inductive bending is a speciai process mainly used for
very large pipes with thick walls.

Qvality and thinning of the wall thickness are normally
considerable after inductive bending. if problems are
expected the bending radii mustbe increasedto A=5+d
ar even more. There are inductive bending machines
which compress the pipe during the bending and the wall
thickness in the bending zone can even be increased in
this way,

6.2.2.3 Fitting of means of connection

The means of connection can be fitted after the pipe has
been bent. In the case of welded joints it is always
advisable to perform high-quality welding work at the
prefabrication stage.

6.2.2.3.1 Solderless connections

Compression fittings and cutting ring fittings can be fitted
to small diameter pipes by means of the appropriate
connector body and a spanner.

Also, using hydraulic tools, the cutting ring and retaining
nut are simpie to fit on {o the pipe.

Fig. 222: Cutting ring fitting rmachine

The Production and Installation of Pipework

6.2.2.3.2 Welded joints

Welded joints with an elastomer seal are better for
preventing leaks and withstanding higher pressure (over
160 bar}. Progress in welding technigues has allowed
automatic control to be introduced with much better
control of the process being obtained. Quality checks can
be made by means of X-rays or ultra-sound.

The two basic methods of welding are manual and
autornatic.

The use of automatic welding equibment improves the
overall quality of the pipework system. The latest gen-
eration of auiomatic welding machines regulate the
speed of welding, the feed of filler metal and the electric
current while welding is in progress according o various
parameters that have been entered (e.q. material quality
and wallthickness). The end resultis a perfect weld which
will pass any test.

The methods of welding used are:
— TIG (tungsten inert gas)

H

MIG (metal inert gas)

Arc welding

Powder welding for thick pipe walls.

TIG welding

In this case the electric current is passed through a fixed
tungsten electrode surrounded by argon gas. The filler
metal is fed in either by hand or automatically. Due to its
superior characteristics, TIG welding is often used for the
rootpass, whereby an anti-slag gas is passed through the
pipe in order to prevent any internal combustion. With the
two gases, TIG welding is very clean, i.e. no slag is
produced. The wide popularity that the method has
achieved is largely thanks to its suitability for automatic
control. Computer-controlled machines with a rotating
welding head and pulsating current guarantee first-class
quaiity.

MIG welding
This method is especially suitable for large diameters and
thick walls. The filler metal is also the electrode.

It melts very rapidly so automatic feeding is essential. The
arc can be guided by hand or can be permanently set with
a rotating workpiece.

The MIG method also has the welding zone enveloped in
gas to pravent slag forming.

Arc welding

The arc evaporates the coating on the metal efectrode to
give protection to the poot of motten metal. The steel core
of the electrode melts to deliver filler metal to the seam.
The speed of this method lies between that of TIG and
MIG.

Powder welding

Very thick walls, as encountered on cylinders, can be
welded quickly and well by this method. The principle is
the same as that for MIG welding and, in addition, the pool
of molten metai is protected by a fayer of powder flux. It
is deposited around the electrode as welding progresses
and care is taken that it does not mix with the molten pool.
Pipes, welding ends and flanges made of 81 52.4, widely
used in hydraulics, need no prior or post heat treatment.
Pipework made of St 52.4 should be heat treated before
and/or after welding. If the system is exposed to extreme
conditions it is essential for heat treatment fo be carried
out. Weld seams in which the root pass is laid by the TIG
method with the addition of anti-slag gas need no post-
finishing or hardly any at all. This is where the automatic
welding equipment shows its true advantages. The sub-
sequent boring out of small diameters, or grinding out in
the case of larger diameters, can be significantly re-
duced.

6.2.3 Pickiing and passivating

The purpose of pickling is o remove any contamination
from the pipes, especially slag and weld spatter.

Pipes complying with DIN 2391 and DIN 2445, so-calted
precision steel tube, are pickled and passivaied by the
supplier. When such pipes are used the pickling process
is only needed after the hot bending or after welding
without anti-slag gas.

Pipes complying with DIN 2448 are supplied unpickled
but they must always be subsequently pickled . it is
essentialfor the rolled skin, coarse contamination and/or
anti-corrosion coatings to be removed by sand-blasting,
before any machining if necessary, i.e. before bending
and welding.

The passivation protects the pipes against rusting for a
limited time.
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There are two metheds of pickling:
- bath pickling and
- circutation pickling (see Section 6.3.3.4).

Left te right

- Degreasing bath (hot - 76°C)

~ Acid bath (cold)

Water bath

Neutralizing bath, caustic soda with passivating
additives (hot - 7(FC)

The pipes pass through the baths int sequence.

|

6.2.3.1 Bath pickiing

Bath pickling is usually employed with prefabrication. The
pickling shop should be sited close to the welding shop.
Whether multi-stage or single-bath pickling is employed
depends largely on the guantities of pipes needing treat-
ment. Mutti-stage pickiing is usual when there are large
quantities of pipes; single-bath pickling when there are
smali quantities of pipes.

Regardless of the type of pickling pipes must be de-
greased before they enter the pickling bath. In the case
of multi-bath pickling there is a separate bath filled with a
degreasing solution (P3). 11 is usually heated to 70°C.

Normally contaminated pipes will be degreased by a brief
immersion. Very oily or greasy pipes will have to be
degreased by hand with a cold degreasing agent. The
next step of the multi-bath pickling process is for the pipe
to be placed in acid. The acid bath contains about 20 to
30% pure hydrochioric acid. Depending on the amount of
slag, the pipes remain in the bath for about 2 hours.

So that no acid is carried cver into the neutralizing bath
the pipes are dipped in a water bath after the actual
pickling in order to remove as much acid as possible.

Neutralizing is carried out in the caustic soda bath. This
is heated to about 70°C in order to accelerate the pro-
cess. The bath aiso contains passivating additives to
prevent film rust forming on the surface of the pickled

pipes.

302

With single-bath pickling, pickiing solution, neutralizing
solution and passivating agents are all combined in a
single pickling vat. in order to accelerate the process this
t00 should be heated to about 70°C. The length of time
the pipes spend in the heated bath depends on the
amount and type of contamination and can be up {0 8
hours. This fong time means that the single-bath process
is only suitable for small quantities of pipes. Nevertheless
the quality of pickling is quite adequate. Naturally the
pipes must be degreased before they are immersed.
Regardlzss of the type of pickling, pipes should be
flushed through again after pickling with the type of
hydraulic fluid that is to be used later. It cleans and
preserves the interior of the pipes at the same time.
Afterwards they should be carefully sealed for transport
10 site.

Depending on the circumstances the pipes may be
treated with an external ceating for protection against
corrosion - refer to the chapter “Externat Corrasion Pro-
tection by Painting”.

Bath pickling has the great advantage over circulation
pickiing that each individual pipe can be checked. There
is no danger of any pickling solution remaining in the
system.

Stainless steel pipes must also be pickled after welding.
This is done by applying a pickling paste to the edge ofthe
weld seam. The paste is washed off with water after
allowing about one hour for it to work. Afterwards, the
whole pipe is treated in the pickling bath once again so
that any other contamination that might be presentcanbe
removed. Stainless steel pipes should also be flushed in
the pretabrication shop before shipment o site.

6.24 Cleaning

When the pickled pipes have completely dried out they
are flushed through with mineral oil in the same way as
unpickled steel pipes. The best results are obtained by
flushing the open pipes in atank by means of a centrifugal
pump. Filtration and regular renewal of the fiuid are very
important factors. The pipes can also be cleaned by
pulling clean, non-linting, white cloths through them
several times. Before they are sealed, they should be
sprayed with oif inside by means of an air gun,

Depending on the hydraulic system for which the pipes
are intended, extensive flushing can be performed with a
separate flushing system.

The Production and Installation of Pipework

In this case the pipes are coupled together in a ring and
finked into the flushing system. The fluid is then circulated
until the required cleanliness is achieved. Samples of
fluid can be taken and fested in order to check the
cleaning progress (see the chapter “Filtration in Hydraulic
Systems”).

Ifthe pipes are flushed before assembly, another flushing
is advisable after the pipes have been assemblad, using
the system pumps or a separate flushing unit. On assem-
bly, it is almost impossibie to prevent some contamina-
tion entering the system despite even the most careful
working practices.

6.2.5 Shipment

If a prefabrication department is to work efficiently it will
have to be progressing orders for several different jobs at
the same time. It is essential for the correct pipes o reach
the correct destinations.

Under some circumstances it will be necessary to pack
the pipes carefully in containers where they are protected
against external damage, the ingress of water and dirt
both during transportation and, perhaps most likely of ai,
when they arrive on site.

Large prefabrication departments make use of comp-
uterized order tracking.

6.26 Quality control

The monitoring and assurance of high guality during
prefabrication makes the setling up of a quality assur-
ance service essential. The specification for the quality
control function is laid down in a quality manual. it musi
describe all guidelines and procedures in relation to the
quality level. it must also contain an organization chart
showing the hierarchy, management and responsibil-
ities. Large projects will require supplementary instruc-
tions for special project-related quality specifications.

A well-equipped prefabrication workshop will have a
range of quality control equipment including:

- Magnaflux test equipment

- X-ray eguipment

- Metal check test equipment

- Ultrasonic test eguipment

- Oil analysis laboratory.

6.3 Production of
hydraulic pipework on site

The reasons for manufacturing pipework on site are
marny and varied:

~ the absence of prefabrication facilities

- the customer’s wishas (providing work for the local
poputation}

- system reqguirements (e.g. all lines being welded to-
gether to form a whole).

The skilled work on the pipes such as cutting to length,
bending and welding is almost the same whether per-
formed in the prefabrication shop or on site. However,
there are number of differences in the execution:

— Most activities take place on site
— More staff are required on site
~ Aproduction shop on or near the site mustbe provided

— The machines are simpler, have fewer capabilities
and a lower capacity

~ Work on large pipes ar special procedures are very
difficuit

- Production conditions on site are less than ideat

— In consequence the customer ofien demands stricter
checks, e.g. X-ray

- Apart from production facilities there must also be
space for working and storage on site

— Internal inspection of endless welded lines without
flanges or connectors is impossibie.

6.3.1 Survey of pipework

Once again the circuit diagram is the most important aid.
Ofien the work bench is immediately adjacent to the
installation and the pipework can be produced by meas-
uring and fitting according to the data given in the circuit
diagram.

6.3.2 Bending

Pipes up to size DN 32 are usuaily bent by hand or by a
smalil portable electro-hydraulic pipe bender.

Larger sizes must be heated before bending or be taken
to the workshop. Sometimes it is necessary to weld in
elbews or bends. These are of smaller radius than bent
pipes and so aretess efficient in flow. The greater number
of welds als¢ increases the cost.
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6.3.3 Fitting the means of connection
6.3.3.1 Solderless connections
These can be fitted in the same way as for prefabrication

and by hand, using spanners or the devices described in
Section 6.2.2.3.1.

Fig. 224: Instructions for assembling culting ring fittings
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6.3.3.2 Welded joints

Froduction of the pipework on site uses the same welding
methods employed for shop prefabrication. However,
expensive gutomatic welding machines can oniy rarely
be used on site { if at all). it is sometimes difficult to
establish optimum welding conditions on site.

6.3.3.3 Cleaning

it pipes do not have to be permanently joined but empioy
connectors and flanges, the cleaning can be carried out
as described in Section 6.2.3. 1 not, circulation pickling is
the aiternative.

6.3.3.4 Circulation pickling

The circutation pickling method is only ever used on site.
The pickling of individual pipes is to be preferred if
possibie. Circulation pickling is onfy employed when the
piping system is weldediogether as an “endless” system.
Basically, the procedure for circulation pickiing is the
same as that described for the flushing of hydraulic
systems in Section 8. However, it must be remembered
that the pickling solution must not pass through hydraulic
devices, manifold blocks, etc. Only the actual pipework
itzelf may be pickled.

The pickling equipment comprises pumps, heaters,
tanks and the necessary hose cennections which must
be suitable for the pickling solution,

The solution is pumped round the pipework relatively
slowly. When acids are used in the solution the temperat-
ure is not of any great significance. A higher temperature
of approximately 70°C is advisable when using singie-
bath pickling.

When acids are used for pickiing, the pipework system
must be flushed through with a neutralizing agent after
the pickling solution.

Following pickling and neutraiizing it is essential to flush
out the pipework with a hydraulic fluid that is compatible
with the actual fluid to be used later. The flushing of
hydraulic systems is described in Section 8.

6.4 Summary

Both methods - prefabrication and on-site fabrication -
have advantages and disadvantages. There are signific-
ant differences which have their effect on guality.

With prefabrication nearly all activities can he concen-
trated in a workshop specially eguipped for the purpose.
Here, under optimum conditions, there is a range of
machines, ideally suited to automatic control, that canbe
used for prefabricating the pipework away from the site.
The necessity for producing the pipework in sections
between 6 and 7 m long at most offers many advantages
in reference o cleaning, inspection and testing. Produc-
tion quality is consistently high.

For the production of pipework on site, the means of
production and the working staff must be concentrated on
or near the site itseli. This offers advantages in a fast
respense to any modifications requested. Short lines of
communication to the end-user and other subcontractors
are also good.

There are generally fewer machines than for workshap
production and on-site working is made mare difficult by
the presence of other teams of workers. itis often difficult
to achieve the required standards of cleanliness and
quaiity.

it should be emphasized that permanently welded pipe-
work systems should be avoided if possible.
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7 Installation of
hydraulic pipework

7.1 Preparations

The type of preparations reqguired vary according to the
scope of the project and the type of work invoived.
714 Site equipment

The installation of hydraulic pipework will require:

— hand tools

— welding gear for fixing suppons

-~ grinding machines

- lifting tackle

— storage facilities {e.g. containers)

Some of this equipment can be provided by the end—usgr
it the pipework is manufactured on site. If the pipework is
prefabricated the supplier will generally have to provide
his own tools. The usual practice is to have a workshop
container containing a workbench, welding equipment,
machine saw, bending equipment and hand tools. The
prefabricated pipework can be transported together with
the container.

7.1.2 Other preparations

There must be co-ordinating talks between end-user,
hydrautics suppliers and other sub-contractors. Cooper-
ation, responsibilities, methods and safety regulations
must be discussed and decided on.

7.2 The actual installation

The actual installation of the hydraulic pipework must be
carried out very carefully so that the final quality matches
that achieved in production. Special attention must be
paid fo:

- clean working

- weight of the pipework

— straight, direct and clear pipe runs

— stress-free mounting

- facilities for possible extensions.
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7.2.1 Clean working

It is very important during the installation process to
prevent any dirt getting into the hydraulic system. Forone
thing this means that the place of installation must be
shielded against the wind which can cause dangerous
contamination. Pipes, blocks and components must be
carefully sealed for delivery to site.

7.2.2 Weight of the pipework

The pipework becomes heavier the higher the working
pressure. This affects the installation procedures and the
support structures. For practical reasons the larger pipes
should be run in the floor or immediately above the floor.
They must be properly secured.

7.2.3 Straight, direct and clear pipe runs

A straight run of pipe is economic. They are also clearer
to see and therefore easier to maintain.
It is sensible to:

— work according to the main outline of the design
- bundle lines together
~ avoid complex situations

— differentiate between different sub-systems.

7.2.4 Stress-free mounting

The pipework must be free from stress after it has been
installed. Suitable courtermeasures must be adopted if
there are any problems in connection with stress due to
tolerances, temperature or support design,

Some such measures are:
- the use of hoses
- the use of expansion fittings

— the use of packing pieces which must be measured
and made after the installation has progressed 10 a
certain point.

7.2.5 Facilities for extensions

it is necessary to know whether the pipework system will
have t0 be extended at some later date. If so, suitable
measures will have to be adopted during design and
construction. These should include facilities for the drain-
ing of certain sections of the system or the immediate
provision of connections with isolating valves at suitable
points.
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7.3 Assembling the pipework

The pipework should be assembled under clean condi-
tions in order to prevent any early contamination of the
hydrauiic system. The workplace must be adequately
protected against dust and other forms of dirt. Wind and
draughts can carry many microscopic forms of contam-
ination and should be kept at bay as much as possible.

The various connections of the pipes and items of equip-
ment must remain plugged as assembly progresses. The
plugs and caps should only be removed when the actual
connecting-up is about to be performed. Connections
and connection surfaces should be chacked for cleanli-
ness before connecting-up. Itis not sufficient to rely solely
on the flushing of the system that wili probably take place
after assembly.,

Workshops, ioofs and other auxiliary equipment must be
clean at the start and must remain so.

7.34 Mounting the pipes

Once the primary route for the pipework has been estab-
lished, the first stage of site work is 1o install the support
structures and pipe clips. This finally establishes the
pipework routing which has only been preliminary up to
this point.

It must be remembered that shock and vibration can
calse extensive damage in a hydraulic system. Harmful
vibration can be generated by the hydraulic system itself,
e.g. due to cavitation, reciprocating motions, pressure
pulsation, alignment errors, mechanical movements, ete.
This means that the supporting structures or the building
housing the equipment could be damaged. In the case of
ships itis possible for shock and vibration from elsewhere
to affect the hydraulic equipment.

The effects of the shock and vibration can be reduced by
choosing the correct positions for the supports and clips
for the pipework. A solid base or rigid structure in com-
bination with strong pipe clips are the best means of
preventing damage due to vibration. Clips with rubber
inserts, hoses and expansion joints help to reduce the
transmission of vibration. In extreme cases the‘support
structures can be mounted on anti-vibration mountings of
the spring or rubber type.

Flexible bulkhead adaptors employing rubber elements
should be employed at the points where pipes pass
through decks or bultkheads, i.e on board ship.

The spacing between pipe clips is specified in
DIN 24 348.

Mechanical anchors can be used for fixing to concrete.
Adhesive anchors are preferred for heavy lines.

Itis very important for the pipes not to be subjected to any
stress due to the mouniing. Pipes which cannot be
installed without straining them should be realigned or re-
made.

Pipes should be installed with a slight fall towards the
tank.

Thermal expansion and contraction must be taken into
account at the project design stage and either expansion
foops, hoses or expansion joints must be provided. The
movement of these devices must be allowed for in the
fixings.

In order to facilitate assembly and disassembly when a
repair is necessary, connectors and flanges shouid be
offset from one another and be installed at the prescribed
distance from the adjacent pipe.

When installing stainless pipes it is essential to avoid
contact between the austenitic steel pipe and any ferritic
steel structures through the use of suitable pipe clips.
Corrosive attack can take place very quickly, especiaily
in atmospheres containing salt and other corrosive sub-
stances.

7.4 Fitting hoses

Flexible hoses are often used:

-~ to isolate vibration

- 1o allow refative movement

— 1o connect iwo peints of previcusly unknown distance
apart.

The first two definitely involve some movement of the
hoses.

Guidelines for the installation of hoses will be found in
Section 5.3.1.
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Diagram 61: Pipe expansion and contraction with temperature

7.5 Summary

The design, manufacture and installation of pipework
systems are very closely related procedures. The pro-
cess of installation really begins at the preliminary design
stage as various aspects of installation must be allowed
foronthe drawing board. Suitable preparations can make
for greater efficiency and economy. The reliability and
safety of a hydraulic system depend 1o a large extent on
the pipework so it is very important for all work on the
pipework to be carried out carefully and to a high quality.
Communication between contractor and end-user is of
great significance in this respect.
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8 Flushing hydraulic systems

8.1 introduction

During the assembly and installation of extensive hydrau-
lic systems with many pipe runs it is easily possible for dirt
and other contamination 1o find their way into the pipes
and other items of equipment. Therefore, it is necessary
with such systems to flush out all this contamination so
that it cannot have an adverse effect on the operation and
fife of the equipment.

Ftushing invoives circulating hydraulic fluid through the
system at high speed. The fast-flowing fluid carries the
particles of dirt along with it to where they can eventually
be removed in a separate filter circuit.

The duration and intensity of flushing depend on the
cleanliness of system required. The project engineer is
responsible for specifying the level of cleanliness to be
achieved. It is checked during the flushing process. The
same rules are applicable as were described in the
chapter “Filtration in Hydraulic Systems”.

8.2 As-delivered condition

All components, equipment and pipes should be deliv-
ered fo site clean and ready to fit. They must be protected
against the conditions prevailing on site; which means,
especially, the efficient plugging or capping of all holes,
ports, ends, efc. Plugs, caps or blank flanges should not
be removed until immediately before the pipe or item of
equipment in guestion is about to be connected up.

All pipes delivered to site must be free from scale, rust
and pickling residue.

8.3 Preparing the system for fiushing

ltems of equipment that could be damaged by the flush-
ing must either be replaced by suitable devices or be by-
passed using pipes or hoses.

For example, the high-pressure pumps of the system
must be by-passed by suitable flushing lines and the
servo valves in the system replaced with flushing plates,
The elements should be removed from the system filters
before flushing begins so that they are not made dirty by
the flushing fluid. The filtering should be carried out by a
separate flushing filter.
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Venting valves must be provided at high poinis in the
pipework system in order to be certain that the pipes and
equipment are compietely full of fluid.

Drains must be provided at low points and in dead legs so
that any dirty fluid can be drained off.

Sub-circuits in the system must be provided with extra
connections for flushing. Quick-release couplings are
ideal for the purpose. However, they must be large
enough for the flushing fluid to pass through without
appreciable pressure drop.

Smaller systems can be flushed in one go, but larger
systems may need the process to be carried out in
stages.

8.4 Flushing units

Flushing units comprise pumps, heater, duplex filters,
tanks and the necessary hose connections.

The pumps must be fitted with adjustable pressure relief
valves which must be set to a pressure which ensures
that the fult volumetric flow of the pumps is being passed
through the parts being flushed.

The capacity of the tank should be at least three times the
pump delivery per minute. It should also be at least equal
in capacity to the capacity of the instaliation being
flushed.

Duplex filters must be provided so that the cleaning or
changing of the filter elements can take place without
interrupting the flushing process.

8.5 Flushing velocity and temperature

Flushing velocity and temperature should be as high as
possible for the quick and effective flushing of the hydrau-
lic system.

Practical experience has shown that the femperature
should be higher than the operating temperature if pos-
sible. In the case of mineral oils 80°C is recommended
and with water-in-oil emulsions and water-glycol 50°C is
recommended.

The flow velocity should be at least twice that during
normal operation of the installation and the flow should be
in the turbulent range at ali points.
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Turbulent flow is when:

V9 - 2320

Re =

Where
d = Inside diameter of pipe
v = Fluid velocity

v = Kingmatic viscosity.

The volumetric flow through a pipe is:
d 2
G::vavad -

Substituting this in the first equation gives:

2
Se He v o ‘n _fAe-ved-en

d 4 4

Substituting the minimum value for turbulence gives:

o 232(}'v-d-7£_
4

Converting to uniform units and calculating the numerical
values gives:

620.1? cved

Which is the minimum volumetric flow of fluid through a
pipe necessary to achieve turbulent flow conditions,

Where
Q = Volumetric flow in L/min
d = Inside diameter of pipe in mm

v = Viscosily in mmé/s

8.6 Flushing fluid

The type of flushing fluid used must be compatible with
the fluid eveniually to be used in the system and with the
materials used in the system, especially the seals.

Although the same fluid to be used subsequently can be
used for flushing, a lower viscosity flushing fluid with no
expensive additives can flush a system more guickly and
more cheaply. e

8.7 The flushing procedure

The flushing fluid should be introduced into the tank of the
flushing unit through a filter,

Then heat the fluid to the required temperature and start
the flushing pump. Ensure that the hydrauiic system is
properly vented.

While flushing is in progress keep a ciose waich on the
clogaing indicators of the filters so that the elements can
be changed or cleaned at the right time.

i is advisable to reverse the direction of flow after about
an hour of flushing. Flushing should be continued until the
filter blockage indicators have been showing nothing for
more than an hour. The flow should be reversed again.
Take fluid samples from the system and see whether the
required cleantiness of fluid has been achigved. The
methods of sampling and checking are described in the
chapter " Filtration in Hydraulic Systems”.

Make sure that all circuits comprising the hydraulic sys-
temn are flushed. If necessary, isolate certain parts of the
system and flush them individually.

When flushing is complete ensure that all residual fluid is
removed from any dead legs.

Obvicusly, any by-passes and other auxiliary devices
{hat have been fitted solely for the purposes of flushing
must be removed again afterwards so that the hydraudic
system is then restored to its fully functioning state.

If the system is not to be filled with fluid for some time
before the final commissioning is undertaken it might be
necessary to flush the system through with an anti-
corrosion fluid.

A particular point 1o note is that systems containing servo

vaives will have to be flushed for up to 48 hours in order
to obtain the required degree of cleanliness.
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Internal Protection of
Hydraulic Components and
Power Units

Erhard Wiesmann

1 General

When hydraulic components and equipment are stored
for long periods of time it is possible for them to suffer
gradual deterioration which can have an adverse effect
on the subseguent commissioning. The residual fluid left
inside the equipment tends to go resinous after a certain
time which makes spools, for example, stiff 1o move and
rotating parts have difficutty in forming a lubricating film
quickly.

Such problems can be delayed by testing or filing fems
with a preserving ofl before they are stored. Such oils
remaining in the equipment provide better protection
against corrosion and resinification for longer periods.

Table 64 lists the protective measures to be adopted in
relation o storage conditions and storage time.

Seaworthy packing is usually necessary for extended
storage or for export shipment and storage. Internal pro-
tection and packing methods are interactive and so
shouid be coordinated for the best overall effect.

Parts and equipment should not be stored for more than
two years because damage o seals can start after this
period of time.

The protective measures described in this chapter are
applicable to hydraulic equipment operated with the fol-
jowing fluids:

Mineral oil HL, HLP to DIN 51 524,
Parts 1 and 2
Oil-in-water emuision HFAE  to DIN 24 320

Water-in-oif emuision HFB to VDMA 42 317
Water based solutions HFC 1o VDMA 24 317
Phosphate ester HED-R 1o VDMA 24 317

2 Methods of protection

For equipment operated with mineral oil-based fluid,
internal protection is provided with either minerat oil-
based fluid (Protective fluid A) or anti-corrosion oil (Pro-
tective fluid B).

For equipment operated with aqueous fire-resistant
fluids of Groups HFAE, HFB or HFC, internal protection
is possible with either Protective fiuid A (mineral oil} or
Protective fluid B (anti-corrosion oil), provided the protec-
tive fluid is Hushed out of the system and its equipment
hefore commissioning is started. The amount of residual
protector in the fluid must not exceed 0.1%.

For equipment operated with anhydrous fire-resistant
fluids of the phosphate ester type HFD-R, internal protec-
tion is provided by Protective fluid C. it shouid be noted
that the same fluid is used for commissioning and opera-
tion. If a different fiuid is used for commissioning than nas
been used for internal protection, the protector must be
removed by flushing unil the residual concentration does
not exceed 0.2%.

Note

if any items of equipment incorporate seals or other
components such as accumulator bladders made of
EPDM, it must be ensured that no residual minerat ail
gets inio the operating fiuid. Mineral oil is harmful to
EPDM elastomers.

Equipment wetted or filed with mineral oil must be

flushed out with operating fluid before the power unit is
installed.
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3 Protective fluids A, B and C

These protective fluids are widely used for internal pro-
tection in the hydraulics industry, including Mannesmann
Rexroth.

3.1 Protective fluid A

Mineral ol HLP 68, DIN 51 524, Paris 1 and 2
Density approx. 0.87 kg/idm?®
Viscosity approx. 40 mm#/s at 50°C

3.2 Protective fluid B

Anti-corrosion oil

This is a mineral oil-based protector with excellent ageing
and anti-corrosion properties.

Density approx. 0.89 kg/dm®

Viscosity approx. 44 mm®4s at 50°C

if anti-corrosion oil is used for testing and filling hydraulic
equipment it must be drained before commissioning the
eduipment with mineral oil.

3.3 Protective fluid C

Fhosphate ester HFD 46-R

o VDMA 24317

Density approx. 1.125 kg/dm?
Viscosity approx. 32 mmé/s at 50°C
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4 Internal protection procedure

The internal protection kisted in Table 64 is achieved by
appropriate testing or filing of the hydraufic equipment
and systems.

Testing means a brief period of operation of the tank or
item of equipment filled with the appropriate protector
followed by draining. All pipe connecticns must be plug-
ged afterwards,

i Table 64 indicates that internal protection must be
orovided by fifling, testing must be carried out with the
appropriate protector first. The protector remains in the
equipment and components. The pipe connections are
sealed with plugs or flanges. Tanks must not remain
filed. It is sufficient to filt any equipment mounted on or in
the tanks, such as pumps, control gear and filters, with
the appropriate protective fluid.

Tanks for HL or HLP fiuid are protected against corrosion
by interal painting (a single-component polyurethane
zinc-rich paint).

Tanks for HFAE, HFB, HFC or HFD-R fluids are best
made of stainiess steel. Tanks made of normal steel are
protected by an internal coating resistant to the fluid
(information on suitable resistant coatings will be pro-
vided by the fluid supplier).

In exceptional cases the intericr of the tank can remain
bare if commissioning is to be carried out soon. The
surfaces can then be sprayed with anti-corrosion oil
{Protective fluid B). The protective fiuid must be removed
subsequently with a cleaning fluid (e.g. cold degreasing
agent) before the system is commissioned.

Note
The interior of the tank must be inspected visually before

commissioning takes place and any contamination or
condensation discovered must be removed.
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Table 84

i transport or storage times are longer than those shown
in Table 64, the equipment manufacturer must be ap-
proached for advice on suitable protective measures 1o
be employed.

5 External protection procedure

External protection against comosion is provided by
painting; full details are given in the chapter “External
Corrosion Protection by Painting”.

An epoxy resin undercoat is sufficient for external protec-
fion for periods of storage up to & months in dry places
maintained at normal even femperatures.

[f the storage time is more than 6 months, suitable
finished paintwork must be apglied. The type of coating
system employed (single or two-component paints)
depends on the type of attack to which the surfaces
involved are exposed.

Care must be taken that the external paintwork does not
suffer any damage during fransport and storage.

Bare exposed parts must be sprayed with a waxy anti-
corrosion  substance.

Note

If any packed %ﬁydraulic equipment is unpacked for in-
spection purposes it is essential {o replace the packaging

carefully afterwards. New drying crystals must be put in
if the packing is for ocean shipping.
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External Corrosion
Protection by Painting

Erhard Wiesmann

1 General

The reasons of painting items of equipment are many and
varied. They include visual appearance, protection
against corrosion, the provision of special surface pro-
perties such as good reflection of light as well as easy
cleaning and resistance to chemical substances in the
environment.

There is no single universal paint or other coating mater-
ial. A particular paint must be chosen to suit the surface
to which # is to be applied and its environment.

Paints may be of varying consistency ranging from liquid
to paste-like. They may also be physically and/or chem-
ically drying substances or blends which can be applied
by brushing, spraying or other method.

An important constituent of a paint is the medium binding
the particles of paint pigment fogether and to the surface.
The pigment is responsible for the colour. The range of
colours available will be found on the RAL shade card
which is related to the colour register RAL 840 HR.

When applying paint, care must be taken to ensure that
the whole structure receives good, uniform protection
against corrosion suitable for the purpose. in the case of
structures where the susceptibility to corrosion varies.
extra corrosion protection must be provided in the more
heavily stressed areas, e.g. by employing hot-galvanized
components or using stainless materials.

2 Anti-corrosion design

Corrosion damage to metal parts can be prevented or
reduced by various methods of design and construction.
The design should be such that there is good accessibil-
ity to all parts of the structure so that corrosion protection
can be applied, checked and kept in good order. If there
are special reasons why this is impossible, the cleaning
and painting of places which will no fonger be accessible
after assembly must be carried out beforehand.

Narrow gaps, voids and blind holes in which dirt can
accumulate should be avoided.

Voids and the underside of metal plates on which con-
densation can form should be adeguately ventilated.

When units are instafled outdoors, with the attendant
greater danger of corrosion, all weld seams should be
continuous and there should be no sections open at the
top.

Sharp cut edges and burrs should be avoided because
the surface tension of liquid paints causes them to pul
back from sharp edges and corners.
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3 Surface preparation

The effectiveness and life of anti-corrosion paints on
metal surfaces depends 1o a large extent on good prepar-
ation of the surface to which the paint will be applied.

3.1 Preparation of steel parts

Steel parts are prepared by particle biasting to a standard
cleanliness rating of SA 2 1/2. The standard ratings are
laid down in DIN 55 925, Part 4.

SA 2 1/2 means that sufficient scale, rust and old paint
have been removed 10 ensure that any residue remaining
on the surface wilt simply be visible as slight shadows due
to the foning of pores.

3.2 Surface preparation of hydraulic
power units before applying the

second undercoat

The surfaces must be carefully and completely cleaned
with a suitable cleaning agent to remove all dirt, dust,
grease and other substances which would have an
adverse effect on the paint,

The cleaning agents must be handled in accordance with
the relevant safety instructions.
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4 Selecting paints according to
corroding media and environ-
mental factors

Both single-compenent paints and two-component
paints are available. Which system is chosen depends on
the corroding media to which the surface requiring pro-
tection will be exposed.

Note, for example, that a seawater or brackish water
environment will require a different painting system to a
dry or warm and moist environment,
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5 Single-component paint
systems

in order 1o obtain the required properties of protection,
more than one coat of paint must be applied to a surface,
i.e. undercoat and top coat. Remember, of course, that
the sequence of application - undercoat first, top coat
second - cannot be reversed. And no more undercoat
may be applied to parts which have already received their
fop coat.

Table 86: Painting procedures

5.1 Paints

5.1.1  Zinc-rich primer

Zinc-rich primer is a high-guality single-component poly-
urethane based paint containing approximately 84% zinc
in solid form. It is sprayed on o surfaces which have been
previously sand or shot blasted {the necessary surface
roughness for zinc-rich primer is 50 pm).

Where bruises, cracks or voids are present, zinc-rich
primer clearly provides protection for a small, although
limited, exposed surrounding area. It initiates a cathodic
process which produces large quantities of a product of
zinc corrosion which eventually covers the damaged
area. In fact, the protection is due less fo the cathodic
process, which is only present initially, but more to the
products of corrosion produced by the cathodic process
preventing the zinc going into solution and thereby in-
creasing the durability.

Zinc-rich primer has good adhesion, high abrasion resis-
tance and good impact resistance. Subsequent welding
is possible, although the welded area must be repainted
after carefui cleaning. Subsequent undercoats and top
coats do not have to be applied immediately.

51.2 Epoxy undercoat

Epoxy undercoat comprises a medium containing a
single-component epoxy resin ester with 54% solids.

The advartages of epoxy undercoating are:

optimum corrosion resistance

good resistance to chemicals, water and solvents

:

good elasticity at high temperatures

good adhesion.

5.1.3 Alkyd resin paint {top coat)

Alkyd resin paint comprises a medium of alkyd resin con-
taining 56% solids. Its key features are good surface pro-
perties such as hardness, shing and scraich resistance.

Note:

The commonly used term “synthetic resin paint” does not
describe the quality of a paint sufficiently well because
there are a wide variety of different compositions and pro-
perties for such paints.
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Table 67: Single-component paints
! Description of danger class and identification see Section 11
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6 Two-component paint
systems

The advantages of two-component paints are their ex-
ceptional toughness, abrasion resistance, adhesion and
resistance 1o chemical attack. More than one coat of paint
must be applied to a surface, i.e. undercoat and top coat,
in order to obtain the required properties of protection.

Remember, of course, that the sequence of application -
undercoat first, top coat second - cannot be reversed.
And no more undercoat may be applied to parts which
have already received their top coat.

Top coating
Hydraulic power units

Two-component polyurethane paint
{any desired RAL colour)

2nd undercoat
Hydraulic power units

Two-component epoxy undercoat
RAL 7032

1st undercoat
Hydraulic power units

Epoxy undercoat
RAL 7031

1st undercoat
Steelwork

Zinc-rich primer
RAL 7000

Surface Steel 1o normal grade of ceandiness

SA 2172

Table 68: Painting procedures

6.1 Painis

6.1.1 Two-component epoxy undercoat

Two-component epoxy undercoat is an epoxy resin paint
with a total solids content of 67%.
The advantages of two-component epoxy undercoat are:

— universal application on almost any surface {(including
hot-galvanized parts)

- good filing power, good running qualities

— toughness, scratch resistance, excellent resistance
to bubbling

— resistant to solvenis

— exceptionally resistant to chemical attack.

6.1.2 Polyurethane paint

Polyurethane paint is of the reaction type on a polyureth-
ane base with a solids content of 67%.

The drying process comprises a combination of solvent
evaporation and chemical reaction.

Careful mixing before use will ensure the following pro-
perties:

— resistance o chemicals, water and solvents

-~ fire-resistance

— excellent hardness, abrasion resistance, filing and
shine

— resistance to fire-resistant hydraufic fluids

Note:

Surfaces which have received a top coat of two-comp-
onent paint can be painted again with two-component top
coat within 14 days. Affer this time it will be necessary t0
roughen the surface first with a fine glasspaper.

Note:

The term “DD paint” stands for Desmedur and Desmo-
phen (trade-marks of Bayer AG). The reaction between
these two single components produces a polyurethane
filrn.
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6.2 General features of two-component paints

Description = * =

._Spray gun T g
i _.'Airless fﬁsza S

: %:emperamre ':eslsiance :
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Froe rom 1Ust, dust and grease | Frée fo

Table 69: Two-component paints
" Dascription of danger class and identification see Section 11
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7 Applying paint

The manufacturer's instructions must be followed closely
when applying paint.

In the case of steel parts where there are surfaces which
will no longer be accessible after they have been joined
by welding or boling, the affected areas must be treated
with zinc-rich primer first (see Section 5.1.1).

The minimum coat thicknesses listed in Tables 68 and 69
must be adhered to when applying the paints. However,
the total thickness should not exceed 120 um. Excessive
thickness can cause sirface tension which will have an
adverse affect on the corrosion protection.

The following #ems must be left free of paint:
— namepiates and instruction piates

- plastics

— oil level sights and gauges

- piston rods and hoses.

All relevant regulations must be adhered to when using
and applying paints.

8 Methods of painting

The application of paint by spray produces an excellent
surface finish when the proper methods are used. How-
ever, there are many different methods of spraying, each
having its own special properties.

8.1 Air spraying

Air spraying is excellent for large, flat surfaces. However,
due to the high spray loss, it is less suitable for parts with
a small specific surface area.

Paint wastage when spraying small suspended items is
usually very high.

it is also difficult to spray inside voids and channels by this
method (Fig. 227). The large amount of compressed air
in the paint spray causes an air cushion to form which
makes the deposition of the paint difficult or impossible.
There are, nevertheless, special nozzles and extensions
which make it possible to paint inside voids by this
method. '

Fig. 227: Air spraying inside volds causes a presstire bwid—:_;p
which, in extreme cases, can completely stop the
paint being deposited

8.2 Airless spraying

Airless spraying avoids some of the difficulties of air
spraying. In this case the paint is expelled under high
pressure and does not need compressed air to carry it. its
principal advantages are a high throughput (making it
suitable for painting large surface areas) and practically
no pressure build-up when painting inside voids and
channels. Generally speaking, the paint is not atomized
so finely as with the air spraying method, which makes
control easier.

8.2.1 Hot airless spraying

The advantages of hot airless spraying are that it permits
the use of high-viscosity, low-solvent paints. The paint is
heated to about 55 to 70°C either directly in the can or in
a heat exchanger. The elevated temperature reduces the
viscosity of the paint.

The advantages of hot airless spraying are:

— economy due to the saving of thinners {co%d' spraying
needs about 5 to 15% by weight of thinners

~ faster drying
- thicker application if necessary
—~ less pollution.
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8.3 Electrostatic spraying

The generation of an eleciric field between the spray gun
and the itern being painted causes the particles of paint
t0 be aftracted to the item so that the overspray loss is
greatly reduced.

Naturally, electrostatic spraying is primarily intended for
items which are good conductors of electricity, 1.e. metal
parts.

In terms of paint yield, the pure electrostalic method
achieves the highest efficiency, particularly for ftems
which have farge gaps, .¢. hydraulic power units with
their pipework.

Fig. 228: Electrostalic spraying gives good coverage, even on
areas facing away from the spray gun. On the other
hand, the Faraday cage effect makes painting the
inside of voids difficult because the lines of force
cannot penglrate inside the hollow section

Fig. 229: Flectrostatic spraving produces a high paint yield
and correspondingly fittle overspray
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9 Paintwork for hydraulic power
units and equipment for
hydraulic engineering

Customers in the hydraulic engineering field usually
require corrosion protection for hydraulic power units and
equipment 1o be in accordance with DIN 55 928, Part 5.
DIN 55 928, Part 5 - Table 6 lists all the usual and well tried
protection systems with different protection parameters,
The different stresses due to atmospheric, chemical and
mechanical effects are also listed.

Coat thicknesses are recommended to DIN 55 928, Part
5. Struciural viscosity adjustments make it possible to
apply paints thickly.

The customer specifies the cormrosion protection
according to the corrosion stresses invoived.

a Light corrosion attack, e.g. installation in enclosed
spaces, use protection parameters 6.11.1 to 6.11.5.

b Medium corrosion aftack, e.g. installation outdoors,
use protection parameters 6.30.1 to 8.30.3.

¢ Heavy corrosion attack, e.g. cylinders ouidoors, use
protection parameter 6.31.1.

Example of protection system designation to DIN 55
928, Part 5, Table 6, protection parameter 6.30.2
“Corrogion protection DIN 556 928 - T 05 - 8.30.27
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10  Special customized painting

The considerable expense of purchase, storage, applica-
tion and disposal of special paints must be taken info
account when considering special customized painting.
There are a number of points {0 waich:

— paints must be free from carcinogenic substances
such as chromate and cadmium

- paints classified as poisonous, e.g. containing lead,
mist not be used

— painis, thinners and hardeners of danger class Al
{e.g. nitro-celiulose paints) must not be used.

11 Danger classes and
warning signs

Dangerous substances must be marked in accordance
with the appropriate regulations.

In the case of West Germany,
typical warning signs are as follows:

PoiSoNoUs T
Slightly

poisonous

(injurious Xxn
o health)

German danger classes are as follows:

Danger class A |:  liguids with a flashpoint below 21°C

Danger class A II: Liquids with a flashpoint between 21°
and 55°C

Danger class A |li: Liquids with a flashpoint between 55°
and 100°C
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12  The principal
relevant standards

DIN 55 928

Corrosion protection for steel structures by painting and
coating

Part 1: General

Part 2: Anti-corrosion design

Part 4: Surface preparation and testing
Part 5 Paints and protection systems

DIN 55 845

Paints, lacquers and similar coating materials
Terms

13 References

Jurgen Fichiner Die bessere Lackierung
kommt vom Reissbrett,
Ingenieur Digest,

March 1877

Karl-Albert van Oeterenn Zinkstaubanstrichstoffe und
thre Anwendung,
Maschinenmarkt,
Wurzburg 1970, No. 30
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Packing and Transport

Erhard Wiesmann

1 General

The supplier is under an obligation to deliver his products
to his customers in satisfactory condition in accordance
with the customer's expectations and in compliance with
the requirements of the contracts.

Hydraulic parts and equipment must be packed in such a
way that they can arrive at their destination undamaged
when despatched by normal means of transport. This
means that they must be protected against moisture,
rain, corrosion, shock, dust, dirt and any other damaging
effects while they are in transport.

in order to ensure that the products reach the customer
in the same condition as they leave the factory it is
important for them to receive adequate protection against
cOorresion.

Equipment must be broken down info sections which can
be packed so that their size and weight are appropriate
for handling by the means available, such as fork-lift truck
Or crane.

The means of transporiation and fifting must be appro-
priate to the weight of the packed goods, as must alse the
type of boxes, crates or pallets and any other devices
associated with the lifting, transport and storage and the
related stresses.

— Choose a method of packing which ensures that the
goods reach- their destination in good condition. The
packing must be both economical and effective.

— Ensure that the customer’s packing and shipping spe-
cifications are complied with.

— Finished equipment and components must be stored
safely before shipment so that they cannot come 1
any harm or be confused with other equipment.

— Bright parts must be protected so that they do not
suffer any corrosion before the system in which they
are incorporated is put into service.

2 Corrosion protection for
packed hydraulic equipment

During its journey from factory to site, especially over-
seas, hydraulic equiprment is often exposed to adverse
conditions for which the normat factory corrosion protec-
tion might not be adequate.

Some such conditions are:
— rain and/or seawater

— high humidity

~ salt-laden air

~ extreme high or low temperatures and temperature
fluctuations

- chemical aftack.

The nature and intensity of these conditions depend on
the method of transport, its duration, any intermediate
storage and the type and susceptibility of the equipment.
The methods of corrosion protection described below
provide the extra protection needed to nullify the adverse
effects on the equipment which may be encountered.

2.1 Desiccant method

For complete effectiveness of corrosion protection and
the desiccant i is necessary for the atmosphere inside
the packing to be entirely isolated from the ambient at-
mosphere.

The equipment is sealed inside polyethylene fiim at least
0.2 mm thick or, if conditions are extremely bad, in a com-
posite aluminium fim  (the composite film is 100% gas
and water vapour-proof). Desiccant inside the sealed en-
velope keeps the air at a maximum relative humidity of
50%.

The quantity of dessicant 1o be used is faid down in DIN

55 474. The climatic conditions in the place of storage at
the destination must also be faken into account.
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Moisture indicators can be placed inside the envelope to
monitor the amcunt of moisture absorbed by the desic-
cani.

In the case of envelopes made of the composite alumi-
nium film there should be windows made of polyethylene
or similar material welded in with the indicators placed
behind them. i boxes are used for long-term storage a
suitably large hole and cover should be provided in the
side of the box through which the indicator inside the
envelope can be examined.

2.2 VCl method

VCI stands for “volatile corrosion inhibitors” and is the
name given 1o the method whereby bright metal parts are
protected against corrasion by packaging then in an
atmosphere saturated with anti-corrosion substances.
The VCI method is preferred for protection during storage
and shipment when the protective atmosphere can be
effectively contained by this packaging.

Bright metal parts such as pistons, slkeeves and the
sealing sutfaces of valves receive their VCI protection in
the form of an anti-carrosion oil or by wrapping or packing
in anti-corrosion paper.

The VCI anti-corrosion products continuously give off
minute quantities of the inhibitor they contain or with
which they have been treated. This means that anti-
corrosion ot or paper does not actually have 1o be touch-
ing the metal in order to protect it; a small gap is perfectly
satisfactory. Such protection is therefore ideal for irregu-
lar shapes such as tapped holes, pipes and machines.

The inhibitors prevent corrosion of metal surfaces by
oxygen, water vapour and salt in the air and by wood
acids, human sweat and industrnial atmospheres. Also,
any corrosion that has already started is stopped. The
VCI method needs a sealed envelope to exclude the
ambient atmosphere if it is 10 be totally effective.

VCI! substances can be used for steel, iron, chromium,
cast fron and aluminium, and there are also special
substances for copper and its alloys.

However, the VCI method cannot be used for zine, tin,
cadmium, magnesium, lead or alloys of these metals.

3 Load dimensions, limits and
reguiations

The maximum size of loads for the means of transport to
be used eventually for delivering the finished equipment
should be taken into account at the intial design stage so
that no insurmountable problems are encountered sub-
sequently. Goods which do not exceed the dimensions
and limits listed in Tables 71 and 72 can be transported
without special approval.

3.1 lLoad dimensions
not requiring special approval

Table 71: Load dimensions not requiring special approval - West Germany

Note;

Low-loaders and articulated covered trucks are special-pur-
pose vehicles.

The basic rule of the “undivided load” is applicable to the
maximum load dimensions and paylead limits. This means that
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the special-purpose vehicle may only carry one load. In the case

of machines with accessories the weight of the accessories
must not exceed 10% of the weight of the machine.
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Table 72. Load dimensions exempt from special approval - Wesfern Europe

3.2 Load dimensions
requiring special approval

Any road transport loads exceeding the widths listed in
Tables 71 and 72 require the special approval of the
authorities of the states and countries through which the
load will pass. The route to be taken will be specified.

Major haulage companies operating at the heavy end of
the market have usually been granted permanent special
approval for carrying goods up to 3000 mm wide.

The height of road transport foads must not exceed the
figures given in Tables 71 and 72 if necessary the
equipment must be partially dismantled before loading so
that, even including the packing, the height limit is not
exceeded. Here too 1t is sensible to consult specialist
haulage companies beforehand in order to investigate
what is possible with the transportation of high loads.

In the case of rail transport the loading gauges of the
differant rallway systems are the governing factor and the
relevant authorities must be consulted if special sizes are
involved.

3.3 Shipment of pressurized
hydraulic accumulators

In the case of West Germany there are regulations
governing the transport of dangerous substances and
they specify that hydrauiic accumulators charged with
nitrogen can be transported either ioose or installed in
other equipment.

Shipment can be by road, rail, sea or air, although
delivery by post is not currently allowed.

For all forms of transport a green danger sticker with the
inscription  "NON-FLAMMABLE COMPRESSED GAS”
must be applied to the accumulators and the accom-
panying paperwork must also contain appropriate notes.

It is important for the transport arrangements to be such
that the equipment is firmly anchored so that it cannot tip
over or fall from the loading surface. Any hydraulic
accumulators being delivered loose must be packed in
cartons or crates.

3.4 Transport by sea

In order to remain within the maximum external dimen-
sions of packing cases for fransportation by sea (Fig.
2303, the dimensions of the equipment packed must not
exceed 2490 mm wide, 2225 mm high and 4000 mm long.

Fig. 230: MHeavy packing case for transport by sea
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3.5 Loading dimensions for sea containers
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4 Lifting points for
hydraulic equipment

Hydrauiic equipment must be designed so that it can be
carried and lifted safely by industrial trucks such as fork-
lift trucks and liting gear such as cranes,

The lifting points for cranes are needed for handling
within the factory, for loading and unloading for transport
and for instaliation on site.

4.1 Positioning of lifting points

Lifting lugs must be attached in the direction of pull so that
they cannat be bent or ctherwise deformed by a pull at an
angle.

Equipment to be transported horizontally, e.g. accumuia-
tor racks, must be fitted with iifting lugs which allow the
equipment to be turned from the vertical to the horizontal.

4.2 Load limits for lifting lugs

in connection with the joad limits for lifting lugs it must be
remembered that the permitted limits decrease accor-
ding to the angle of pull of the chain or strop.
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4.3 Dimensions of lifting lugs

Fig. 232; Lifting lug Type A for attaching container hooks lo Fig. 234: Lifting lug Type B for attaching container hooks to
vertical surfaces horizontal surfaces

Fig. 233 Lifting lug Type C for attaching hooks to vertical and Fig. 235: Post-type lifing lug for attaching strops
horizontal surfaces
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5 Packing hydraulic equipment

The methods of packing hydraulic equipment described
below vary according to the destination.

5.1 Delivery inside West Germany

Smalier items of equipment (up to 50 kg) are delivered in
cardboard containers or cartons. The goods must be
packaged in suitable materials inside the carions so that
they do not suffer any damage during fransport. Any
empty spaces must be filled with a suitable filing material.
For gross weights over 50 kg skids must be aftached 1o
the bottom of the packing, or the packing must be mount-
ed on a pallet, so that it can be lifted with a fork-lift truck.,
Corrosion protection of bright metal pans is by the VCI
method (see Section 2.2).

5.2 Delivery within the EEC

The same packing as described in Section 5.1 is appro-
priate.

Corrosion protection is by the VCI method.

5.3 Delivery to Eastern Block countries
and overseas

Seaworthy packing, i.e. packing cases, is employed in
the majority of cases. Corrosion protection is by the
dessicant and VCI methods. Other details are as de-
seribed in Section 5.1

5.4 Delivery to the USSR

Seaworthy packing is employed in the majority of cases
with corrosion protection by the dessicant and VCI
methods using composite aluminium film.

Other details are as described in Seclion 5.1.

6 Packing hydraulic power units

The methods of packing hydraulic power units described
below vary according to the destination.

Export packing must be designed for a total transport and
storage period of from 6 to 24 months.

Exposed bright metal parts must be sprayed with &
corrosion  inhibitor.

6.1 Delivery within West Germany

ltlems of hydraulic power units such as tanks, valve
iables, valve stands and pump sets are bolted o a
wooden base and- covered with polyethylene film for
protection against water and dust.

Awkward ftems such as cylinders and accumuiators are
packed on pallets or skids depending on their size.

6.2 Delivery within the EEC and to
Eastern Block countries

Hydraulic power units are shipped in wooden crates with
the equipment sealed inside polyethylene film. Corrosion
protection by the dessicant method can be provided if the
customer wishes.

6.3 Delivery overseas in
seaworthy packing

For transport by sea, hydraulic power units are loaded in
wooden packing cases fined with waterproof bituminized
paper (aithough the bottom of the case is not lined so that
any water which gets in can drain away). Corrosion pro-
tection for periods up to 6 months is provided by the desic-
cant method.

6.4 Delivery to the USSR or transport
periods over 6 months and storage
times up to 24 months

Hydraulic power units are ransported in wooden packing
cases lined with waterproof bituminized paper (the bot-
tom of the case is not lined).

Corrosion pfoteciion for the equipment is provided by the
dessicant method using composite aluminium film.

Indicators for monitoring the condition of the desiccant
can be placed inside the envelope if the customer wishes
(see Section 2.1}.

Protection against internal corrosion with a suitable oil is
necessary to maintain the equipment in good condition
during long periods of transport and storage {see “Inter-
nal Protection of Hydraulic Components and Power Un-
its™).
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7 Identification and marking

7.1 identification of individual
components and spare parts

Al individual components, including loose items in a
packed unit, must be identified separately by the manu-
facturer/supplier. The information must alsc be given on
the packing note/deiivery note.

7.2 Marking of packed goods

Each item of packed goods must be marked either with a
stencit using seawater-resistant, non-fading paint or with
labels provided by the customer. In the case of stencilling
the size of the lettering should be appropriate 1o the size
of the unit. With unpacked items of equipment and those
mounted on skids the marking should be directly on the
equipment itself.

Basically, all units should be marked on both long sides,

7.3 Handling symbols/Danger symbols

The following international symbols should be applied to
identify any goods requiring special handling.

Danger symbols shouid be taken from the IMDG Code
(Fig. 236). The symbois should be marked on the sides
containing the identification marks. Cenire-of-gravity
symbols should be marked on both sides and ends.

Fig. 236: Handling and danger symbois
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8 References

Company Publication:

Company Publication:

Verpackungs- und Versandvorschriften fur Hydac-Blasen- und Membranspeicher, die mit
Vorfillldruck (Stickstoff) gelisfert werden.
HYDAC GmbH, Suizbach

Aligemeine Verpackungsbedingungen fir Maschinen- und Anlagenbauteile
Mannesmann Anlagenbau AG, TheodorstraBe 80, D-4000 Dilsseldorf 30
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Commissioning
Hydraulic Installations

Franz X. Feicht

1 Preparations for
commissioning

1.1 Checking the fluid tank

Qil tanks in hydraulic instaflations are checked for clean-
liness before they ieave the factory and all apertures are
fightly sealed.

Due to unfavourable circumstances duting transporta-
tion from the factory to the place of installation and any
intermediate storage that might become necessary, it is
possible for oil tanks to become contaminated with water,
dust, etc. before it is time to commission the installation.
If extended intermediate storage (i.e. for more than six
months) is expected from the outset, proper corrosion
protection may make it necessary to seal the return lines
and suction lines inside the oil tank in order to prevent
drainage.

During the process of instaltation on site it often happens
that the connecting points for return iines remain open for
long periods of time.

For all these reasons, therefore, it is essential for the fluid
tank of an installation 1o be inspected and cleaned if
necessary before it is filled with fuid (do not use linting
cleaning cloths).

1.2 Checking the pipework between
hydraulic installation and actuators

If the commissioning is not carried out by the same
people who install the pipework between hydraulic in-
stallation, control gear and actuators, it is essential for the
pipework to be inspected first, either a fult or random
inspection. Satisfactory operation of the system and long
service life for the companents are very closely related to
the internal cleanliness of the pipework.

The correct connection of the individual actuators to the
hydraulic installation according to the circuit diagram
should also be checked because any mistakes mean
wasted fluid and unnecessary “messing about” after-
wards.

1.3 Aligning the pump and
electric motor

The alignment between the pump and electric motor can
sometimes become disturbed during transport and the
fitting of other components, efc.

Some types of pump canot tolerate either radial or axial
loads and, in addition, flexible elements in couplings will
only permit a small amount of paraliel or angular offset.

This point should never be forgotten, even when every-
one is urging the commissioning to be started immedia-
tely.

1.4 Gas charging of any accumulators

Only nitrogen should ever be used for charging hydraulic
accumulators.

The accumulators should be charged to the value of
charging pressure indicated on the circuit diagram (the
fiuid side of the systermn must be depressurized when this
is done). So that the nitrogen volume of the gas bottles
can be properly utifized, there are so-called “charging
units” which enable the nitrogen bottle pressure to be
suitably “pumped up”.

In the case of piston-type accumulators connected to gas
bottles it is sometimes possible to use the hydraulic
system 1o “pump up” the nitrogen pressure.

Remember, however, that this procedure is very danger-

ous with bladder-type accumulators because of the risk
of over-straining the bladder.
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1.5 Filling with fluid

Regardless of the type of container in which the fluid is
delivered it will not be clean enough for immediate use so
must be passed through a filter before entering the
system. The absolute filtration rating of the filling fitter
must be at teast identical to that of the filters in the system.

1.6 The commissioning team

For reasons of safety, only persons directly involved with
the commissioning should be aflowed on site while the
commissioning is taking place.

It is easy to make this statement but in reality there are
probably several other companies seeking to complete
their work urgently at the same time,

Remember, nevertheless, that after a serious accident it
will be no good saying “They should have known better”.

2 Commissioning

2.1 Pressure settings

Release the pressure settings of all pressure relief
valves, pressure reducing valves and pump pressure
regulators except those valves which have a fixed TUV
{safety approval society) setting.

2.2 Servo systems

In the case of servo systerns remove the servo valves and
replace them with flushing plates or, even better, by
directionai control valves of the same size. Actuators
must be short-circuited. Fluid temperatures attained
throughout the hydraulic system during flushing should
be at least equal to the normal service temperature
aftained during subsequent operation. Filter elements
must be changed as necessary.

The flushing time can be caladated from the following
formula

tw%xs ]

Y = Tank capacily in L
@ = Delivery rate of high pressure pump in L/min
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2.3 Commissioning of pumps

Some types of pump need to be filled with fluid before
peing started up for the first time in order o prevent
bearings and other mechanisms from running dry.

Start and stop the pump drive motor briefly in order to
check the direction of rotation. If it is correct, the pump can
be run continuously and the system checked for leaks
and correct flow.

Provided no defects are discovered, the setting of the
pressure refief valve can be slowly increased to the value
given on the circuit diagram and locked.

Filing pumps and boost pumps can be comissioned in
the same way. Al the same time, the system must also be
bled.

The next stop is to commission any pilot fluid pumps. If no
defects are discovered in this circuit, the controt fluid
pressure can be set o the prescribed value and locked.
The pilot circuit must also be bled.

The next step is to commission the main pumps one by
one.

Once again:

Bleed both the inlet side and the system side and check
the direction of rotation on the first brief start. While the
various pumps are being set to work a close waich must
be kept an the leve! of fluid in the tank. It must be lopped
up if necessary untdl the whole system is full.

Each pump should be kept under constant watch untit it
is pumping smoothly and continuausly. A pump which is
sucking in the occasional air bubble or fluid containing
farge numbers of bubbles will give off loud knocking
noises or a very loud continuous noise. Since very high
rates of pressure rise are achieved in positive displace-
ment pumps, the compression of the air bubbles causes
severe localized overheating of the fluid and therefore
damage.

Unless a pump starts drawing bubble-free fluid after a few
minutes of running, it should be shut down quickly in order
10 ascertain the cause.
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2.4 Commissioning control gear and
actuators

Control gear and actuators should be put into service at
low rates of fiow and low pressure in order to avoid any
damage due o incorrect circuitry, either electrical or
hydraulic.

Once it has been established that the circuitry is correct,
the actuators correctly controlled and the limit switches
gorrectly positioned, the pressures and flow rates can be
increased to the prescribed values.

Throughout the whole time a close watch must be kept
on:

— tank fluid level

— tank fluid temperature

- alt compaonents for external leaks

— sources of noise

— pump and motor body temperatures

— clogging of filters.

2.5 Other settings

Set pressure relief valves to the prescribed value and
lock.

Set pump pressure regutators and iock.

Set pressure reducing valves, pressure sequence valves
and pressure unloading valves,

Adjust tank level monitor.
Set pressure switches and differential pressure switches.
Set temperature controllers.

Set switching points of temperature monitoring devices.

2.6 Other checks

Is the pipework properly secured to withstand fluctua-
tions in pressure?

Are the fixing points positioned correctly?

Are hoses fitted so that they do not chale when pres-
surized?

2.7 Commissioning of systems with
proportional valves

This type of system should be commissioned as de-
scribed previously.

The functions can be exercised by “emergency manual
control”. In order io avoid damage, proportional valves
should first be operated using a portable electronic ser-
vice unit. This type of auxiliary electronic equipment is
available from equipment manufacturers as a service
pack. Its use is not confined to commissioning, but is
useful later as a service aid for checking over the propor-
tional valves and their amplifier boards.

2.8 Commissioning systems with
servo valves

The servo valves must be removed before starting
commissioning. They should be replaced either by flush-
ing plates or, if the system allows, by directional control
valves of the same size. When flushing is complete, the
servo valves ¢an be replaced but the greatest cleanliness
must be exercised. Once again the whole hydraulic
control system should be operated manually first.

Battery-powered or mains-powered portable control
units are also available for use with servo valves. Again,
these are extremely convenient both for commissioning
and for subsequent fault-finding.

2.9 Commissioning
high-speed systems

Typical high-speed systems are those found on presses,
plastics injection moulding machines, special-purpose
machine tools, rolling mills, crane control systems, etc.
and it is often impossible to commission them and optim-
ize their operation with conventional tools and instru-
menis such as pressure gauges, thermometers, etc.

For commissioning and optimizing these more compiex
systems it is necessary to have an appropriate amount of
sophisticated instrumentation suitable for the particular
application that is capable of multi-channel, simultan-
eous recording of a range of parameters, such as pres-
sures, electrical signals, strokes, speeds, flow rates, efc.,
in order to determine such factors as dead times, peak
pressures, pressure dips, motion overlaps, etc. so that
the safety aspect can be clearly analyzed and docu-
mented for the eventual end-user.
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3 The most common errors in
commissioning

Apart from maintenance, commissioning is possibly the
single most important process affecting the service life
and correct function of a hydraulic instailation.

Obviously, therefore, it is essential to eliminate as many
errors as possible from the commissioning process.
The most common errors are:

~ forgetting to check the tank fiuid level

— forgetting to filter the fluid put into the system

- forgetting to check over the installation before starting
commissioning (involving subsequent modifications
and waste of fluid)

— forgetting to bleed parts of the system

- sgefting pressure relief valves foo close to the working
pressure

— setting pump pressure regulators higher than or the
same as the pressure reiief valve

- not flushing servo systems for the correct length of
fime

— not taking any notice of abnormal pump noises {cavi-
tation, suction line leaks, excessive air in the fluid)

~ neglecting lateral strain on cylinder rods (i.e. installa-
tion errors)

— not bleeding cylinders (leading to seal damage)
—~ setting limit switches too finely

— sefting pressure switches without allowance for
switching hysteresis

— not filiing hydraulic pump and motor bodies with fluid
before the first start

— failing to keep a record of settings
— not locking or sealing setting devices

- allowing too many people around the instaliation
during commissioning.
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4 Summary

Depending on the size and complexity of an instaliation,
the commissioning can be carried out either by those who
will be responsible for its subseguent operation (provided
they have sufficient hydraulic knowledge or have been
properly trained} or by manufacturers’ personnel using
the appropriate instrumentation and tools.

Past experience has shown quite clearly that customers
often save nothing in the long run when attempting to cut
costs by not employing a commissioning specialist from
the manufacturer,
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Maintaining
Hydraulic Installations

Franz X. Feicht

1 introduction

In accordance with DIN 31051, the generic term “main-
tenance” can bhe broken down into the following three
activities:

1.1 Servicing

Action taken to maintain the status quo, i.e. ensuring that
wear margins and reserves are used up at as stow a rate
as possible during the useful service life of the equip-
ment.

1.2 Inspection

Action 1o ascertain the actual status quo, .. determining
how and why wear margins and reserves are being used

up.

13 Repair

Action taken to restore the status quo, i.e. to re-establish
wear margins and reserves and restore loss of perform-
ance.

With hydraulic installations the term ‘loss of wear mar-
gins and reserves” means:

— increased clearance between spools and bores

- worn dynamic sealing elements

— erosion of control lands

— fatigue of rolling bearing materials

- excessive clearance between plain bearings and
shafts

— cavitation damage to pumps and valves

- chemical changes to fluids.

Each one of these “forms of wear” slowly uses up the
reserves provided at the design stage until the point is
reached where either a component fails abruptly or
prescribed reference values can no longer be attained.
The latter is not always identical to the failure of a piece
of equipment.

2 Maintaining
hydraulic installations

The enormous variety of applications for hydraulics
means that the type of hydraulic equipment encountered
ranges widely from the simplest unit incorporating per-
haps one pump supplying cne actuator to major complex
installations  incorporating several pumps and highly
sophisticated control gear.

The maintenance needed by these installations must be
planned and executed according to such factors as the
required availability, the value of the installation, its
usage {intermittent or multi-shift continuous) and the
consequences of a breakdown {an individual unit per-
forming some subsidiary task or an important sub-gystem
which would result in the shutdown of a whole ine should
it fail).

2.1 Inspection

The individual points of a particular instaliation requiring
inspection should be put down in “inspection lists” so that
it is possible for them 10 be attended to with adeguate
thoroughness by persons of different levels of skill.

In the case of large installations there will be different
inspection poinis according to different periods of servi-
ce, e.g. daily inspection points, monthly inspection points
and inspections shortly before an extended shuidown,
e.g. holidays.
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The principal inspection poinis are as follows:

2.1.1 Check tank fluid level

A low fluid level is usually indicative of a loss of fluid
through external leaks. Affer major repair work the fluid
level can sometimes continue falling stowly for some time
as the system automatically bleeds itself of air,

A high fluid leve!l can be indicative of parts of the system
at a higher level draining while shut down due to the
ingress of air. Water can gain access to the hydraulic
system through leaks in waterfluid heat exchangers.

2.1.2 Check operation of heat exchangers

Air/oil type

in places heavily contaminated with dust it is very easy for
the heat-dissipating surface of the heat exchanger to
deteriorate very quickly due to a build-up of dust. Should
the flow of cooling air be carrying fine droplets of fiuid from
a possible external leak the dissipation of heat will be
stopped almost entirely very quickly indeed.

Water/oil type

The water circulating through the heat exchanger must
pe clean so that no insulating deposits of sludge can
interfere with the transfer of heat. This is particutarly
important if the flow of water is regulated in order fo
maintain a constant fluid ternperature and so there is no
high water velocity o flush away any sludge that might
build up. I is important for neither the water side nor the
fluid side of water-type heat exchangers to be aliowed to
drain otherwise only part of the surface area will be
utilized for heat transfer.

21.3 Check for external leaks
(visual examination)

Examine afl rigid pipes, flexible hoses (particularly the
connectors}, pumps, control gear, hydraulic motors and
cylinders.

2.1.4 Check fluid service temperature
A rise in the fluid temperature can be due to a number of
causes:

An inefficient heat exchanger (dirty surface, broken fan,
insufficient circulating water, high circulating water tem-
perature, sludge build-up in heat exchanger, eic.).

Heat being generated in hydraulic pumps or motors due
to damage to sither rolling-bearings or plain-bearings.
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Heat radiation from the fluid tank, the piping and the
hydraulic components reduced by a build-up of dirt.

ncreased internal leakage in individual components,
pressure relief valves lifting at too low a pressure, failure
of lpad sensing control, system being operated

outside the permitted limits, eic.

215 Check pressure settings

Check the operating pressures of primary pressure relief
valves, secondary pressure relief valves and control
pressure relief valves; check gas pressure of hydraulic
accumulators and pressure sefting of pressure reducing
valves, pressure sequence valves and unloading valves.

216 Check leakage rates

With hydraulic motors and some hydraulic pumps it is
possible 1o assess the internal wear by measuwring the
leakage fiuid rate. This also applies to a number of control
valves and check valves. The slow extension or retrac-
tion of a cylinder under external lpagd with its isolating
devices closed can be indicative of defective piston
seals.

2.1.7 Check the fluid purity

A visual examination will only provide a rough estimate of
the condition of the fluid, i.e. cloudiness, darker appear-
ance than when new, sediment in the fluid tank,

There are three methods of measuring the purity acour-
ately:

~  Gravimetric determination of solids by the fitering of
a certain quantity of fluid (e.g. 100 mi} and weighing of
the filter paper before and after filtration. This will give
a figure of solids content in mg/l. However, the actual
solids content will be somewhat higher than the figure
recorded because even very fine filter papers have an
average pore size of about 0.8 um.

Although very fine contamination of this size will not
actually cause any wear at normal mechanical fits, i
can contribute to erosion in places where the fluid
velocity is very high (e.g. in pressure refief valves,
pressure reducing valves, grooves in control valves,
etc.).

The gravimetric method also says nothing about the
composition of the solids nor anything about the size
distribution. Gravimetric analysis can only be per-
formed in the laboratory or in a laboratory van special-
fy equipped for fluid analysis.
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- Particle counting by electronic counting and sorting
devices.

Such devices can function completely automatically.
However, fluids containing water, mixtures of fluids
and fluids with an excessive solids content cannot be
analyzed by these devices. As they are very costly,
they are normally only found in the laboratories of
large companies, filter manufacturers, Huid suppliers
and, sometimes, hydradlic component manufactu-
rers. With suifable calibration, the results can be
compared directly with the contamination classes of
MAS 1638 or SAE standards.
— Microscopic analysis

In this case a few precisely-measured drops of fluid
are placed on a highly absorbent surface such as &
fiter paper and the solids remaining on the surface
after the fluid has been absorbed are counted under
the microscope. This method also allows an assess-
ment of the size distribution of the solids io be made
and a rough estimate of the composition, e.g. metal
particles, seal residue, silicate, fibres, efc. It is a
method which allows a guick analysis to be made on
site, where the other methods described can only be
performed in the laboratory or in specially equipped
vans.

A very important factor with all of the methods described
above for determining solids content is “how” and “where”
the fluid samples are taken from the system. The best
results are obtained from samples taken from a sysiem
that is operating normally.

Sampling from the pressure fine as close as possible to
the pump has proved to be very effective. The pressure
line usually contains pressure measwing points which
can also be used for taking samples. The closer the
sampling point to the pump delivery, the greater is the
pulsation which obscures the difference between lamina
flow and tubulent flow (18O 4021 defines sampling
precisely).

If the sample is taken through a tube or hose, a large
quantity of fluid (at least 2 litres) must be passed through
it first at as high a velocity as possible in order to make
certain that there are no solids left in the hose or filtings
which could falsify the sample. Taking a static sample
from the fiuid tank - after the system has been shut down
for as long as possible - will give a result that bears no
relation to the solids content of the fluid actually flowing
through the system. However, since this method is very
simple it ig stilt very popular. The procedure should at
least comply with the instructions in Cetop RP 85 H,
Section 3.

218 Check for filter clogging

A visual check of the type of filter elements in widespread
use today will reveal nothing.

The amount of clogging can only be determined by
measuring the pressure drop across the filter element (or
by measuring the pressure head before the element - with
return line filters if there is no fluid resistance left on the
clean side). So that such checks can be performed with-
out the need for instruments, the filters used in the system
should always incorporate a visual clogging indicator or
be equipped for continuous electric monitoring of clog-
ging. Solids in the fluid are the main cause of wear in
hydraufic components. Between 75 and 80% of all equip-
ment received from customers for general overhaul has
fatled due to wear and erosion caused by an excessive
solids content in the fiuid. About 10% of equipment shows
some cavitation damage. When using HFA, HFC and
HFD fiuids the proportion with cavitation damage rises fo
about 15 to 20%.

The amount of solids smailer than the pore size of the
fiters used in the system is also a significant factor
because they promote erosion and, through a kind of
lapping, increase spool clearances, wear away control
surfaces and ruin dynamic sealing elements. Sudden
equipment failure is a rare ogcurrence but the actual
service life of the component is reduced 1o a fraction of the
design value.

2.1.9 Check the chemical properties of the fluid

it is inevitable that the chemical stability of the hydraulic
fluidd wil be affected to some extent in time by the severe
stress placed upon it by such things as pressure fluciua-
tions, high flow velocities, high shear loads, localfized
overheating, absorption of oxygen from the air, contact
with various metals, elastomers and plastics and the
absorpticn of condensation and solid particles.

Consequently, reguiar tests should be made on the
neutralization number, saponification number {(Soaping
number}, oxidation products content, viscosity and vis-
cosity index.

The tests are more important for HFA, HFC and HFD
fluids than for mineral-oif fluids and sc should be per-
formed more frequently because i is constantly being
proved that major damage can be caused by chemical
changes which take place very rapidly although out-
wardly everything appears satisfactory and in order.

it the operator of the system does not have his own

laboralory, an agreement can usually be made with the
fluid supplier to perform the tests on a regular basis.
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When there is only a relatively small amount of fluid
involved it is probably cheaper and simpler to change the
fluid periodically in order to avoid the on-going expense
of chemical tesis.

2.1.10  Check bearing temperatures

When the first pitling appears in the races of roling-
contact bearings, the extra powerloss causes asmallrise
in temperature In the vicinity of the bearing. However, in
order {o detect such a change it is essential to have a
reference value which must have been taken at precisely
the same point during a specific work cycie and after the
hearing has been run in.

2,111 Check for noises

In this case too the object is to detect changes from the
status quo when the equipment was new.

Pressure relief valves normally make a hissing nocise
when they lift. Therefore, if there is any chattering or
whistling it is a safe bet that there are some damaged
pressure relief valves or pressure reducing valves in the
system.

Cylinders may make chatiering or groaning noises when
they extend or retract which can be an indication of worn
guides, excessive strain {e.g. rusted pivots}, unsuitable
fluid, etc.

An increase in hydraulic pump or motor noise with in-
creasing pressure can be indicative of erosion or cavita-
tion damage to control surfaces, excessive clearance in
displacement elements or incipient bearing damage. Un-
pleasantly loud noises from pumps, regardless of the
pressure but gaining greatly in intensity as the speed
rises, are a signal for insufficient boost pressure or
excessive negative pressure in the suction line,

2,112  Check power and speed

it is possibie to assess the overall condition of an instal-
lation by checking the extension and retraction times of
cylinders against the guaranteed values and by measur-
ing the output speeds of motors and power consumption
of pumps as appropriate.

2.1.13 Check pipes and hoses
Examine all pipes, connectors and fittings for leaks and
ensure that the pipes are firmly supported everywhere.

Loose pipes can eventually chafe through and fittings can
be oversirained.
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Kinks and crush points increase the flow resistance
causing loss of power and overheating. Flexible hoses
should be examined for chafing and bulges and their
correct installation should be double-checked. All the
hose fittings shouid be inspected for leaks.

2.1.14  Check the hydraulic accumulators

The gas charging pressure should be checked at regular
intervals with the hydraulic system dapressurized and
always at roughly the same ambient temperature. This
applies to bladder-type, piston-type and diaphragm-type
accumulators, Weighted accumulators and spring accu-
mulators, encountered only rarely nowadays, need only
be checked for leaks on the fluid side.

2.2 Servicing

In actual practice the divisions between inspection, ser-
vicing and repair are not so strict as the definitions would
suggest. It is common, for example, for servicing to be
carried out at the same time as ingpection.

The main servicing work invoives:
2.2.1 Topping up the fluid

The fluid with which the system is topped up should
always be the same as that already in the system. This is
a particufarly important poini to note in the case of
mineral-oil fluids from different manufacturers because,
although they may comply with DIN 51 524, Part L or Part
il, they may differ in base oil and additives.

In the case of HFA, HFC and HWFD fluids i is very
important not to mix different makes of fluid. Even when
fluids of the same type, but from different suppliers, are
mixed there is a possibility of Hability for any damage
being refused.

Numerous additives for hydraulic fluids are now on the
market which are supposed to reduce mechanical fric-
tion, eliminate the stick-siip effect almost entirely, extend
the lite of the fluid and perform many other usefut func-
tions.

Before contemplating the use of such additives it is
absolutely essential to obtain the approval of the fluid
supplier in order to be certain that the two are compatibie.
However, if must be said that hydraulic fluid suppliers
very often refuse all liability if additives not of their own
make are mixed with their hydraulic fluid. Hydraulic
equipment manufacturers adopt a similar aititude be-
cause it is enormously costly and time-consuming to as-
certain the long-term effects and true compatibility when
there are fluctuations in the mix ratios and apptications
vary widely.
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2.2.2 Changing the fluid

Hydraulic fluid should be replaced as soon as any
changes in its chemical properties start o take place, e.g.
the presence of oxidation products, increase in neutrali-
zation number or saponification number, disappearance
of essential additives, change in viscosity, eic.

The fluid should atso be changed when the fine contam-
ination (L.e. the content of solids smaller than the pore
size of the system filters) has increased to a point where
greater long-term wear must be anticipated (e.g. over
250,000 particles between 5§ and 15 um per 100 mi).
Expensive purification processes such as centrifuging (it
the type of fluid will allow) or filter presses are only
economical if the quantity of fluid is large. Since the
amount of fluid in the actual system, L.e. pumps, pipes,
control gear and cylinders, is sometimes several times
more than the capacity of the tank it is not enough to
change just the amount of fiuid in the tank. This is
especiaily true if the old fluid is already showing signs of
chemical instability.

The oil tank must be cleaned out every time the fluid is
changed.

An important point to remember, both when topping up
and changing the whole quantity of fluid, is that new fluid
as-supplied is not normally immediately suitable for use
in a hydraulic system due to the quantity of solids which
it contains. The chain of supply from manufacturer to end-
user is often very long, passing through storage tanks,
sea and road -going tankers, tank cars and various types
of container, and the required purity cannot be guaran-
teed.

Therefore, for topping-up and for complete renewal the
new fluid must be passed through a suitable filter first. Its
pore size must be at least equal o that of the filters fitted
in the system but it is better for it to be smalier.

This is a very important point requiring close attention
otherwise there is a possibility of malfunctions immedi-
ately after the fiuid has been changed.

2.23 Cleaning the fiiters

Fiter elerments should also be cleaned or changed every
time the fluid is changed.

With the types of filter fabrics in widespread use today
cleaning is nota practical proposition so the elements are
changed. The amount of clogging of a filter element can
only be discovered from the pressure drop across it since
nothing can be seen with the naked eye. Without artificial
aid, the human eye is only able to see particles larger than
about 45 to 50 pm in size. This means that all filters used
now should be the type incorporating a visual or electric

clogging indicator showing when maximum clogging has
been reached. Filiers without such a monitoring device
must be changed at regular intervals which should be
short enough to ensure that the by-pass valve does not
lift or the clogged element burst.

2.2.4 Readjusting pressures

Readjust all pressure settings - pressure relief valves in
the working circuit, control circuit and low-pressure cir-
cuit, also readjust pressure reducing valves, pressure
sequence valves and unioading valves.

2.2.5 Dealing with leaks in the pipework

Resealing work on the pipework should only be per-
formed with the system depressurized. Leaks from fit-
tings incorporating soft seals such as O-rings cannot be
eliminated by re-tightening because the seals will either
have broken or gone hard. A new seal will have to be fitted
in order to effect an improvement.

226 Cleaning the installation

The exterior of a hydraulic installation should be cleaned
occasionally so that itis easier to find leaks, so that no dirt
is carried in when topping up the fluid or changing filter
elements, to protect cylinder rods from being scored and
s0 as not to interfere with the amount of heat dissipation
that the design allows for.

When cleaning an instaliation, however, it is important
not to allow any cleaning liquids to gain access to the
hydraulic system.

If high-pressure steam cleaning equipment is used, care
must be taken that tank covers, pipe glands, shaft seals,
electrical equipment, etc. are able to withstand it.

227 Servicing of pressure vessels

Each state or country has its own reguiations governing
pressure vessels. In the case of West Germany the main
set of regulations are called “Verordnung ueber Druckbe-
haetter”.

The prime object of the rules laid down in these regula-
tions and others is operating safety and the elimination of
as much danger to persons and property as possibie.

In the case of hydraulic installations, oif tanks are “pres-
sure vessels” if they are operated at a pressure above
atmospheric (e.g. on forging presses). Hydraulic accu-
mutators of the bladder type, piston type and diaphragm
type with their associated gas bottles are also pressure
vessels within the meaning of the regulations.
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With a few exceptions, hydraulic accumulators are al-
ways charged with nitrogen.

When carrying out any servicing or maintenance on
hydraulic instaltations incorporating accumulators it is
absolutely essential for the fluid side of the system to be
depressurized first. In order 1o ensure that this instruction
is observed, a clear sign (in several languages if neces-
sary} should be placed in a prominent position on the
installation:

DANGER PRESSURIZED ACCUMULATORS
Depressurize the fluid side of the system
before commencing any repairs

2.2.8 Replacing worn components

The circumistances of hydraulic component failure are
very difficuli to predict. The conditions of the particular
application are a very important factor, e.g. dynamic
pressure stresses, fiow velocities, type of fluid, thermal
stresses, environmental factors, etc.

For known applications it is possible to predict approx-
imate average service life figures for roliing-contact bea-
rings and dynamically loaded seals. Precautionary re-
newal of roling bearings, cylinder seals, dirt wipers,
hoses, etc. can be sensible if the total failure of such items
can have serious consequences.

For example, this applies if:

1) damage to a rolling bearing can cause the total
destruction of a whole drive system

2} uncontrollable cylinders can resulf in collisions with
other parts of machines

3) burst hoses can cause major environmental poilution
or danger to fife and limb.

The precautionary renewal of wearing parts during ser-
vicing is also a good idea if the system is employed on
multi-shift working and is integrated into a production line
which would suffer a total shutdown should the system
suffer a malfunction.

Some of the other components of systems which must be
regarded as wearing parts are:

-~ all elastomer and polyurethane based sealing ele-
ments exposed to static and dynamic loads

— inserts of pressure relief valves, pressure reducing
valves, pressure sequence valves and unloading
valves

— solenoids, when very high switching frequencies are
involved

— filter elements, if there is no monitoring of clogging
— inseris in flexible shaft couplings
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— high-pressure hoses, if conditions cause the manu-
facturer to guarantee only a limited number of stress
reversals.

2.3 Repair

2.3.1 Fault-finding

Any repair 1o a system must be preceded by successiul
fault-finding.

it requires a systematic approach, one of the basic
hecessities for which is the easy availability of alt the
relevant documentation.

it is desirable for a circuit diagram containing lists of
components and a function sequence chart 1o be kept
constantly available ciose fo the installation.

Past experience has shown that it is an excellent idea to
paste the diagrams on to boards and then either varnish
them or cover them with Perspex fo prevent thembecom-
ing dirty or damaged. Good illumination is also beneficial.

Important measuring instruments should also be avail-
able close by, especially on the larger installations. The
most important fault-finding tools for a troubleshooter are
pressure gauges of the necessary measuring ranges. In
order to maintain accuracy and an acceptable service
life, pressure gauges should normally be chosen so that
onty 2/3 to 3/4 of the maximum scale reading is utilized.
Pressure gauges can be connected quickly and without
foss of fluid through Minimess quick-release connectors
and hoses of 1.810 2.4 mm bore. ltis important to re-seal
the connecting points afterwards with the screw caps to
keep out dirt and to protect the sealing surface.

Thermometers
(electronic thermometers with surface sensors are best)

— for quickly finding points of high temperature due to
leaks, power loss, eic.

Multimeter
- for checking the resistance of solenoids

- for measuring the voltage at solenoids (the voltage is
not measured at the coil terminals in the switchgear
cubicle}

- for measuring the current at proportional valves and
serve valves

Naturally, there are also many other specialized measur-
ing instruments available on the market for measuring
voltage and current which have been specifically de-
signed {o be very easy to use.
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industrial stethoscope

— for pin-pointing noise sources through structure-
borne sound

Stopwatch

— for measuring extension times and retraction times of
cylinders

— for measuring leakage rates from hydraulic pumps
and motors

Tachometer
— for measuring the speed of hydraulic motors.

Measuring flow rates

The electrician has an easy task measuring current
compared with the hydraulic engineer trying 1o measure
flow rate.

The systemn has to be opened up in order {o fit a flow-
meter, with the attendant danger of fluid contamination
and fiuid loss.

Only few instruments are able to withstand the pressures
involved and the measuring range is often relatively
small. Consequently, the hydraulics engineer usually has
to measure flow rate indirectly through the operating
times of cylinders and the speeds of hydraulic motors.

Standard tools

2.3.2 Fault rectification

Generally speaking, faulty eguipment should not be
repaired on site because neither the necessary tools nor
the necessary cleanhness are normally available there.
Whenever possible the procedure should be to change
complete items or sub-assemblies locally

— spthat the sysiemis only openad up for as long as is
absolutely necessary

— 50 that fluid loss is kept to a minitmum

— so that the down time is kept 1o a minimum by using
overhauled and pre-tested equipment.

Another very important factor after the failed item of
equipment has been pin-pointed is to ascertain whether
the failure has caused any contamination of the remain-
der of the system due to broken pieces of metal or large
quantities of metal residue.

lfinspection of the filters or tank reveals such contamina-
tion, it is absolutely essential for the whole installation to
be cleaned, e.g. by flushing, before i is returned to
service. The filter elements should also be changed and,
depending onthe particular type of installation, it mightbe
necessary to change the fluid.

In the case of larger installations the fluid can be cleaned
sither by filter or centrifuge.

This s the only way of preventing further malfunctions
and the possible failure of other components due to
secondary damage.

As an exira satety factor, particularly with sensitive sys-
tems which have to perform very precise control func-
tions, it is sensible to fit the filters, for a limited period of
time (e.g. until they reach their clogging limit), with
elements of the next smaller pore size. This is nearly
always possible with modern filters. When a system has
been returned fo service after repair it should be kept
under close observation for some time in order to be
certain that the repair has actually eliminated all the
problems. Sometimes there is some irregular operation
for a period it part of the system has not been properly
bled of air, e.g. cylinders “spring” or overrun positions,
pumps give off loud knocking noises, elc. If systems are
self-bleeding, this type of irregularity might last for sev-
eral hours.

233 Repair of hydraulic components

Before the actual repair of any hydraulic components is
started, a decision musi be taken on which components
can be overhauled by the operator himself and which can
only sensibly be overhauled by the equipment manu-
facturer.

The repair of hydraulic compenenis needs a suitabily
equipped workshop inwhich the standards of cleanliness
are above average compared with a normal mechanical
engineering workshop. Obviously, this is only an eco-
nomic proposition if the company involved possesses
large amounts of equipment containing a high proportion
of hydraulic systems.

The second need is for properly trained staff and afl the
relevant documentation.

However, both of these preconditions are useless and
inefficient if there is not also a comprehensively stocked
store of spares available.

What components can be repaired or overhauled by the
plant operator for an economic outlay?
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2.3.3.1 Hydraulic cylinders

The principal types of damage suffered by cylinders are:

— Worn seals - these can be changed. In some cases
special tools are needed for fitting them.

- Scored pistons, scored cylinder walls, scored rod
guides and rod surface damage due to impact or weld
gpatter. If the damage is not too bad, cylinder bores
can be reclaimed by honing and piston rods by de-
chroming, regrinding and rechroming. Some sub-
sequent work on the cylinder ends may be necessary
in order to restore the specified clearances for seals.

2.3.3.2 Check valves

Nearly all types of check valve have metallic seats. Often
the cone is harder than the seat in the body.

The main problems with this fype of valve { non return
valves, prefill valves, logic elements etc.) are:

- Hardened seats. They can be easily changed. Great
care must be taken when opening up the body be-
cause the springs inside are sometimes very sirong.

-~ Internal leakage due to damaged valve seats. Such
damage is nearly always caused by foreign objects or
erosion.

A repair can be effected either by re-machining the
seat or by changing both seat and cone.

The re-machining of body seats needs absolute pre-
cision since practically no misatignment between seat
and guide is allowed.

A static leakage test is easy to perform.

2.3.3.3 Directional control valves

Some directicnal control valves, especially the smaller
ones, are impossible to repair economically apart from
fitting new seals or new solenocids.

Readjustmentis necessary with scme types when a new
solenoidis fitted. This can only be performed with suitable
equipment.

Directional spool valves

Apart from the fitting of new seals and new operating
devices, such as solenoids, lamps or parts of manuai,
mechanical, hydraulic or pneumatic mechanisms, it is
practically impossible for the plant operator to repair this
type of valve because it reguires intervention in the
geometry of the design and involves honing or lapping of
bores and the making of suitable precision-ground over-
size spools. The very small clearances that are common-
place nowadays require very high precision machine
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tools in order to restare the components to their new
state. The subsequent functional testing alsc requires a
test stand.

2.3.3.4 Pressure valves

Both the spooltype of pressure valve and the poppet type
are equally popular in hydraulic installations.

Inthe case ofthe spooliype the basic approach to repairs
described in Section 2.3.3.3 is also applicable.

Poppet valves, on the other hand, can be repaired by
fitting a new cone and seat on the pilot side and a new
bush and cone on the main side.

Nowadays, however, it is becoming ever more common
for pressure valves to have a screw-in cartridge in the
body so that a repair can be made by simply fitting a
complete new cartridge.

The cost of a functional test to assess the condition of a
pressure valve is quite high and therefore often uneco-
nomical for the plant operator.

2.3.3.5 Flow control valves

Throttle valves and throttle check valves are available in
line-mounting versions, subplate-mounting versions and
cartridge versions for fitting in control plates.

Repairs to the smaller sizes of such valves are confined
to the fitling of new seais. Any other repairs such as the
replacement of worn parts are usually uneconomical,

in the case of the more costly types, such as fine throttle
valves, large sizes of throttle and throtile check valves,
twin throttle check valves and deceleration valves with or
without check valves, repairs other than the straight-
forward renewal of seals can be economic provided the
necessary hand tcols and machine tools are available.

Of course, in order to restere such valves to their original
(new) quality, it weuld be necessary io be in possession
of the manufacturer's production drawings and, in order
to set the valves for a particular characteristic, a sophist-
icated test stand would be needed.

Flow control valves make the highest demands on tools,
gualified personnel and test stand facilities. Repairs other
than the renewal of seais can, therefore, only be recom-
mended o plant operators in the very rarest of cases.
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2.3.36 Proportional valves

The three types are proportional directional control
vaives, proportional pressure valves and proportional
flow valves. Such types are so widespread nowadays
that they can be regarded as popular standards. The
range of possible applications for them is also expanding
very rapidly. It is not advisable for plant operators {0
attempt repairs other than the renewal of seals. However,
this does not mean that the valves are so sensitive, fragile
or complex that a fitter who is able to repair all cther types
of equipment would not have the skill to be successful
with the repair of proportional valves. The problem is that
the cost of test stand equipment including electronic gear
and recorders for measuring and setting the required
characteristics is so high that even equipment manu-
facturers who handle repairs cannot make the necessary
investment untit they can be assured of at least 510 7
hours usage per day. Until this level of business is
attained, overhauted valves are tested and documented
on the production test stands.

2.3.3.7 Servo valves

What has been said in the previous section is even more
true of servo valves. As the grinding of the spool into the
sleeve requires special machines (the hydraulic zero
overlap is not the same as the mechanical zero overlap,
amongst other things), adiustment and test stand ex-
penses are among the highest needed by any hydraulic
equipment. The necessary capital investment for serve
valve overhaul therefore cannot be recommended to a
hydraulic equipment user unless he has several hundred
serve valves in constant use.

The servicing of servo valves by plant operators presents
no problems. it is easy to clean or change the protective
filter for the first stage. Also, for trained personnel, itis a
relatively easy matter to adjust the zeros without needing
much in the way of instruments.

However, it must be emphasized once more that main-
tenance personnel working on proportional valves and
servo valves should be trained by the manufacturer
before attempting any work on actual installations.

2.3.3.8 Hydraulic accumulators

Hydraulic accumulators are subject to the regulations
governing pressure vessels which are so comprehensive
as to exceed the bounds of a detailed description in this
chapter.

Weight loaded accumulators and spring accurmnulators
are practically never encountered nowadays exceptfor a
few specialized applications. With both types the fluid

side is sealed from the surrounding aimosphere by
pistons ingorporating soft seals.

In piston-type accumulators the fluid side is also separ-
ated from the gas side by a piston with seals made of
elastomer, fabric or polyurethane. The piant operator can
change such seals very easily.

In the case of the much more popular bladder-type and
diaphragm-type accumulators the fluid side is separated
from the gas side by a bladder or diaphragm made of an
eiastomer material. The type of elastomer chosen de-
pends on the type of fluid. When bladders or diaphragms
are changed (both are wearing parts) it is important for
the new ones to be made of amaterial compatible with the
fluid.

Bladder accumutators should only be repaired by proper-

ly trained personnel because any errors are nearly al-

ways very dangerous, both for plant and personnel.
Hydraulic accumulators are normally charged exclusi-
vely with nitrogen in order to prevent fire and explosion.
Some small accumulators are welded together and so
must be regarded as disposable items. i.e. they cannotbe
repaired.

2.3.3.9 Hydraulic pumps, hydraulic motors
Gear pumps, gear moiors

Seals can be renewed on ail types of gear pump. A
general overhaul, on the other hand, is usually unecono-
mic, especially if the body forms one side of the sealing
gaptothe displacement elements. Bearing damage {they
are usually plain bearings) or damage due to foreign
bodies usually resuits in total destruction.

Vane-type pumps {fixed and variable displacement}

Only properly trained personnel are qualified to carry out
repairs and overhauls on these units. In addition to the
replacement of seals, a general overhaul through the
changing of sub-assemblies is an economic proposition
in most cases.

In Europe at least it is of prime importance to keep losses
10 a minimum so components are often “matched pairs”
in order to achieve absolute minimum clearances and
therefore absolute minimum volumeiric losses.

Whether or notthe overhaul of a pump has beensuccess-
fui can only be demonstrated by a run on a test stand. if
the pump characteristics are to be adjusted or transfer
functions tested, the instrumentation of the test stand will
need to be very comprehensive,
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If necessary, of course, the installation itself can serve as
the test stand; although this should not be taken as
normal practice with important installations because its
availability as a test stand can never be guaranteed.

Axiatl piston pumps, axial piston motors

Once again the golden rule is that only specially frained
personnel should be entrusted with repair work.

General overhauls are econornic in most cases with the
controftable versions of these pumps and motors as well
as minor repairs such as the renewal of seals. A general
overhaul for the non-controllable version is not usually
economic depending on the extent of the damage.

The capital investment for test stands and instrumenta-
tion capable of handling this type of pump and metor of
different outputs and with different methods of control
ranges upwards from 0.25 to 0.75 milion DM.

The pay-back period can only become reascnable if very
high usage is achieved.

2.3.3.10 Slow-speed hydraulic motors
(fixed displacement)

General overhauls and minor repairs are also economic
with this type of motor.

Properly trained personnel are essential once again, as
is a test stand to prove the repair.

Capital investment for the test stand is once more very
high because of the low speed and high torque of the
units.

2.3.3.11 Hydraulic accessories

Hydraulic accessories take the form of;

filters, pressure switches, pressure gauge selectors,
pressure gauge isolators, air/oil heat exchangers, water/
oil heat exchangers, heaters, eic. Some of these items
are repairable whereas for others it is not an economic
course of action.
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234 Repair and general overhaul of
hydraulic equipment

The bottom line as far as the repair and general overhaul
of hydraulic eguipment is concemed is that the equip-
ment manufacturer can do it more economically and
more safely.

This is because;

- the repair departments of equipment manufacturers
work 1o the same quality standards on general aver-
hauts as for the production of new equipment

— repair personnel are trained in exactly the same way
as personnel who work on new equipment

—  spare parts are made on the same machines that
produce new parts

- full test facilities are available

- pverhauled equipment is usually subjected to stiffer
tests than new equipment

- equipment manufacturers guarantee the same per-
formance from overhauled equipment as from new
equipment

-~ some equipment manufacturers offer the same guar-
antee period for overhauled equipment as for new
equipment
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3 Summary

The scope and scheduling of inspection and mainten-
ance shouid be planned and documented according to
the size and significance of the particular installation.

Any inspections or maintenance demanded by law must
be carried out independently of similar measures aimed
at maintaining the function of the instaliation. For reasons
of safety for the operating personne! and the avoadance
of possible material damage, they should also be pmp
erly documented.

For fast and successful fault-finding of repair work on

instaliations it is a sensible idea to have all the necessary

documentation and principal instruments needed avail-
able iocally.

if the maintenance engineer is not qualified in both
hydrautics and electrics (very desirable but unfortunately
rare), a hydraulics specialist and electrical specialist
must be called in together in order to pin-point and rectify
the fauit as quickly as possible and without shunting the
problem back and forth.

Repairs to equipment should be restricted to the replace-
ment of entire components. Except for minor repairs
which can be handled safely, equipment shouid be re-
turned to the manufacturer for general overhaul in order
to be certain that the replacement equipment eventually
held in store will be totally reliable.
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Fig. 246:

Torn accumulator bladder.

Cause: An excessive fluid flow rate pulled
the biadder under the valve plate

Fig. 247

Worn control land on the pisten of a pilot-
operated pressure reiief valve caused by
excessive solids in the fluid
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