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Mechanical engineering and automation technology are advancing rapidly in
our country. Therefore it is imperative to cultivate highly qualified application-o-
riented talents to meet the current needs, which requires new development in
the higher education.

For filling in the widening gap between social needs and status quo of high-
er education, the Auditing and Editing Committee for “Planned Textbooks of
Higher Education for Eleventh Five-year Plan’” is set up by the Machinery
Electronics Committee, which subordinates to the China Machinery Education
Association, and the China Machine Press, which aims to publish a series of
practical textbooks based on the principle of “attaching more importance to basic
theories and engineering application rather than the process of deduction” . The
main features of the series are:

(1) Scientific objective. The series is targeted for training all-round appli-
cation-oriented talents and distinguished from other high-school teaching materi-
als. It has high technicality emphasizing on engineering application and innova-
tion.

(2) Selective categories. The series includes mechanics, hydraulic and
pneumatic transmission, cartography, design, numerical control, practical
training, materials, bilingual teaching, etc. tank are available for teachers to
choose from.

(3 ) Multimedia teaching. Each volume of the series has related
courseware and accessorial books and a discussion room on the Internet.

The China Machine Press, one of the earliest large-scale publishing houses
and high-education textbooks bases, is a prestigious authority in publishing
books in mechanical and electrical engineering. With concerted efforts from all
circles this series of books will contribute greatly to bringing up high-qualified

engineers for our country.

Peigen Li,

Academician

Director of the Machinery Electronics Teaching Committee
China Machinery Education Association

Huazhong University of Science and Technology
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Motivation of this book. The higher education in China is now entering a
new era of reform which encourages bilingual teaching in foundation courses,
technical foundation courses and specialist courses. The main objective of the
reform is to promote the internationalization of higher education and to cultivate
application-oriented talents with creativity and quality education. Bilingual
teaching is thus becoming one of the ways to link our higher education to the
world-facing various challenges of the new century and assure high-quality and
comprehensive elitists. The reform in bilingual teaching is a strategic choice for
our higher education in the 21st century. This book thus intends to provide a
solid base for bilingual teaching and to meet the immediate needs of our higher
education reform for interfacing with the world. ,

Arrangement of the material. This book was written following the Basic Re-
quirements in Teaching Descriptive Hydraulic and Pneumatic Course developed by
the Mechanical Engineering Advisory Committee for Higher Engineering Educa-
tion. It is introduced based on the current practice and demands of education re-
form in teaching power engineering. It targets at fostering application-oriented
talents for the 21st century. The development of the book is guided by advanced
mechanical engineering techniques. It is focused on learning centered activities
and aims at quality education. The contents of the book cover selected topics
simplified and extracted for a wide range of readers. The book was written based
on the characteristics of foundation courses. It inherits the essence of a tradi-
tional course content and integrates extensive teaching experience of the authors
in the past years. It focuses on the presebt education needs in fostering talents
with comprehensive quality education and creative thinking. This book exhibits
following characteristics :

(1) Bilingual. The bilingual edition represents the achievements of higher
education reform in teaching and curriculum development for the 21st century.
It emphasizes on the trair;ing of application-oriented talents in the international
context and quality education in basic engineering subjects.

(2) Multimedia teaching. The accompanied CAI multimedia with case-
based teaching materials, which animats and covers the complete contents of
this book published simultaneously. Various powerful softwares have been used
to make the videos which demonstrate the dynamic, static and continuous ac-

tions. For example, pressure characteristics of hydraulic oil display clearly the
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oil flowing through the inner configuration of elements and system circuits, which represent clearly
the operating principle of elements and flowing dynamic experience for system circuits. Therefore
the two main features “pressure” and “motion” transmissions in hydraulic/ pneumatic transmission
system are represented visually. The large number of engineering models, animations, various
function of multimedia, and intuitive presentation of live examples with visual virtual software
effects are used to stimulate students studying interests, which will result in better efficacy.

(3) English exercises. This book has been prepared to provide students and users with well-
connected English-Chinese bilingual exercises. It will enable students to think and solve problems in
the English context. It covers various simple and complex questions that are suited for a wide range
of students and enables students to grip professional vocabulary, ensuring students of international
application on the subject of hydraulic and pneumatic transmission.

(4) Proving a re-edited CAI version. The electric CAI multimedia version prepared using Pow-
erpoint is an open course material with a large benefit that it could bé easily modified (insert, cancel
and revision) by teachers to meet the needs of their own teaching,

Editors for this book. The editor of this book is Professor Shu Mei Chen from Fuzhou University
Fujian province of China. The participants are: Xiaogin Xu, Xiaomei Chen, Kunquan Yang,
Yuangui Chen and Tianyan Chen. This book is audited by Professor Ning Qin from University of
Sheffield, Great Britain and by Professor Xinzhang Lin from College of Mechanical Engineering of
Fuzhou University, China. The authors would sincerely appreciate and like specially. to thank them
for providing a thorough review and giving many invaluable suggestions. In addition, multimedia vid-
eos are also accomplished by Lichao Tian, Lingwei Waﬁg, Xiaoteng Tang and Qiaodan Xu.

Readership of this book. Hydraulic and pneumatic transmission is one of the key technical foun-
dation courses with wide application fields, such as mechanical design and manufacture, engineering
machines, mining, metallurgy, light industry machines and so on. The authors thus feel that this
book is suitable as a bilingual teaching material for mechanical engineering students such as mecha-
tronics engineering, material fabricating molding and control engineering, mould design and manu-
facture, aerospace engineering, shipping machines and light industry. At the same time, it could be
reading and supplementary materials for graduate students who are interested in the subject in the
later years of their course of study. However a certain amount of background knowledge of mathemat-
ics and applied mechanics is required.

Acknowledgments. The book was written with the reference to some excellent books and teaching
materials as shown in the section of references. The authors highly appreciate, especially Associate
Professors Fuling Xu and Yaoming Chen of Huazhong University of Science and Technology and Pro-
fessor Jianmin Zuo from Nanjing Institute of Technology. Thanks go to €hina machine press, college
of mechanical engineering and educational administration of Fuzhou Vniversity. Thanks also go to
many others who helped in the course of the publication of this book. Special support from Fuzhou
University through Teaching Material Development Funds and Fujian province of China, Outstanding

Courses Construction Funds are all gratefully acknowledged.
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In addition, it is unavoidable that this book may still contain mistakes. All cntlcs and correc-

tions from experts and readers are welcome.

The authors
At Fuzhou University
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Chapter 1 Introduction to Hydraulic and
Pneumatic Transmission

1.1 Study on Hydraulic and Pneumatic Transmission

Hydraulic and pneumatic transmissions are a discipline that is based on fluid medium energy of
compressive fluid (pressure oil or compressive air) to accomplish mechanical transmission and auto-
matic control. Hydraulic and pneumatic transmissions are similar in operating principle and control
means. Special sub-circuits built by various hydraulic (or pneumatic) components are used to build
up particular hydraulic/pneumatic transmission systems to realize energy transfer and control. Hav-
ing a sound grip of knowledge in physi:cal perfqrmances and static/ dynamic characters of fluid, oper-
ating principle and construct several hydraulic element and sub-circuit and hyaraulic/ pneumatic sys-
tem designs are the best way to study power ( hydraulic/pneumatic) transmission and control tech-

nology. '
1.2 Operating Principles of Hydraulic Transmission

There is an important physics law, i. €. , the Pascal’s law in the hydraulic pressure. In the sev-
enteenth century (1620) , Blaise Pascal, a French physicist formulated the fundamental law on
which modermn hydraulics is based. Pascal’s law states “ pressure exerted on a -confined liqﬁid is
transmitted undiminished in all directions and acts with equal force on all equal areas” .

Operating principle (such as hydraulic jack) is shown in the Fig. 1-1.

In Fig. 1-1, the jack contains a hand-operated pump, which draws oil from a reservoir. When
one pulls up the lever 2, the small piston is moved up, the volume enlarges and becomes vacuum in
* the volume below in the small actuator 1 and non-return valve 7 is shut. Oil in the reservoir 6 is
pumped past a non-return valve 8 into the bottom of the linear actuator under atmospheric pressure.
When you apply force to the lever and press down the lever, it compresses the oil in the small actua-
tor, which increases the oil force. Here, non-return valve 8 is shut; the oil in the bottom small ac-
tuator is pumped past a non-return valve 7 into the bottom of the big linear actuator 4; the oil flow-
ing into the actuator forces the big piston to move heavy load. By pulling up and pushing down the le-
ver alternately the heavy load 3 will be moved up continuously. If lever is stopped working, the non-
return valve 7 will be shut and the big piston together with heavy load will be locked on the position
of moving up. If the check valve 5 is opened, the oil on the bottom of big piston will flow back into

the reservoir, which makes the big piston move down to its original position under deadweight.
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Fig. 1-1  Operating principle of hydraulic jack (BET TR TAEREE)
1-Small actuator (/NBEEL)  2-lever (KLFF)  3-Heavy load (FE#))
4-Big actuator (KWEHL)  5-Check valve (#1LHY)  6-Reservoir (i)
7, 8-Non-return valve (HL[i] &)

From this operating principle of a hydraulic jack, it has been stated that the processing of draw-
ing oil into and out from small actuator 1 is performed by the small actuator 1, non-return valves 7
and 8, which is transforming mechanical energy to hydraulic pressure energy, and this setup is
called hand-operated hydraulic pump. The big piston and actuator 4 called lifting hydraulic actuator
is transforming the hydraulic pressure energy to mechanical energy and moving up the heavy load.
Both small and big hydraulic actuators constitute the simplest hydraulic transmission system, which
accomplishs the two transmissions: power transmission and motion transfer.

To accomplish the power transmission and motion transfer, there are two properties of oils that
constitute the basic elements of hydraulics. The first property is that oils are nearly incompressi-
ble. The second oil may be used to multiply forces.

1. Power transmission ;

Let’s note the piston area of actuator as A, , the total thrust on it as F,, ( 1) then the hydrau-

lic pressure in the actuator p,,

D, = — (1-1)
According to Pascal’s law, here that is p; =p, =p, the oil displacement pressure is called the
hydraulic system pressure.

It is important here to overcome the heavy load for moving the actuator, and taking the thrust on
the small piston of pump as F,

A
F, =pA, =pA, =pA, = (A_l)Fz (1-2)
2

where A, is the piston area of pump (small actuator) .
The heavier the load is, the higher the hydraulic pressure is needed under a given A and 4,,

which illuminates the close relationship between the hydraulic system and outside load. Thus the

4



moving piston can do work on an outside load. We can get the first important law here that the work-
ing pressures in the hydraulic system depend on the outside load.

2. Motion transfer :

The volume of displacement is equal to the volume drawn into it when the compressiblility, lea-
king and deform action are neglected . Let S, S, note respectively piston moving positions in the
pump and actuator, and then ' o
S,A, = S,4, - (1-3)

Dividing by the moving time t on the two sides in the above formula, we have
4 =04 =04, =q, (1-4)

Where v, and v,are noted respectively the average speed of hydraulic pump and hydraulic actua-
tor; q, is the oil flow rate drawn into pump and g, is the oil displacen'ieht flow rate in the actuator.

It is shown that the motion by the confined volume equals the changein hydraulic system,
i. e. , moving speed of piston is adjusted by changing the flow rate into actuator. And we can get the
second important law here that the motion speed of piston in actuator depends on the flow-in rate,
and is independent of the outside load.

The discussion above states that the liquid pressure is related to the outside load, and motion
speed to the liquid flow rate; thus hydraulic oil pressure and the flow rate are the two main parame-
ters in the hydraulic systems. '

1.3 Composition of Hydraulic Transmission System

‘Now that the basic principles of a hydraulic system have been described, let us look at the
function each comporient performes in the system shown in Fig. 1-2. It reviews the operation of such
a system, which is a simple hydraulic system. It includes reservoir 8, filter 7, hydraulic pump 1,
flow rate control devices 2 (adjustable throttle valve), closed center valve 3, hydraulic cylinder 4,
working load 5, relief valve 6 and pipes. In industrial applications there are many components that
may be added to the basic system, such as flow metering valves, check valves, and heat exchang-
ers.

First, the electric motor is started to drive pump 1. Once pump 1 is in operation, it brings into
play three direct actions on the fluid;

L. A partial vacuum is created in pump 1 inlet pipe.

2. Atmospheric pressure acting on the surface of the fluid in the reservoir forces the fluid into
the inlet pipe to fill the partial vacuum. v

3. The mechanical action of the pump forces the fluid from the inlet to the outlet of the pump
and through the hydraulic system. _

~ When pump 1 is operating driven by a motor, the hydraulic oil flows from reservoir 8 pass filter
7 into the inlet of pump. Fluid pressure is affected by the design of the closed-center directional con-
trol valve. For the system to perform work, the closed-center directional control valve 3 must be con-
nected to a cylinder or motor. Using a closed-center directional valve, there will usually be high

pressure on the inlet side of the control valve and no pressure value of any significance on the outlet
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a)

Fig. 1-2 Principle of a typical hydraulic system ( $LEY¥ EREGRHEE)
a) Partial configuration (H:Z5#E/REE)  b) Simplified graphics symbols ( B S Fmis)
1-Hydraulic pump (HJER)  2-Adjustable throttle valve ( 3 Ft %)
3_Closed-center directional valve (#e[i]j®)  4-Hydraulic cylinder (¥JEfiL)  5-Working load ( TAES)
6-Relief valve (#si#iM)  7-Filter (id3E#%)  8-Reservoir ( W)

side, which is connected to the cylinder. When the control valve is shifted to either extreme position
(left position) , the oil flows via flow rate control device 2 (‘adjustable throttle valve) , closed-center
valve 3 into the left chamber of the cylinder 4 to move the piston in the cylinder to the right-direc-
tion; and the oil in the right chamber of the cylinder 4 will flow throug\h the closed-center valve 3,
and back to the reservoir usually only meeting atmospheric pressure. When the valve 3 is shifted to
the reverse position, the system pressure will drop to whatever pressure is necessary to reverse move-
ment of the cylinder piston assembly. The oil in the un-pressurized chamber of the cylinder will re-
turn to the reservoir through the directional valve 3. This valve 2 can be a variable restrictor or ori-
fice, reducing the orifice size will lessen the volume of oil permitted to flow to the actuator. This will
reduce actuator speed. Thus flow control valve 2 is used to regulate the speed of an actuator.

Pressure will rise and pump flow will again be diverted to the tank through the relief valve 6 at
its setting. Working pressure in the hydraulic system depends on the outside load. The maximum
load that can be placed on a system is determined by the relief valve 6 setting. The setting values
would be the sum of maximum load and total pressure loss in the system. When the cylinder reaches
the end of travel, the flow of fluid is restricted and pressure builds up to the relief setting. It cannot
go any higher because the fluid can escape over the relief valve when the relief valve setting is
reached. Thus the relief valve protects the system from excessive pressures.

From an operational standpoint, any hydraulic system can be divided into five logical segments:

(1) Power input segment (energy portion) : It usually consists of pumps. In effect, the pump
converts a mechanical force to hydraulic power and supply hydraulic oil to the system.

(2) The power output portion (actuator portion) : It usually consists of rotary and oscillatory
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motors or linear cylinders, while it converts the hydraulic power back to mechanical force to do
work.

(3) Control elements: Tt can be used in a hydraulic system to restrict the pressure, regulate
the volume of oil directed to or from the actuator, such as relief valves, flow control valves, direc-
tional control valves and so on.

(4) Assistant elements: They can be used to maintain system working, such as reservoir, fil-
ter, tubing connectors, swivel joints and flexible hose and so on.

(5) Working oil; hydraulic oil. ‘

Because almost all practical hydraulic systems can be divided into these same basic segments,
they will be considered in detail later.

Usually simplified graphic symbols could be used to show the whole hydraulic system. Fig, 1-
2b shows the principle of hydraulic system in Fig. 1-2a by the simplified graphic symbols according
to the Chinese standard ( GB/T786. 1—1993) . o

1.4 Features of Hydraulic and Pneul_ngitic Tra:nsmis/sion

1. The advantages of hydraulic transmission

1) A hydraulic system can produce higher power than electrical equipment under the same vol-
ume. The hydraulic equipment system has smaller volume, light, high power consisténcy and com-
pact configuration at a given power. The volume and weight of a hydraulic motor are about 12% of
an electric motor. ‘ »

2) Hydraulic equipment has a good working stability. It is because of light, less inertia, quick

response; the hydraulic equipment can realize celerity start-up, l)rake and frequent change in mo-
tion direction.

3) The hydraulic transmission can reach a wide range of speed regulation ( with the range of
1:2000) , and the speed can also be regulated during the work processing.

" 4) The hydraulic transimission can easily realize automation and the pressure, flow rate and the
flow direction can be regulated and controlled. If we combine it with electric, electron or pneumatic
control systems, a more complex transmission system with remote control can be realized.

5) The hydraulic system can protect from over-load easily, which cannot be done by electricity
or machine equipment. '

6) Because of standardization, series, and all-purpose apphcatlon the hydraulic system is eas-
ier in design, fabrication and application. o

7) ‘The hydraulic system is easier than machine equipment in doing line motion.

2. The shortages of hydraulic transmission

1) leak. Oil Leaks are inevitable because of the loss in fluid flow resistance. So more energy
loss exists in a hydraulic transmission.

2) Working temperature. The working temperature has strong effect.on the working property of
a hydraulic system because of the viscosity-temperature character of hydraulic oil. It is suitable for

working in a proper temperature.



3) Cost. The cost is high because of the needs in high precision fabricate for hydraulic ele-
ments.

4) It is difficult to find the reasons of fault.

3. The advantages of pneumatic transmission

1) The air can be obtained and expelled from the atmosphere. It cannot bring pollution to the
environment. ’

2) It is of low viscosity and lower pressure loss in pipes. The pressure air is convenient for con-
vergence supply and remote transportation. ‘ I

3) It is of low working pressure (usually 0.3-0. 8MPa) . A lower materlal and fabncate preci-
sion is required for the pneumatic transmission elements.

4) The pneumatic transmission has a simple servicing. The air pipe is not easy to be Jammed

5) Safety. The pneumatic system can protect from over-load easxly

4. The shortcomes of pneumatic transmission

1) Tt is because of air compressibility. The workmg stabllmes for pneumatic transmission system
are poorer than those of hydraulic transmission system.

2) Because of lower working pressure and small sizes in configuration, the push force of pneu-
matlc transmission is usually very lower

3) Lower transmission efficiency.

To sum up, the strong-points of hydrauhc and pneumanc transmission have taken the main ad-

vantages, and the shortages have been overcome and improved by technical renovation.

1.5 The Development History and Applications of Hydraulic and
Pneumatic Transmission

‘The fundamental law undérlying_the whole science of .hydraulics: was discpvérc_sd by Blaise Pas-
cal, a French physicist, in the seventeenth century. But it was not until the énd of the 18 century
that man found ways to make the snugly fitting parts required in hydraulic systems and other modern
equipment. Since then progress has been rapid. :

Hydraulic transmission has been experiencing the process as below.

The 17th and 18th centuries were a productive period in the development of hydraulic theory.
Torricelli studied fluid motion in the early 17th century. Late in that century, Sir Isaac Newton con-
ducted studies on viscosity and the resistance of submerged bodies in a moving fluid. The key a-
chievements of the period occurred in the middle of the 18th century when Daniel Benoulli developed
the theory of transmission of energy in fluid streams and Blaise Pascal, at about the same time, es-
tablished the principle of hydrostatic pressure transmission. .

This principle was first used in the latter part of the 18th century. The first hydraulic pressure
machine was manufactured by England in the late 18th century. The fundamentals of fluid theory
were established by the above work and refinements were added by Navier who derived the mathe-
matics of motion in liquids including equations for fluid flow with friction. This was early in the 19th
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century. It was followed by the work of Stokes, who independently discovered the same equations
and further extended the work of Navier. -

Recently hydraulic and pneumatic pressure transmission technology has been developed with a
large scale petrolic industry in the 19th century, and the barbette displace was the first one success-
ful using hydraulic equipment, and then hydraulic machine tool. In World War | many new ma-
chines based on the principles of hydraulics had been used. The great autometive industry intro-
duced hydraulic brakes in the early thirties and hydraulic transmissions in the late thirties. The trac-
tor industry began using hydraulics in 1940 to increase the flexibility and utility of farm equipment.
In World War II because of the demand transmission and control equipments in fast reaction, preci-
sion action and high output powers boosted development in hydraulic technology. After the War, the
hydraulic development turned into civil industry, such as machine tool, engineering, metallurgy,
plastic machine, farm machine, vehicle and watercraft. In more recent years, the role of leadership
in hydraulic power application has been taken over largely by some of the larger earthmoving and
construction equipment manufacturers. The total power involved is often greater than that required in
even the largest aircraft systems.

With the development of higher automation of hydraulic machines and increasing use of hydrau-
lic and pneumatic elements, the scaled elements and integrated hydraulic system with miniaturization
is inevitable. Especially in recent years hydraulic and pneumatic transmission is combined closely
with the sensor and micro-electronics technology. It has been emerging amounts of new valves such as
hydraulic-electricity proportional valves, digital valves, hydraulic and electro-hydraulic servo cylin-
ders and the integrative elements, which will lead the hydraulic and pneumatic technology to the de-
velopment of higher pressure, higher speed, larger power, lower energy wastage and noise, longevity
and high integration. Computer aided design (CAD) and test ( CAT) and practical control technolo-
gy used in hydraulic and pneumatic system will be the trend. Nowadays the application of hydraulic
transmission system has become one of the important indications of industry level for a country. In
developed countries, 95% of engineering machine, 90% of numerical control center and more than
95% of automation assembly lines use the hydraulic transmission systems.

The examples of application hydraulic and pneumatic are shown in Tab. 1-1.

Tab. 1-1 Examples of application of hydraulic and pneumatic
transmission technology in industries

Fields Examples
Engineering machine Grab, loading machine, bulldozer, shovel machine, etc.
Mine machine Charge, digger, elevator, hydraulic support, etc.
Architecture machine Pile driver, jack, flat }Ilachine, etc,
Metallurgy machine Rolling mill, press machine, etc.

Tool machine, numeric-control machining center, automatic assembly line, air-spanner, press machine,
Fabrication punch, model-forge machine, air hammer, sand-model press machine, feed machine, die-casting ma-

chine, tension machine, etc.




( Continue)

Fields

Examples

Light industries

Packer, injection-plastic machine, rubber-sulfuration machine, food packeger, vacuum-plating ma-

chine, loom, printing and dyeing machine, etec.

Automobile industry

High altitude operating car, lift, redirector, etc.

Water project

Dam, strobe, ship machine, ship-rudder, etc.

Farming industry

Fertilizer packager, combine harvester, tractor, farming suspension system, ete.
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Chapter 2 Fundamental Hydraulic
Fluid Mechanics

2.1 Performances of the Hydraulic Oil

2.1.1 Main performances

1. Density (kg/m’) . The ratio of the mass of a given amount of a substance to the volume that
this amount occupies.

If this volume is denoted as V, the mass as m and the density p,

p=m/V . (2-1)

The density is one of the main parameters for fluid. It changes with the temperature and the
pressure but is neglectable in this context. Usually density for hydraulic oil is 900kg/m’.

2. Compressibility. It refers to deformation that results from shear stresses. All fluids compress
as the pressure increases, resulting in an increase in density. A common way to describe the com-
pressibility of a fluid is by the following definition of the bulk modulus of elasticity K,

K=- Ap (2-2)
AV

The bulk modulus, also called the coefficient of compressibility, is defined as the ratio of the
change in pressure (Ap) to relative change in volume ( AV/V) while the temperature remains con-
stant.

3. Viscosity. Viscosity can be thought of as the internal stickiness of a fluid. Under the action
of an external force, the cohesion between fluid molecules would stop the fluid flow, which is called
friction force. This is referred to as the viscosity of fluid. Needless to say, the viscosity is an ex-
tremely important fluid property in our study of fluid flows and is a condition of hydraulic oil.

The sketch of viscosity is illustrated by Fig. 2-1. The experiments have proved that friction
force between the two fluid molecules can be described as

where g is viscosity coefficient, also kinematic viscosity. If the 7 is described as the friction force
per unit area A. Then,

T =

=p (2-3)

It is the Newtoniau’s law of inner friction. It means that the viscosity of fluid is the friction on
per unit of area fluid under per unit of velocity gradient.
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Fig. 2-1 Sketch of viscosity (BiiRs bR EE)

Dynamic viscosity or absolute viscosity (Pa - s) . The dynamic viscosity 1 can be gotten from
the formula (2-3), i e,

&l

It means that if %E =1, theny =7, i e., the inner friction force 7 on per unit area of fluid
Yy

between contiguity surfaces, is called dynamic viscosity or also absolute viscosity.
Kinematic viscosity m’/s. The ratio of absolute viscosity to the oil mass density is called the ki-

nematic viscosity v in analysis and calculation of hydraulic system.

v=£ (2-4)
p

Relative viscosity. Viscosity tested by special viscometer under a given condition is also called
conditional viscosity. The unit of relative viscosity is different by the testing conditions, such as °E
used China, SSU used in America, R used in England and so on.

Fig. 2-2 illustrates the °E viscometer principle. .

The relative viscosity °E is tested by the °E viscometer. 200 (cm’) of tested fluid (such as hy-
draulic oil) is put into a container of the viscometer which has a ¢2. 8 (mm) small hole at the end
of it (as shown in Fig. 2-2b) , and then the time (¢,) of 200 (cm’) tested fluid deadweight flowing
through the equal small hole under a set of temperature will be recorded ; meanwhile, the time (t,)
of 200 (cm®) of steam water under a temperature of 20°C deadweight flowing through the equal
small hole will be also recorded, as shown in Fig. 2-2a. The ratio of ¢,to t,is called °E viscosity
value of this tested fluid. Usually the set temperatures are 20°C , S0C and 100°C. So there are the
*Ey, “Egand °E, .

Take the note °E,..,.to describe the viscosity,

°E, = t,/t, (2-5)

The conversion formula between the °E and kinematic viscosity (m’/s) is
.31
v = (1.31°E - %E'—) x 107° (2-6)

. The viscosity is strongly dependent on temperature of liquids in which cohesive forces play a
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Fig. 2-2 Principle of °E viscometer ( BFKEEH)

dominant role. Note that the viscosity of liquid decreases with increased temperature. The change of
oil temperature will affect the performance and leakage of the oil, thus the viscosity-temperature
changes. For the viscosity less than 15 °E and the temperature 30-150°C , the viscosity-temperature

formula is described as follows ;
- 50
v, = Vm(T)" (2-7)

Herey, (10 °m’/s) is kinematic viscosity at a set of temperature; vyis the kinematic viscosity

when the temperature is 50 °C ; and n is index as shown in Tab. 2-1.

Tab. 2-1 The values of index shown in formula 2-7 (3EFe ¥ » BUE)

“Eq, .2 | 1.5 | 1.8 | 20 | 3.0 | a0 |50 |60 ]| 70|80/ 90|100]150
V! ‘
2.5 6.5 9.5 12 21 30 38 45 52 60 68 . 76 113
(10~%m? - s~")

n 1.39 .59 | 1.72 | 1.79 | 1.99 | 2.13 | 2.24 | 2.32 | 2.42 | 2.49 | 2.52 | 2.56 | 2.75

Viscosity-pressure. The distance between molecules will be reduced and cohesion ( viscosity)
will be increased with pressurization. Under lower pressure ( <5MPa) , the viscosity of hydraulic oil
is not strongly affected by tiny changes in pressure. However, pressure up to 10MPa will increase
fluid viscosity sufficiently to require consideration in engineering calculations. The viscosity can be
computed by,

v, = vee” = u,(1 +0.03p) (2-8)

v, is kinematic viscosity at pressure p (10 m’/s); v, is kinematic viscosity at an atmospheric
pressure (10 °m’/s); b is viscosity-pressure coefficient, usually b =0.002 - 0. 003 for common
hydraulic oil and p is pressure of oil (MPa).
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Fig. 2-3 The viscosity-temperature of homemade oils
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Others performances. Besides above, there are also other performances for hydraulic oil, which
cover physical and chemical, such as anti-inflammability, anti-oxygenation, anti-concreting, anti-
* foam and anti-corrosion, etc. The performances are different for the different products of oils. In this

case you can refer to the manual of oil products.
2.1.2 The requests and choice of hydraulic oil

In the hydraulic transmission system, the oil plays two roles of transmission energy and lubrica-
tion on the surfaces of working interaction. So it will affect the hydraulic system, such as the relia-
bility, stability, and efficiency. The requests for the hydraulic fluids are: have an appropriate vis-
cosity, good in property of favorable viscosity-temperature, a good lubricity, chemical and environ-
mental stabilities, favorable viscosity-temperature, compatible with other system materials, heat
transfer capability, high bulk modulus, low volatility, low foaming tendencies, fire resistant, good
dielectric properties, nontoxic or allergenic, non-maledorous, low in cost, and easily available.

The qualities of several homemade hydraulic oil can be found in reference 12.

Choice. The viscosity is a key consider action in the choice of oil. Higher or lower viscosity will
affect the hydraulic system. Higher viscosity will result in the higher viscous resistance force, and at
lower viscosity larger leak oil. Generally, the hydraulic oil in a hydraulic system at v, = (10 -60)

%x 10 "®m?/s is recommended.

N

The hydraulic oil should be chosen according to the request of hydraulic pump due to the high
load, speed and operating temperature.

The hydraulic oil viscosity adapted for different hydraulic pumps is listed in Tab. 2-2.
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Tab. 2-2 The range of viscosity of hydraulic oil adapted to pumps

Viscosities (10 "®m? - s71) ﬂscosities (107 %m? « s°1)
Types Types —
5-40C® 40-80C® 5-40c® 40-80C®
P < TMPa 30-50 40-75 Gear pumps 30-70 95-165
Vane Pumps
P>=7MPa 50-70 56-90 Radial piston pumps 30-50 65-240
Screw pumps 30-50 40-80 Axial piston pumps 30-70 70-150

@ 5-40°C, 40-80°C are described as the temperatures of hydraulic system,

2.2 Hydrostatics

Hydrostatics studies the laws when fluid is at rest.

2.2.1 Characteristics of hydrostatics

1. Hydrostatics

Pressure is the amount of force on per unit of area. Static pressure; the action force in normal on
per unit of area. It is intituled pressure in physics and action force in engineering usually.

2. Characteristics

(1) In any homogeneous fluid system at rest, the pressure increases with the depth of the flu-
id.

(2) Pressure at any point in a homogeneous fluid system at rest acts perpendicularly on the sur-
faces in contact with the fluid. For curved surfaces, the pressure at any point acts in the direction
normal to the surface at that point.

2.2.2 The basic formula of hydrostatics

1. The basic formula of bydrostatics

The acting pressures on the fluid at rest. In a container they include the liquid weight, and the

force on the fluid surface, shown in Fig. 2-4a.

LHIPOH f
1Y_‘ ,ﬁ AA-P

Fig. 2-4 The distribution of forces in a container with rest fluid

(P LW 9 EE 150 A ML)

If the pressure in an x axial direction is ignored, then to compute the pressure at a depth h

point, we can consider a control fluid volume in a direction perpendicular to line A-A, shown in 2-
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4a and 2-4b. If the end area of the volume as AA, depth k, then the volume is A4 - k, so weight
is AA - pgh. The total balance force formula is
PAA = p,AA + pghAA (29)
Formula (29) is divided byAA, then
P =po +pgh (2-10)

The formula (2-10) is the basic equation for hydrostatic. It states the distribution status of hy-
drostatics as follows ; _

(1) The pressure p on a rest fluid contained involves two parts; one is the acting pressure on
the fluid surface p, ; the other is the weight of the volume itself; if the p, = atmospheric pressure Pa,
then

p =p, +pgh (2-11)

(2) The pressure p is increased with the depth h;

(3) Isotonic pressure surface, that is, the pressures are all equal at the surface composed by
all points at given depth h, such as at the line of A-A;

(4) Conservation of energy

Po by =P 4k = constant (2-12)

pPg pPg

Here, the p,/ (pg) is pressure energy at per unit mass fluid. - Formula (2-12) states that the
total energy is conservation at any given point.

2. The definition and units of pressure

(1) Absolute pressure. It is based on the absolute vacuum, such as formula P =py + pgh
(2-11); |

(2) Relative gauge pressure: Based on the atmosphere, such as DP-Do = pgh. The pressures
measured by a pressure gauge are all relative pressure due to the objects all equilibriums loaded in
nature.

(3) Vacuum (negative pressure) . When the pressure is lower than atmosphere.

The relationship of three pressures is shown in Fig. 2-5.

The units of pressure and relations between different pressures can be described :

1Pa =1 N/m*;1bar =1 x10°Pa = 1 x10°N/m’; lat = lkg_f/cm2 =9.8 x 10*'N/m?; 1mH,0
= 9.8 x 10°N/m*; ImmHg = 1.33 x 10°N/m®

Example 2-1. The oil is full in a container. For a given condition, the density of oil is
p =900kg/m’; the action force on this piston surface F = 1000 (N); the area of piston 4 =
1 x10°m?, if the mass of piston is neglected, try to calculate the static pressure p at b = 0. 5m,

as shown in Fig. 2-6.

Solution: According to formula (2-10), the pressure at the depth h can be calculated, p =
Po *+pgh, and here py = — = ——————Pa = 10°Pa,and then

P =po +pgh = (10° +900 x 9.8 x 0.5)Pa
= 1.0044 x 10° N/m*> = 10 x 10° Pa
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Fig. 2-5 Absolute, relative and vacuum pressure (#EXtE S, HXHEHFMESE)
From this example, we can see that the weight of fluid oil (pgh) is very small, so pressure is
equal nearly at all points in the container, i. e. , p~p, = 10°Pa. This is an important result used in

the later chapters.
2.2.3 The brinciple of Pascal

Pressure exerted on a confined liquid is transmitted undiminished in all directions and acts with
equal force on all equal areas. The principle of Pascal is also called as the static transmission princi-

ple. Its application is shown in Fig. 2-7.

F
4 lﬁ g
INERREREN ITITITITT T
I Y e | ™
< 0 e e — — ] E—
] - —— — F——
N —— == ==
____________ ] = =
Fig. 2-6 Calculation of fluid static pressure Fig. 2-7 Example of application of Pascal principle
(REEESTE) (et JFEE R F 3649

Set the area of the big cylinder as A,and action load force on the big piston as F,, then, the
pressure on it is p = F| /A, ; if the area of small cylinder is A, , the pressure on the small piston is al-
so p, in order to hold the big cylinder, F, is

F, = pA, = —F, (2-13)

FLI'EB

1

A
The above formula states that only a small force can lift a heavy object due to 2 <1. From the
- 1
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relationship between the load on the big piston and the pressure, we can see that pressure cannot be
created in the pressure exerted on a confined liquid when the load F,is equal to zero no matter how
high F, is. It is an important principle in the hydraulic transmission that the pressure exerted on a

confined liquid depends on the external load.

2.2.4 Effect of fluid pressure on curved surfaces

Effect of fluid pressure on a container surface has two statuses:

(1) When the wall is plane: the total of effect force on it is equal to the pressure of fluid multi-
ply the effect areas and the direction of effect point is perpendicular to the wall surface;

(2) When the wall is a curved surface, the effect force on a point, such as x direction, the
useful pressure is exerted on the projection of the curved surfaces A in the plane of action. That is
F_=pA.. Let’s consider an example of cylinder.

Example 2-2. Fig. 2-8 shows a cylindrical member of inside radii r of length 1.

Calculation; The effect force F,on the right segment of the cylinder at x direction.

Solution: Consider a tiny control surface dA =Ids =Irdf, and then the component of forces in
the x direction as dF, = dFcosf = pdAcosd = plrcosfdd. Integral to give the effect force F, on the
right segment of the cylinder at x direction as follows, where the A, =2rl, is the projection of the
curved surfaces in the x direction of a plane of action.

F, = J’zw dF, = J’_Z% plrcos6dd = 2pir = pA,

Fig. 2-8 Effect force on the inner surface of the cylinder ( JEIifEFZERIITAEE L A)
2.3 Hydrodynamics

Hydrodynamics in this section studies the laws of velocity and pressure for a flowing fluid. The
equations of continuity, Bernoulli and momentum are basic motion equations that describe the dy-
namics laws in flowing fluid. A series of relationships among velocity, flow and pressure can be de-

veloped from the basic equations of motion for a falling body, which are the theoretical foundation in

hydraulic transmission.
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2.3.1 Equation of continuity—conservation of mass

Fig. 2-9 shows a tube with different across-section areas; the flow is stable, and the symbols
A, v, p,, A,, v,, p, describe the across-section area, velocity and density at 1 and 2 respective-

ly. The mass is equal on two across-section area according to the conservation of mass,

piviA, = pvA, : (2-14)

For incompressible flow, p, =p,, '
14, = v,A, (2-15)
or g = 1A, = v,A, = vA = constant (2-16)

Formula (2-16) is the equation of flow continuity. It states that the flow rate is invariable when
incompressible fluid flow flows through any across-section area. So the fluid velocity changes in-

versely to the flow across-section area.

2.3.2 Bernoulli Equation—conservation of energy

1. Ideal equation of Bernoulli
The assumptions: inviscid flow (no shear stresses) , steady flow, constant density and without

energy loss.

The total energy on any across-section areas is equal according to the equation of Bernoulli—
Conservation of energy.

Fig. 2-10 is the sketch of Bernoulli equation. Consider any two across-section areas A, 4,, z,

’

and z, describe their distances from datum line respectively ; v,, v, the velocities at the center

A,and A,respectively; p,, p,the pressure at the center of A,and A,respectively.

o x
Fig. 2.9 Sketch of conservation mass Fig. 2-10 Sketch of Bernoulli equation
(BESHE FRESHE) (ABH T BRESEE)
According to the conservation of energy,

v 4] ) ”g

— 45+ — =4z +—

pg £ pg 2g
P v

or =~ +z + — = constant (2-17)

P8 2g
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Formulas (2-17) is the well-known Bernoulli equation. It states that ideal fluid flow in a tube
includes three forms of energies: pressure energy, potential energy, and kinetic energy. These three
energies can be transferred between each other, but the total energy is always invariable, which is
called energy conservation.

2. Real equation of Bernoulli

In many hydraulic systems practical fluid flow through in a tube, pump and several elements,
the energies can be lost due to the viscous and friction resistance, so if total loss of h, occurs in the
two across-section areas A;and A,. In addition, the real velocity is a nonuniform distribution in flow

field and we can set a kinetic correction factor « to offset this. The coefficient « is defined by

1

Lt [ o
a = = = (2-18)
v A

il
—pAn’®
A

It is the ratio of real kinetic energy to average kinetic energy. Here a =1. 1 when it is turbulent
flow, and a =2 when laminar flow, but in practice usually set the « =1. Thus, after introducing the
energy loss and kinetic correction factor «, the following modifying equation of formula (2-17) is

regarded as the real or practical equation of Bernoulli,

P 0‘1”% P2 azvg
zZ, +— + =z, +— +
pg 2g pg 2g

Notes: When formula (2-19) is used in engineering calculation :

+ h, (2-19)

(1) The choice of across-section area 1 and 2 should be selected along the streamline direction

of fluid flow which has a steady flow status;

(2) The position z and pressure p should be two values at the same point, usually one can
choose the center point of this across-section area.

3. Application example of the equation of Bernoulli

Example 2-3 Venturi meter

The Venturi meter shown reduces the pipe diameter from 0. 01m to @ minimum of 0. 005m as
shown in Fig. 2-11. Calculate the flow rate and the mass flux assuming ideal conditions.

Solution ;

The control volume is selected as shown so
that at the entrance and exit correspond to the

sections where the pressure information of the ma-

nometer can be applied. The manometer’s reading

is interpreted as follows .

pazpb
p +pg(z+1.2) =p, +pgz +13.6pg x 1.2

Where z is the distance from the pipe center-

line to the top of the mercury column. The ma-
nometer then gives Fig. 2-11 Venture meter (3 R Hi & if)
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PP

= 15.12m
peg
Continuity allows us to relate v, to v, by
v A = 94,
A

1
v, = —1v, =4y,
2
The energy equation, assuming ideal conditions (no losses and uniform flow) with h, =0,

takes the form

2 2
UV =0, P =P
+

0= + (zz _zl)
2g pg
160% - 42
=0 T% 52
2¢
v, = 4.45m/s

The flow rate is _
gy = Ayw, = wx0.05 x4.5 = 0.0350m’/s
The mass flux is
4. = pqy = 1000 x 0.035 = 35.0kg/s

Example 2-4. Try to analyse the condition of a pump drawing into oil from a reservoir by the e-
quation of Bernoulli. The setup is shown in Fig. 2-12. Set the absolute pressure on the drawing in-
put pump orifice (2-2 across-section area) as p, the pressure at 1-1 across-section area, i. e. , the
hydraulic oil surface, as p,. Here p; =p,, p, is atmosphere pressure; and the distance from pump
orifice to hydraulic oil surface of the reservoir is h.

Solution ;

Take 1-1 across-section area as the datum plane, and consider the kinetic correction factor
o; =a, =1, and then the equation of Bernoulli for 1-1 and 2-2 across-section areas can be described

as follows,

P alvi P2 az”i

—+—— =z — + +h

pg 28 pg 2
where p, =p,, v, =0, is the velocity at 1-1; wv,is the velocity

at 2-2; his the energy loss of whole pipeline, so the above ("

w

| —
»

| N/
formula can be simplified as, 2
2
. v
bo.B +h+—+ h, =
Pg  pE 28

The pressure (vacuum or negative pressure) of pump ori-

fice is S——

i 1 : |
Po = P2 =pgh + —pv’ +pgh, = pgh+—p’ +8p B ———

From this we can see that pressure of input pump orifice Fig 2-12 Setup of hydraulic pump
involves three parts: (1) pressure needed that results in veloc- CHBUEE 3R M R s RE )
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ity v,5 (2) pressure needed that lifts oil surface to a given height h; (3) the pressure loss in the
pipeline.

The pressure (or vacuum pressure) p, —p, cannot be too high; otherwise it will produce cavita-
tion and make noise. So generally the pressure (or vacuum pressure) p, — P, is limited to less than

0.3 x10° (Pa) and set the h<0. 5m.
2.3.3 Equation of momentum—conservation of momentum

In any system, of which Fig. 2-13 and Fig. 2-14 are two examples, the rate of change of mo-

mentum in the system equals the net applied external force.

F = m% (2-20)
de
A Y S
1 2
1 2
9, : s i

Fig. 2-13  Sketch of oil flow through
a pipeline with a pressure vessel
(A RN AR EER SR EE)
The equation looks the same as the relationship
F = ma (2-21)

Known as Newtonian’s second law to all engineering students. Assume a frictionless, incom-

Fig. 2-14  Sketch of oil flow through a pipeline
(BEME—NMEE PR~ EE)

pressible liquid in a cylindrical passage as shown in Fig. 2-14. The flow rate is being accelerated u-

niformly with time

L dq
4 = q +J; B (2-22)
The force balance is, from equation 2-20
d
piA - p,A = E(pALv) (2-23)
Because Q =Av
pL dg
-p, = —— 2-24
Py — P, A dt ( )

Equation 2-24 says that a fluid in a passage cannot be accelerated (undergo a change in mo-
mentum ) without having a pressure differential across the section of the fluid. This is important later
for studying the stability of certain forms of valves.

A similar reasoning applies to the flow of fluid through curved passages as shown in Fig. 2-15.
Because velocity is a vector quantity it contains elements of both speed and direction. Therefore a
change in the direction of flow, for instance, hydraulic oilmay flow through a bent tubing, will cause

a change in momentum as defined in equation 2-20. The forces can be resolved into a component F
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which is axial to the inlet direction and a component F,which is normal to the inlet direction.
F, = pQuv(1 - cosB) and F, = pQusinB (2-25)

For a 90° bend F, = F,.

Example 2-5. .

Fig. 2-16 shows a sketch of a spool valve. When oil fluid flows through the valve, try to calcu-
late ; the axial effect force of oil fluid on the spool surface.

Solution: The control volume is selected as shown such that the entrance and exit correspond to
the sections as arrows shown in Fig. 2-16. If it is steady flow and then the effect force of fluid on the
spool can be calculated by momentum Equation. -

F = pq(v,cos6, — v,cosb, )

Because 8, =90°, thus F = - pguv,cosf,. The effect direction is on the left; but the reaction
force of the fluid on the spool is F' = — F =pqu, cosf, and the direction is right. Therefore the action
force of fluid on the spool makes the spool to tend to be closed.

6
£
Y
_(_ _ } ) F’
;}' /r ;] j K 7777
T
Fig. 2-15 Skeich of oil through curved passages Fig. 2-16 Hydraulic dynamic on the spool valve
(BRI T M EETEE) (B 8w /1)

Example 2-6. Fig. 2-17 shows a sketch of a poppet valve, where the poppet core is 2. When
flow rate g flows through the valve under the pressure p and the fluid flow direction at both statuses
of: (1) out-flowing (as shown in Fig. 2-17a); and (2) in-flowing (as shown in Fig. 2-17b),
calculate action force magnitude and direction on this poppet core.

D
d
T —. —h
F F
l =0 }__' )
2a vy lf \
Rl Se® [v2
e =0
1’911’!
a) b)
Fig. 2-17 Hydraulic dynamic on the poppet valve

(SR LR3I T)
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Solution; Set effect force of poppet on the control fluid volume as F, the velocity of in-flowing
is v,and out-flowing v,. However, for status of out-flowing Fig. 2-17a, the momentum equation is es-
tablished along the streamline direction,

P %dz ~F = pq(v,cos6, — v, cosb,)
Because of v, <€, neglect v, , i.e. , v, =0, if §, =a, 6, =0, the above formula becomes:
F=p —}dz ~ pqv,cosa
Similarly, we can get the result for status b) as follows,
| p::tl(D2 -d,?) —p%(Dz - d*) - F = pq(v,cos0, - v,cosf), )
Here 8, =90°, 6, =a and then,
F = %:—(d2 - d,”) - pqu,cosa

For two cases above the fluid action pressures on the poppet are all equal to F. The action di-
rections are shown in Fig. 2-17a and Fig. 2-17b respectively. And both calculations mentioned above
show that the fluid dynamic pqv,cosa acted on the poppet is all negative value and action directions
are the same as those of F shown in Fig. 2-17a and Fig. 2-17b respectively. So for the Fig. 2-17a the
fluid dynamic pressure makes the poppet orifices tend to be closed, and for the Fig. 2-17b tend to be
opened. :

From these two examples, we can see that action force direction of fluid dynamic pressure on
poppet or spool should be considered according to the detail status and we could not consider all tend

spool orifice to be closed in any conditions.
2.4 Characteristics of Fluid Flow in Pipeline

When a continuity viscous fluid flows through variable section such as an abruptly bend pipe or
orifice, impact between fluid and wall will occur. In this case, fluid will lose parts of energy in order
to overcome resistance. This can be presented by introducing the pressure loss A, and kinetic correc-

tion factor a, i. e. , in the above mentioned real fluid Bernoulli’s equation

p o P, oy
2y +—+— =z, +— +
e 2 g 2g
The term of h, includes two parts; (1) pressure losses along parallel pipes; and (2) minor (or

local) losses. The minor losses occur in some local places, such as valves entrance or exit orifice,

+h,

sudden expansion, bends, elbows, or gradual expansions or contractions pipe. -

The pressure loss h,and kinetic correction factor a are all related with the states of fluid flow.
2.4.1 States of fluid flow and Reynolds number

Reynolds, a British physical scientist, had done lots of observation to discover that there are

three main states of flow, i. e. , laminar, transition and turbulent in a pipe. The Reynolds test is
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shown in Fig. 2-18. In Fig. 2-18a), 1 is an overflow pipe used for limiting water level; 2 is a sup-
ply pipe; 3 is a small reservoir flowing colored dye water, whose density is the same as water; 6 is
a large pipe reservoir flowing water; 4 and 8 are check vales, 5 and 7 are all pipes flowing red water
from 3. The whole setup is made of transparent materials. If we control the velocity by adjusting the
check valve 8, the flowing states and behaviour of red water will be clearly seen in pipe 7. Under a
lower velocity (or Reynolds number) , there may be occasional natural disturbances which damp out
quickly and then become a continuous line; this is laminar (Fig. 2-18b)) . If transition occurs,
there will be sharp bursts of turbulent fluctuation ( Fig. 2-18c)) as the increasing velocity (or
Reynolds number) causes a breakdown or instability of laminar motion, which is called transition.

At sufficiently large velocity (or Re), the flow will fluctuate continually (Fig. 2-18d)) and that is
termed fully turbulent. ‘

Laminar (JZ3%)
b)

Transition (I&5if)

Turbulence (i)
a) d)

Fig. 2-18 Setup of Reynolds test ( FiFiAIEEE )

It has also been proved by experiment that the flowing states are related with average velocity v,
pipe diameter d and kinematic viscosity v flowing in a pipe. Reynolds number, a dimensionless
number, consists of these three parameters.

Re = — ' (2-26)
v

The Reynolds number was observed to be a ratio of the inertial force to the viscous force.
Hence, when this ratio becomes large, it is expected that inertial forces may dominate the viscous
forces. Reis a critical value between laminar and turbulence usually determined by experimental

data. The familiar critical Reynolds numbers based on different pipe materials are shown in Tab.
2-3.

Tab. 2-3 Familiar critical Reynolds numbers based on different pipe materials

Pipes Re, - Pipes Re,,
Smooth metal pipe 2320 Smooth pipe with eccentric annulari gap 1000
Hosepipe 1600 - 2000 Column valve orifice 260

Smooth pipe with concentric annular gap 1100 Poppet valve orifice 20 - 100

For flow in noncircular ducts, the Reynolds number is calculated by
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Re = — ‘ (2-27)

Here R is hydraulic radius, defined by

R = A - cross-sectional area (2-28)

x wetted perimeter

It equals to the ratio of cross-sectional area to wetted perimeter.
2.4.2 Losses along circle parallel pipe

The losses due to viscosity in equal diameter pipe are referred to as losses in parallel pipe,
which will chang with the different flowing states.

1. Losses in parallel pipe at laminar flow

(1) Velocity profile in a laminar pipe flow

This volume can be considered a section as shown in Fig. 2-19. If we set radii as r, length as
I, action pressure on two surfaces as p,and p,, friction action on the inside surface of pipe as F,

then a force balance in the x-direction yields,

d
(py -p)mr’ = F; = "211‘7‘1;1.51;_ : (2-29)
du
f s .
u
A A
a /umax -

Fig. 2-19 Laminar flow in a circle pipe ([HEREHRiE5)

The velocity gradient is negative because of velocity decreasing as the radii increasing. If we set

A . .
Ap=p, -p,, and du = —2—”%rdr, integrate it and under the boundary of u =0 at r =R, we obtain,

u=22g 2 (2-30)
4ul '
It says that velocity profile in a laminar pipe flow along radii direction is a parabola profile and the
maximum velocity is at the axis center r =0, u_, =f—IZ—R2.

(2) The flow rate in pipe

For an annular slice, set its area as dA =2xrdr; volume flow rate dg = udA =27rdr * ©, from

(2-30), dg =27 4A—:l (R* -7*) rdr, integrate it we obtain,

R Ap, , wR* wd'
- 2 — R - d = ———A = —~——'A 2‘31
1 g K T =g 12801 7 (2-31)
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(3) Average velocity in pipe
According to the definition of average velocity,
v d o LRy Mg (232)
A «R 8ul 8ul
Formula (2-32) says that the average velocity is 1/2 of the maximum velocity.
(4) Losses along circle parallel pipe

From formula (2-32), the loss is-

32ulv
ApA = d2
The formula presents that the loss along circle parallel pipe is proportional to length I, velocity

(2-33)

v, viscosity g, and inversely proportional to the diameter squared. The formula (2-33) can be also
written as v

Lyl 64 Lt
(d.v)( D& =S -

Lyl ;
Ap, = A0 (234)

64 :
where A is the resistance coefficient along a circle pipe. In theory, A = Re’ but in a practical case,

75 80 )
= Re for a metal pipe, A = Ro for a hosepipe because influence of temperature needs to be consid-
e e

ered.

2. Losses in parallel pipe at turbulence flow

When turbulence flow has happened, particles in fluid have behaved ruleless motion and
changeable speed and direction with time. Until now, the law can be only probed by experiment.

The experiment has shown that resistance coefficient \ is related with Reynolds number Re and
A
relative roughness in pipe wall 7 i.e., A=f (Re, A/d), here A is absolute roughness in pipe

wall. However, water-power slippery pipe happened when Reynolds number were more than 2300
(Re >2300) due to less affection of roughness despite turbulence. The resistance coefficient A can
be calculated by experimental formula as follows for water-power slippery pipe,
A =0.3164Re™®® 4000 < Re < 10°
or A =0.032 +0.212Re™*? 10° < Re < 3 x 10° (2-35)
The effect of roughness in pipe wall on loss along pipe has become a main factor when Reynolds
number is increasing gradually, which is called completely roughness pipe, and A can be calculated
by experimental formula as follows:
= (2gld/2A +1.74) Re > 9004/A (2-36)
Here A is related with material of pipe, such as steel tube 0.04mm, copper pipe 0. 0015-
0.0lmm, aluminum 0. 0015-0. 06 mm and hosepipe 0. 03mm, On the other hand, the velocity is
well distributed at turbulence flow with the maximum velocity u_,, = (1-1.3) ». In this case, los-
ses in parallel pipe can be calculated by formula (2-34) .
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2.4.3 Minor losses in pipe system

In a pipe system, fluid flows through pipe entrance or exit; sudden variety across-sections,
such as expansion or contraction; bends, elbows, tees, and other fittings; valves, open or partially
closed; gradual expansions or contractions, turbulence flow will occur to give resistance and energy
loss. Energy losses are called minor losses. ‘

Usually the minor losses Ap, can be calculated by,

2
pv
2

where £ is the minor resistance coefficient ( can be found from the manual) ; p is density (kg/m’),

Ap, = (2:37)

and v is average velocity (m/s) .

In a hydraulic system where oil flows through different valves, it is difficult for us to calculate
the ‘minor losses by formula (2-37) because of the different types of spool. Thus in this case, one
should obtain the values of pressure losses Ap,under a given rating flow rate ¢, from a hydraulic

handbook , and then calculate the flow rate except the rating rate by pressure loss formula,
Bpe = Ap, () | (2:38)

where ¢ is the real flow rate that oil fluid flows through the valve.

The total energy losses in a whole hydraulic system can be summed after calculating out several

section’s losses by,

D Ap = ) Bpy+ D Ap = ZA——+Z§p— (2-39)

2.5 Flow Rate and Pressure Features of Orrifice

This section presents the flow rate formulas for flow through a orifice and clearance, which are

the main theoretical foundation used in studying and designing of the hydraulic system leaking,
2.5.1 Thin wall orifice

Thin wall orifice defined as the radio of flow length L to diameter of orifice d is less than 0. § as
shown in Fig. 2-20, usually the orifice is sharp edged.

When hydraulic oil flows out from a small orifice to a large chamber, the flowing fluid form a
contraction acress-section C-C and-then expansion will occur because of inertia, in which part or all

of the velocity energy is converted into pressure energy. If the ratio of diameter A before this orifice

to the diameter d after of it, i e. , 327, it is called complete contraction; while — <7, it is

called incomplete contraction. For the orifice before and after section 1-1 and 2-2, if the kinetic

correction factor &« =1, then Bernoulli equation is

P ”1
——+——-—+—+ h (2-40)
pg 28 pg 2 2.k ‘

35



[ [ L L]
|c
a2 5 S
o~
C ' 77
I |2

Fig. 2-20 Fluid flow through orifice {Fid#BE/NFLATHIE)

where Z hg is the minor losses cause by orifice and include two parts: fluid flow through suddenly
2
vc

contraction 2 h and suddenly expansion sections z hy. Here b, = ¢ Py can be looked up from
4

A,
(1- Z—)vc

hydraulic manual, and 4, = — 2 since it is considered the A, <A, , thus Z he = hy
2¢

2

vc
+hy, = (£+1) 5; , because of A, = 4,,v, = v, , so,

1 2 Ap
. = [=(p, -p,) =C, |—= (2-41
’ VE+1 P(p ) P )

is the speed coefficient, which describes the effects of minor losses. Further, the

where C, =
VE+1

fluid flow rate that flows through this orifice is;

2
q = Acvc = CcAOvc AP (2-42)
P

where A, is the across-section area of this orifice; the section contraction coefficient C, = —;
0
C, is flow rate coefficient, C; =C,C_; C,is determined usually by experiment. In the case of com-

plete contraction, i.e. , Re<<10’, C, can be calculated by
C, = 0.964Re™® (2-43)

In the case of Re >10°, C, is considered a constant of C, =0.6-0. 61; further in the case of
incomplete contraction, C, can be selected by Tab. 2-4, and C,will be increased to 0.7 t0 0. 8 be-
cause of the main pipe wall effect on the fluid. | _

This is the reason of low resistance losses when fluid flows along the length of the pipe in thin
orifice. It has less sensitivity to temperature, and thin orifice is thus usually used to throttle adjus-
tor.

Poppet and spool valve orifices are similar to the thin orifice, so both are all used to the hydrau-
lic component orifices. Although obeys the equation (2-42), C, and A should be changed for the
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different onfices.

Take Fig. 2-21 as an example. It is a cylinder spool valve orifice; A is a valve seat, B is a

spool core, and the diameter of the spool core is d, the radial clearance is C,; when spool core
. . . . . B ) . .
moves left a distance of x,relative to valve seat, the effective wide is ,/x; + C; , circumferential

length is w = wd, and the across-section area is A, = w /x> + C*, and the flow rate that flows
through the orifice is calculated below,

7
g=Cuw. 7+ [FA (2-44)
p N

where if neglect C,, and consider x,>>C, , the flow rate is

2
g = Cywx, ,_Ap (2-45)
p

The flow rate coefficient in the above two equations can be obtained by Fig. 2-22, in which the

Reynolds number can be calculated as follows,

A, 2+ C

Re = — = ———— (2-46)
x 2
5 A 1.0
- 7 0.9 AT
08 A 1
9 A -2 T 0.74
- 0.7 — 1 = 0.67
/%VB 0.6 /47 LA ] '
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Fig. 2-21 Sketch of cylinder spool orifice Fig. 222 Flow coefficient on the orifice of spool valve .
(EHER B O REE) CREBOMEERL)

When Re >10*, C, is usually a constant, C, =0. 67-0. 74.

For a hydraulic valve whatever flowing in or out, @ is the angle between streamline and spool
line and is called speed direction angle, it is usually 8 =69°.

The poppet valve orifice is shown in Fig. 2-23, in which A is the valve seat, and B is the pop-
pet core. When poppet moves up a distance of x, relative to the valve seat, the average diameter of
d,= (d, +d,) /2, relatively, the across-section area at the average diameter is A, = wd,,x, sina.

If we set the pressure different between the inlet and outlet of this valve orifice as Ap, then the flow

rate is
2A
qg = C,A, /—R = Cymd % sina /ﬂ (2-47)
p o P

where the flow rate coefficient C, can be obtained by Fig. 2-24. We can see from Fig. 2-24 that C,
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changes between 0. 77 and 0. 82.

8 1 1.0~
K Pa 0.7
ds 0.5
z : S
. ~ ©oo3k
0.2
A Y
0.1 L IR N T Y O Y S N
d 05 1 2 3 5710 20 305070100200
|
Reh
o ¥ ,
Fig. 223 Onfice shape of poppet valve Fig. 224  Flow coefficient C; of poppet valve orifice
' (SRR ) (EERBOMRERE C)
Tab. 2-4 Flow rate coefficients in incomplete contraction
(AELWHTFRRALK C, WHE)
AO
—A—- 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Cy 0. 602 0.615 0.634 0. 661 0. 696 0.742 0. 804

2.5.2 Stubby orifice and slot orifice

L l
The stubby orifice is defined as 0.5 < -l—1-$4; and ] >4 as slot orifice.

The flow rate equation for the stubby orifice is the same as formula (2-42), but the flow rate
coefficient C; must be obtained from the curve in Fig. 2-25. It has shown in Fig. 2-25 that the
Reynolds number Re reaches high values; and the C, is almost a constant. The Stubby orifice is u-

sually used as a fixed throttler because it is easy to be fabricated.

d* .
The flow rate equation for slot orifice obeys the formula (2-31), i.e ,q = lr—Ap , here the

; 1281
inference of viscosity leads to laminar flow state. From formula (2-31), flow rate is proporational to

pressure different Ap and inversely proportional to viscosity ., thus it is dependent on viscosity.
2.5.3 Plate clearance

This is an extension of the flow analysis between two parallel plates. If a fluid particle in the
lower half of the stream is considered, the motion of the particle in a direction to the right can only
occur as a result of a differential pressure which shall be termed Ap =p, - p,. If there is no pressure
differential, upper plate moves at a velocity of u, relative to lower plate (lower plate is fixed) and
the movement of the particle is resisted by the top and bottom surfaces due to shear forces. The fluid

flows under pressure differential Ap =p, - p, and velocity u, as shown in Fig. 2-26, in which & is
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clearance height, b and L wide and length respectively usually, b>>h, I>h. The conirol volume is
shown in Fig. 2-26, and the flow rate fluid flows through the plain plate clearance is

B+ " L (2-48)
1= a2 )
10 0.816}— — v . ../ /. /]
07 L~ r+dr

ptdp
04 / < 14 f———

o ! 10 100 1000 10000 - \&\ \ \

dy

' dRe x dr
! !
Fig. 2-25 Flow rate coefficients in stubby orifice Fig. 226 Flow in parallel plain clearance
(EILRRERE) CFAT AR SEBRIE 980 )

The formula (2-48) has two statuses:

(1) Fluid flow at pressure differential (Ap#0), and u, =0, the flow rate (2-48) becomes as
_ bR’
C12ul _
(2) Fluid flow by viscosity shear, i.e. , u,#0, and Ap =0, the flow rate (i-48) changes to

q Ap (2-49)

Uy
q = —2—bh (2-50)

From equations of (2-48) and (2-49) , the flow increases as the cube of the clearance under
pressure differential. This means that the inner clearance is playing an important role for leakage

through such a flow path in hydrauli¢ system elements.
2.5.4 Cylinder annular clearance

The clearance surface occurs for some relative motion elements in hydraulic system such as be-
tween piston and piston orifice, cylinder spool valve and seat. There are concentric annular orifice,
eccentric annular orifice and conical annular orifice.

1. The flow rate equation in a concentric annular orifice

Fig. 2-27 shows a sketch of concentric clearance flow, we the diameter of the cylinder as d,
clearance h, circumferential length (clearance length) L. Let’s consider annular clearance expand-
ed along the length direction is the same as a plain plate clearance, so substituting L = wrd into for-
mula (2-48), and the flow rate equation in a concentric annular orifice can be obtained
wdh’® wdhu,
12uF* 2

q= (2-51)

39



If the motion direction of cylinder is the same as the direction of pressure differential, the sym-

bol in formula (2-51) chooses “ +”, otherwise “ - " . Under the condition of u, =0, the flow
rate is
wdh’
= A 2-52
9= 1 (2-52)

2. The flow rate equation in an eccentric annular orifice
Because of machining irregularities, side loads, improper positioning and other effects, some
degree of eccentricity must always be expected, as shown in Fig. 2-28. A piston of radius r is eccen-
tric in a bore of radius R by an amount e. The clearance h at any point is
h = R - (rcosa + ecosf) (2-53)

st A P

N |
I \
—
e
Fig. 2-27 Sketch of concentric clearance flow Fig. 2-28 Eccentric annular orifice
(R FREEBRHBh) QRSS2 329

For very small clearances, «a is very small and cosa=1. The equation can then be written as
h=R - (r +ecosB) =R -r - ecosp
= hy —ecosB = hy(1 - gcospB)
(2-54)
where A, is an eccentric clearance when it is in concentric condition; & is called the relative eccen-

- e d I .
tricity & = —. Because of small clearance, R=r =57 %0 the flow situation of circle clearance flow
0 :

relative to circle arc db can be considered as plates clearance flow. Substitute db =rdg into foumula

(2-48), the incremental flow is

s uyh
dg = ch rd@ + —2—rd,B (2-55)
where: ¢ = A
1241
Substitute (2-54) into (2-55)
3 3 u0h0 )
dg = chy(1 - gcosB)’rdB + > (1 - cosB)rdB » (2-56)
27 3 3 Uy 2m
g= L chy (1 - gcosB)’rdB + —2-J: hy (1 - gcosB)rds (2-57)
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Integrating

wdhyu
g= wdh3C(1 + ) 2" 2
ndh} 32 wdhyu,
2Ap(1 + == 2-58
or g= 1221 p(1 + ) 5 (2-58)

This analysis states that when the eccentricity is maximum, e =h, and £ = 1. The flow is then
1 :
2 ?times greater than it would be indicated by the use of equation (2-51) . In practical terms,

equation (2-58) states that the use of needle valves or other devices dependent upon annular ori-
fices as precise metering orifices is déngerous unless extreme care to assume concentricity is taken.
3. The flow rate flow through a conical annular clearance
Because of machining irregularities, such as piston or bore, valve core or seat core, some de-
gree of conic must always be expected, as shown in Fig. 2-29. A piston of diameter d is the degree
of conic in a bore of diameter D by an amount k,and k,. If h; > h, it is called inverse degree of conic
as shown in Fig. 2-29a; otherwise sequence degree of conic as shown in Fig. 2-29b. The degree of

conic existence in valve core will not only affect the flow rate but also the pressure distribution in a
clearance fluid.

— 4 !
< A L
J - -
X dx
‘u P p+dp Uy
L]
g . \ -
h b, 2, A

/

[ : !

a) b)

Fig. 2-29 Fluid flow through a conical annular clearance (FFJE [ 452 BR (M 3)
a) Converse cone (fBl#) b) Sequence cone (i)
The half-angle of the cone is set as 8, the valve core moves right at a speed of u,. Take a con-
trol volume as shown in Fig. 2-29a, here h,, p,, and k,, p, is denoted as the clearance height and
pressure between input and output respectively, and h and p as clearance height A and pressure at

left distance x respectively, meanwhile clearance height is considered as nearly constant at a tiny

volume wide dx; thus for the status of Fig. 2-29a, substituting ——A£ = d_p into formula (2-51),

11-th dp 'rrduoh
120 ds T 2

(2-59)
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dh
Because h =h, +x - tanf, substituting dx = ———0 mto formula (2-59) and then,
tan )

12uq dh  6puo dh

dp = - + — 2-60
i mwdtang h>  tanf A’ ( )
h, —h,
Integrating and substituting tang = into
6ul (hy +hy)  6ul
Ap =p, -p, = — - u (2-61)
. PIPTR T () R,
We obtain the flow rate as,
d (hh,)? wdh,h
q=ﬂ— —2 Ap + 2 7R (2-62)
6ul (hy +h,) (h, +h,)
when u; =0, flow rate is
(hh,)?
wd 1h2) (2-63)

T 6l (b, +h)
Integrating formula (2-61) and substituting the boundary condition at h =k,, p =p,, we ob-

tain the pressure distribution in this clearance flowing

6ug , 1 1 Ouuy 1 1
=p, - —-—) + —_—— 2-64
P=p wdtan® k2 hz) tanO(h1 h) ( )
- (h-hy)
Substituting formula (2-62) and tanf = ————into formula (2-64),
x
h
L=GD' (- )
P =D - - x (2-65)
h, 2 h*(h, + h,)
1 -(—=)
h,
when u, =0, we have
k
- (3!
P=p - —Ap (2-66)
1 - (ﬁ)2
h,

The formulae (2-62) and (2-65) give expression to flow rate and pressure distribution for
the status of inverse degree of conic.
- For the status of Fig. 2-29b, the sequence degree of conic the flow rate formula is the same as

the formula (2-62), the status of inverse degree of conic, but the pressure distribution when u, =01is

h
(;‘)2 -1

pP=p —h“Ap (2-67)
()2 -1
h,
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h
- (30
or ; p=p +——Ap (2-68)
h, ,
1-(-)
h,
4. Hydraulic lock and force
If there is an eccentricity “e” between spool core and seat due to setting, as shown in Fig. 2-
30, and the gap “h” between spool core and seat (shown in Fig. 2-30¢) should be changed by two
directions of circumference 8 and x axes respectively. As we know, from the formula (2-54),
h=h, —ecosB at x=0 and h =h, —ecosf at x =1. However, the value of “h” at any point is
{h = h, - ecosB + xtanf( for inverse order)
h = h, — ecosB — xtan@(for in order)

Let us consider two special positions, i.e. , 8=0 and 8 =1 (Fig. 2-30 c), it is clear that the

(2-69)

value of “h” at B =0 is more than that at 8 = . So some results can be educed from the formulas
(2-66) and (2-68)

(1) For the case of eccentric with inverse order conical annular clearance (Fig. 2-30a) : since

h .
h, <h <h,and also ;l < 1; from the equation (2-66) , the pressure at point of 8 =0 is less than that

atB=m,ie , p| B0 <P | p=n (Fig. 2-30c) , thus the side force (radial direction) F will be crea-
ted and it will enlarge the eccentric value “e” (Fig.2-30a) to make the spool core locked on the
wall of seat. From here, the conclusion can be obtained that the hydraulic lock will be produced
when the fluid flows through an eccentric gap with inverse order conical annular clearance.

(2) For the case of eccentric with inverse order conical annular clearance ( Fig. 2-30b) :
.
since h, <h < h and also ;I >1; from the equation (2-68) , the pressure at point of 8 =0 is mere

than that at B =1, i.e. , p |B=0 >p |'9=1r (Fig. 2-30c) , thus the side force (radial direction) F
will be created and it will reduce the eccentric value “e” (Fig.2-30b) to make the spool core
centered in the seat. From here, the conclusion can be obtained that the ec;:entn'c will be elimina-
ted of oneself when the fluid flows through an eccentric gap with inverse order conical annular clear-
ance. ) ,

In fact, the hydraulic lock is objective and what we can do is to try to eliminate it. There are
several methods to reduce the hydraulic lock and one of them is to balance notches on the spool
core. The balance notches are used to make the all equal hydraulic pressure in the circumference di-
rection of the spool core. The depth and width of it are usually 0. 3-1. Omm. It has been proved ex-
perimentally that the hydraulic lock force will be reduced consumedly to 5% of original state when it
has 3 balance notches. And the hydraulic lock force (radial direction force) can be reduced to

2.7% of original state and almost in a concentric circle when it has 7 balance notches.
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Fig. 2-30 Fluid flow through a conical annular clearance with eccentric
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a) Eccentric with inverse order conical annular ({8]%E)

b) Eccentric with in order conical annular ( ME4)
¢) Section figure at any point (£ — SLAMBEEE)
d) Spool core notched balance pressure ( [HIE{& b FF#3E4E)

2.6 Hydraulic Shock and Cavitation

In hydraulic systems, hydraulic shock and cavitation may occur. Thus it is important to under-

stand the reasons in order to conirol by some measures.
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2.6.1 Hydraulic shock

In hydraulic pipeline systems, pressure of hydraulic oil can suddenly become higher than sever-
al times those of normal working conditions, which is called pressure peak or hydraulic shock. hy-

draulic shock damages not only the seal, pipeline and hydraulic elements but also makes error ac-
tions and accident.

1. Types of hydraulic shock

There are two types of hydraulic shock: (1) that occurs due to the sudden reduction of the
across-section of the orifice or change of the flow direction; (2) that results from the inertia of the
high speed working components suddenly braking or changing direction.

The two hydraulic shock situations will be detailed.

(1) Hydraulic shock results from fluid flow stopping suddenly

We consider the section area of the pipe as A, length [, the velocity in the pipe » and the den-
sity p as shown in Fig. 2-31.

UV ——

Fig. 2-31 Hydraulic impact ( B #d5)
The fluid flow is stopped suddenly when the check valve “K” is closed suddenly. According to

conservation of energy, it will transform the kinetic energy pAl>/2 to pressure energy AlAp®/
(2K, i.e.,

| >
S

1
—pAly® =

A2
2 P

’

1
2

K’
Ap =p [—v = pev (2-70)
p

where Ap (N/m’) is the value of pressure increased when the hydraulic shock occurs; and
¢ (m/s) is the spread speed of shock wave; ¢ = /](’_/p .

For a given hydraulic oil and pipe material, from the equation (2-70) we know the values of p
and ¢ are two fixed values. So enlarging the section area of pipe is only the way to reduce the value

of Ap due to lower velocity value v. If the velocity v is limited within 4. 5m/s, the value of Ap is less
than 5. OMPa.

* Spread speed of shock wave in pipe can be calculated by

K __JK/p

p dK
1+—
8 E

>

So

(2-71)
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where K is the bulk modulus of elasticity ; d the inner diameter of pipe; & the wall thickness of
pipe and E the modulus of elasticity (N/m®) . Usually the value of spread speed of shock wave ¢ is
between 890 and 1270 m/s.
Formula (2-70) is only used to the closed pipe, i. e. , the time ¢ of the check valve closed is
less than the time ¢, (time of critical close) .
t <. (t, =2l/c) (2-72)
Formula (2-72) is intituled the whole hydraulic shock situation. The pressure peak value at
non-whole hydraulic shock is less than the whole hydraulic shock and it can be calculated by
Ap = pcvtTc (2-73)
If the check valve is partly closed, the speed of fluid drops from v to ', i.e., the speed
changed valve Av =v —v", we replace v with Av in two formulae of (2-70) and (2-73) and the
pressure valve Ap increased in this case can be calculated. The maximum pressure p,,, can be ob--
tained by ‘
| Poww = P+ Ap (2-74)
where p is an operation pressure. '

(2) Hydraulic shock results from the motion parts braked
If a motion part, total mass Z M , the time in reducing speed is At with speed reducing Av

during the braking, then the system shock pressure Ap can be calculated approximatively according

to the conservation of momentum

since ApAAt = z MAv
5 ' > MAv
° &= T

where A is effective working area (m”) .

Example 2-7. If the inner diameter of pipe is d =200mm, the wall thickness § 10mm, the ini-
tialization speed v =2m/s, pressure p =2. 0MPa, the bulk modulus of elasticity of fluid K =2.0 x
10’ MPa, the modulus of elasticity of pipe material E =2. 0 x 10° MPa. Try to calculate the maximum
pressure drop Ap when the check valve is closed suddenly.

Solution : Firstly calculate the spread speed of shock wave c. Set the density of fluid as p =900
(kg/m’), and from the formula (2-71)

K' JK/p 42 x10°/900

c = - = =
P 9
\/1+dK \/1+200x2x10

0 E 10 x 2 x 10"

So Ap = pev = 900 x 1360. 8 x 2N/m’ = 24.5 x 10°Pa
2. Measures to reduce the hydraulic shock

m/s = 1360. 8m/s

The measures are:

1) Prolong the time closing check and motion components. Permit also the two chambers of hy-
draulic actuator going each other at neutral position of the direction valve in order to reduce the hy-
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draulic shock.

2) Valve orifice of motion working-piece is designed accurately making speed uniformity
change.

3) Expand properly the diameter of pipe to make the flow speed less than or equal to the value
commended.

4) Try to shorten the length of pipe to de crease the transmission speed c¢. Try to change the
complete shock to incomplete shock.

5) Utilize rubber tube or accumulator at point of hydraulic shock.
2.6.2 Cavitation

1. The principle and harm of cavitation

If the pressure at a point is reduced far enough, hydraulic oil will vaporize and vapour cavities
will be formed in the liquid, which will make air separated from oil and result in large numbers of air
bubble. This phenomenon is called cavitation. The pressure at which vapourisation commences is
called the vapour pressure of the liquid. This vapour pressure is quite dependent on the temperature
of the oil. 4

The phenomenon of cavitation happens easily in suction of pump and valve orifice. The suction
of pump will produce lower enough pressure due to small diameter and high resistance force; or oil
could not be filled completely into pump due to excessive high rotational speed. On the other hand,
if the valve orifice designed is so small in diameter that result in very high flow speed, which will re-
sult in lower pressure at the point in terms of the energy conservation. All mentioned above will re-
sult in the phenomenon of cavitation.

It is well known that the air bubble resulting from the phenomenon of cavitation will caue rup-
tured quickl)" at high oil pressure and cohere again into fluid accompanying the vacuum forming,
high pressure oil entrance, and it will result in high temperature and shock. The bubble having oxy-
gen will cause acidification and cauterization. The phenomenon of cauterization resulting from cavita-

tion is called air-corrosion which will damage working-pieces of hydraulic machinery and shorten also
the machine’s life.

2. Measures to decrease the cavitation

The measures are:

1) Reducing the pressure drop, usually the special pressure is controlled p,/p, <3. 5.

2) When design it is better for trying to avoid narrow, elbow or sudden direction changed.

3) Try to reduce the suction height of pump. The resistance of suction oil for pump should be
less, such as using bigger inner diameter, less elbow or sudden direction changed.

4) Good seal parts to avoid air entrance.

5) Resist corrosive material used try to keep the element rigidity and increase exterior rough-

ness for withstanding corrosion.
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EmEZ, TEBHEEXHENNELE (Ap) SEFMEMELE (AVY) WEHE, B
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BA%E, RMT EPROBIEREER u,, MPESEEREERE, N LRI TEUESHERRY
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Fle-‘Ad_y

AW, w HHOIRE, FAOKERBRE AR, £ r FRRR 676500 B L A P BE
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BIREE p PR SR é’iﬁlﬁﬁ)ﬁj—;ﬂ W, Wp=r7, BFE B0 B SO R LN ERS
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Al 2-2 36 B UM BT IR

BECKBE B R B THRE, Bl 200mL A9 8 30 7 1k 3 A JE 3R $2. Smm /NFL A9 BUEC K5 BF
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6. 31
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LB A A E BRI PR AR . MABENEYEE ERVER, IR
SERRRE P SR BRI
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H, p, —7 = mpa = 10°Pa
MR R b ALK E ST R

p=p, +pgh = (10° +900 x 9.8 x 0.5)Pa
= 1.0044 x 10°N/m’> =~ 10 x 10°Pa
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RERK F,, BRFBRIES p=F /A, : BT RIEHEM: NEELKENIRN p, H/NEEE
BAA,, WP KEE TR, Fe/0ME 2 LR 14

F, = pA, = ZiFl (2-13)

1

B ERATH, BT (4,/4,) <1, FRUA—MRNKHES F,, A DS — 1 BRI 1
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2.3.1 AFEEHFIE—RETEZHR

B 29 iR hn—AEREE, RIEEENFEEH. ER 1. 2 A EREHE, H
EFRSI AR A, F Ay, PIEE P BRE E IR EMEE DA v, L py Fv,, p,, RIEER
SPAEERE, TESR ALt A P e I R S B AR, B

1AL = pav, A, (2-14)
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P v} P o)
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i P RO AL
3. AR5 RN 24
B23 XRFHEEHT
B 2-11 FR—CEMFEIT. HPEFEHEZMO0.01m BH/HF 0.005m. HEEHEBRETH
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+
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FRFEN: g, =pg, =1000 x0. 035kg/s = 35. Okg/s
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Chapter 3 Hydraulic Pumps

3.1 Introduction

Hydraulic pumps convert mechanical energy into hydraulic energy. They supply fluid to the
components in the hydraulic system.

3.1.1 Operating principle

The operating principle of every pump in a hydraulic system depe;tds upon the altermative
change of their working volumes. The components of a single piston pump are shown in Fig. 3-1.
The pump consists of two non-return valves 1 and 2, a spring 3, a cylinder 4, a piston S and an ec-
centric wheel 6. An oil tight chamber is formed between the piston and the cylinder bore. There are

two different pumping actions: oil suction and delivery.

_724%/_ )
— A=V @—“
1 4\/ \/,&» 2
3 J %
™~ ]
4 )
6 -

Fig. 3-1 Operating principle displacement pumps ( B B ERW TIEFEAE)
1, 2-Non-return valve (#L[i]{®)) 3-Spring () 4-Cylinder (Hrik)
5-Piston (#:3)  6-Eccentric wheel ({H.04)

Suction oil: As the eccentric wheel driven by a startup motor rotates in a clockwise direction,
the piston moves downwards under spring pressure. Then the oil tight chamber increases and a vacu-
um is formed, which causes liquid to be forced through non-return valve 1 by atmospheric pressure
on the surface of the oil in the reservoir ( non-return valve 2 is shut off) . This pumping action ends
when the geometry center of the eccentric wheel reaches the lowest point.

Delivery oil: The eccentric wheel continues to rotate after the suction action, the piston moves
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upwards together with the eccentric wheel’s moving up. Accordingly, oil is forced out through non-
return valve 2 under pressure as a result of the oil tight chamber’s decreasing. The delivery action
will not end until the geometry center of the eccentric wheel reaches the highest point. Note that
non-return valve 1 is shut off during this pumping action. ‘

In this way, the piston moves up and down repeatedly with the eccentric wheel’s continuous ro-
tation, oil is thus forced during the first half cycle and discharged out the second half cycle.

Note the piston diameter as d, the offset )of the eccentric wheel as e, the longest stroke the pis-
ton can reach as s and the discharged oil volume V, then

s=2e

V= (nd*/4)s = (wd*/2)e
where V is the discharged oil volume per revolution for single piston pumps. V is also called deliver-
y, which only depends upon the geometry dimensions d and e. .

As described above, the basic conditions that constitute a hydraulic pump can be concluded as
follows: . -

1) Oil tight chamber: The size of this oil tight working chamber will change periodically. It
will connect with the inlet port when the size increases and with the outlet port when decreases.

2) Flow-deploying: The corresponding mechanism is used to ensure that the inlet port can sep-
arate from the outlet port. There are valve type orifice distributing, port plate, atial type distribu-
ting, etc. For the pump shown in Fig. 3-1, flow-deploying action is accomplished by non-return
valves 1 and 2, which is also called valve type orifice distributing. .

3) The absolute oil pressure in the reservoir should be equal or more than the atmospheric
pressure, which is absolutely necessary external condition for a capacity pump. Thus the reservoir

should be connected to atmospheric pressure or charged pressure air.
3.1.2 Main performance parameters in hydrauiic pumps

1. Pressure ’ |

The pressures in a hydraulic pump can be described as suction pressure, working pressure p
and rated pressure p,. ,

1) Suction pressure: the pressure in the inlet port. For self-priming suction pumps, the suc-
tion pressure is lower than the atmospheric pressure. )

2) Working pressure p: the outlet pressure when the hydraulic pump is in operation, which de-
pends upon the overall loads. Both the overall resistance and the output pressure will reduce to zero
if the discharge pipelines connect with the reservoir directly (unloaded operation) .

3) Rated pressure p,: the highest pressure tested with standard method when the pump rotates
continuously under common working conditions.

2. Delivery, flow rate and volumetric efficiency
(1) Delivery V (cm’/r)
The delivery V in hydraulic pumps is the discharged oil volume per revolution without oil leak-

age. Delivery only depends upon the geometry dimension of the pump.
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(2) Flow rate (m’/s or L/min) -

The flow rate consists of the average theoretical flow rate, the practical flow rate and the instan-
taneous theoretical flow rate. _

Average theoretical flow rate ¢,: the discharge oil volume per unit in theory, which is propor-
tional to the pump delivery V and the rotating speed n, i. e. , ¢, =nV.

Practical flow rate ¢; the discharge oil volume per unit in practice. If the outlet pressure is be-
yond zero, the practical flow rate ¢ is less than the theoretical ‘flow rate ¢, (¢ =¢, - Aq) due to the
existence of the flow rate leakage Ag.

Note here; When the outlet pressure is zero or there is no pressure differential between the inlet
and the outlet pressures, the pump leakage Ag =0, i. e. , ¢ =¢,. The flow rate under this condition
is considered equal to the theoretical flow rate in industrial production.

Instantaneous theoretical flow rate ¢, : any instantaneous flow rate output in theory in hydraulic
pump, generally, the instantaneous theoretical flow rate is fluctuant, i. e. , g, #q..

Rated flow rate ¢,: the flow rate which permits operation continuously under the rated pressure
and the rated rotating speed.

3. Power and efficiency

(1) Input power P,; the mechanical power of the driving shaft in hydraulic pumps. Note the
input torque as T, the angular speed as w, then P, = Tw. .

(2) Output power P the output hydraulic power of the hydraulic pump, i. e. , the product of
the average flow rate ¢ and the working pressure p, P = pq. k

(3) Volumetric efficiency 7, : the ratio of the practical flow rate ¢ to the theoretical flow rate
q., it can be expressed as;: 5, =¢/q, = (¢, - Aq) /q.

" The reasons for the loss of the volume efficiency: 1) the leakage in the high-pressure chamber;
2) the large resistance in the inlet port, high viscidity and high rotating speed that prevent the
working chamber from full of oil. /

(4) Mechanical efficiency 7,,: 7, is reflected by the loss of the hydraulic torque. The reasons
for this are: 1) the torque loss due to mechanical friction between the components with relative mo-
tion; 2) the friction loss due to viscosity. ' ’

(5) Overall efficiency » and mechanical efficiency 7, : The overall efficiency is the ratio of
the output power P,to the input power P,, i.e. , \ ‘

b

where 7),, is the mechanical efficiency of the pump, and a hydraulic pump with good performance
should possess high overall efficiency, not just high volumetric efficiency.

4. Rotating speed

(1) Rated rotating speed n,: the highest rotating speed for normal continuous and long-time
operation under rated pressure.

(2) Highest rotating speed n,,,: the highest rotating speed for short-time operation under ra-
‘ted pressure, which may be higher than n,.

(3) Lowest speed n,;,: the lowest speed of the pump for normal operation.
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(4) Range of rotating speed: the speed range between n_ and n .

3.1.3 Performance curves

The curves are acquired by tests under given medium, rotating speed and oil temperature,
which reflect the relationships between the pump working pressure and its volumetric efficiency 7,
(or the practical flow rate q) , overall efficiency 5, input power P,

Fig. 3-2 shows a performance curve of a hydraulic pump, -in which the abscissa represents work-
ing pressure p of the hydraulic pump and the ordinate the volumetric efficiency n, (or the practical
flow rate q) , overall efficiency % and input power P..

The volumetric efficiency 7, (or the practical flow rate ¢) increases inversely as the working
pressure p and n, =100% , ¢ =¢q, (the theoretical flow rate) when p =0; while the overall efficien-
cy 7 increases as p and reaches the highest value when p closes to the rated pressure of the hydraulic
pump. ’

For some hydraulic pumps with certain rotating speed ranges or variable displacement capacity,
the format of the general characteristic curves shown in Fig. 3-3 are commonly used to reflect all
their performances. The abscissa represents the working pressure p of the pump and the ordinate re-
presents the pump’s flow rate ¢, rotating speed n or delivery V. Fig. 3-3 also shows the equal effi-

ciency curve 7, , and the equal power curve P .
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Fig. 3-2 Performance curves of hydraulic pumps  Fig. 3-3 General performance curves of hydraulic pumps
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3.1.4 Classification

Hydraulic pumps may be classified by the forms of main moving components and their moving
manners; gear, vane, piston and screw pumps. ‘

1) Gear pumps may be further classified in two broad categories, external anﬂ internal ;

2) Vane pumps may be further divided into double-acting vane pumps, single-acting vane
pumps and cam-rotor vane pumps;
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3) Piston pumps consist of radial piston pumps and axial piston pumps;

4) Screw pumps include single-screw pumps, two-screw pumps and three-screw pumps.

Hydraulic pumps may be further classified according to the types of deli\}ery; 1) Fixed deliver-
y; 2) Variable delivery; variable delivery can be accomplished in single-acting vane pumps, radial
or axial piston pumps. ‘ '

3.1.5 Graphic symbols .

The graphic symbols of hydraulic pumps aré shown in Fig. 3-4.

o e

. Fig. 3-4 Graphic symbols of hydraulic pumps (EZRWEERFE)
a) Non-retumn fixed delivery hydraulic pumps (BAjaEREEE)
b) Non-return variable delivery hydraulic pumps ( B[ RKER)
c) Reversible fixed delivery pump ( ®Ujal EBBEE)
d) Reversible variable delivery pump (U HZAARBEER)

3.2 Piston pumps

The oil suction and delivery actions. of a piston pump depend upon the size change of the cham-
ber produced by the reciprocating movement of the pistons within their cylinder bores. For piston
pumps, the circular pistons and their corresponding cylinder bores can make high precise match-up
and ensure good performance of seal. High volumetric and overall efficiencies can be acquired even
in operation under high pressure. The piston pumps can be divided into radial and axial types ac-
cording to their pistons’ arrangements and their different moving directions with respect to the trans-
mission shafts. The signal piston pump shown in Fig. 3-1 is a radical type. The piston is located a-
long the radial direction. However, signal piston pump cannot be used in industrial production di-
rectly due to its failure to provide oil continuously (a signal piston pump sucks oil in the first half
circle and delivers oil in the second) . A radial piston pump usually consists of three or more pis-

tons for continuous suction and discharge.

3.2.1 Valve shaft radial piston pumps

1. Operating principle

Fig. 3-5 shows a radial piston pump operation. The piston bores are arranged radially on rotor
(cylinder) 2 with an equal apart. Five pistons are set in the piston bores and can move freely within
them. Bush 3 is mounted in the rotor bores and rotates with the rotor. Valve shaft 5 is stationary and

there exists an eccentricity e between its center and that of the stator. The stator moves in the hori-
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zontal direction. As the rotor rotates in the clockwise direction, the pistons are pressed against the
inner wall of stator 4 under centrifugal force or low pressure oil and then forced outward in the upper
semicircle, then a partial vacuum is formed, drawing the oil in the reservior into chamber b through
orifice a of the valve shaft; while the pistons in the next semicircle are pushed inward by the inner
wall of the stator, which reduces the working volume of the oil tight chamber and forces a quantity of
liquid in chamber ¢ out of the cylinder through orifice d on the valve shaft. In each radial bore, the

pistons suck and deliver oil once per revolution of the rotor.

! 2 3 4 5
]
A—A
. A a b
, : = 8
_ === 77
—+-= % K4
— .= 4
i . d ‘

Fig. 3-5 Valve shaft radial piston pump (ECFHHRBHHEER)
1-Piston (k:ZE) 2-Rotor (¥-F)  3-Bush (HE)
4Stator (SEF)  5-Valve shaft (FEHi%H)

The pump’s delivery is expressed by : .

2
V= ﬂzd ez (3-1)

where d is the piston diameter; e is the offset between the stator and éylinder case (rotor); zis the

number of the pistons.

2. Strucwure features

1) The inlet and outlet ports of the valve shaft are separated by a center land and balancing
grooves are set in their opposite directions. The hydraulic radial forces acting on the valve shaft are
balanced out by the balancing grooves. Not only the wear of its sliding surface but also leakage via
clearance are reduced, thus increasing the volumetric efﬁcxency

2) The delivery of the pump can be changed simply by changing the eccentricity e of the stator
with respect to the rotor; while the inlet and outlet directions can be changed by changing the direc-
tion of e (i. e. , e becomes negative from positive) . In this concept, radial piston pumps can be
changed into signal-acting or double-acting variable displacement pumps.

3. Radial piston pumps with load-sensitive variable displacement capacity

This type of pump gets its name from the fact that the output pressure of the pump depends up-
on the load. The components of this pump are identified in Fig. 3-6. The output oil with a pressure

of p, (working pressure) enters the actuator through control valve V,, whose output pressure p, de-
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pends upon the load on the actuator. Two paths of oil (with the pressures of p,and p,) connect with
the two ends of three-ported valve V,respectively. When valve V,is balanced out, the pressure differ-
ential of valve V, is:

pi—-p, = F/A
where A is the effective area of the valve core cover for valve V,and F, is the spring force in the right

end of its valve core.

Fig. 3-6 Operating principle of load-sensitive variable discharges of radial piston pump
(T R A A 1) A BE R R R )
1-Right variable piston (4728 H1%%E)  2-Rotor (4T)
3-Stator (FF)  4-Left variable piston ( ZZAF % ZE)

If Fis considered constant, then (p, —p,) is also constant (0.2 ~0.3MPa) . i e. , a certain
flow is put out for a certain size of orifice in valve V,. There exists an eccentricity of the stator with
respect to the rotor. The moving direction and displacement of the stator depend upon the pressure
differential of the left and right variable displacement pistons. To meet the requirements for flow rate
and pressure changes of actuators, the output flow rate and pressure of the pump must be adjusted.
This can be accomplished by the stator’s displacement, which will change the eccentricity e of the
stator.

For this type of pumps, if the output flow rate g is constant, the pressure difference of valve V,
(Ap =p, —p,) will increase by reducing the orifice of valve V,. Then the valve core of three-ported
valve ¥, moves in the right due to uneven forces, opening valve orifices @ and c¢. Immediately this
happens the pressurized oil in the left variable piston cylinder opens to the reservoir and the pressure
p; falls down. The stator moves in the left due to uneven force, reducing the eccentricity e and thus
the output flow rate ¢ and the pressure differential of valve V,. The three-ported valve V,will again
balance out when the pressure differential returns to its original value. At this moment, the valve
core of valve V,returns to its home position and valve orifices a and ¢ are cut off again. No further oil
flows into the left variable piston cylinder and the stator stays at a new position. A certain amount of
flow rate on request is put out with respect to the orifice of valve V,. Similarly, when the orifice

74



of valve V, increases, the eccentricity will increase and thus the output flow rate.

Recent improvements in the design of radial piston pumps have resulted in the widespread use

of these pumps at a rated pressure high up to 35MPa.
3.2.2 Swashplate axial piston pumps

1. Operating principle

The swashplate axial piston pump is also called straight shaft axial piston pump. The center
lines of the pistons are parallel to the axial line of the cylinder. Several piston bores, each fitted with
one piston, are arranged axially on the cylinder with an equal distance apart. The pistons can move
freely within their corresponding piston bares. The swashplate is positioned at an angle 8 relative to
the piston axis to create a reciprocating motion. The swashﬁlate and the valve plate themselves keep
stationary and the pistons are pressed on the swashplate under low pressure oil or Qpring force. There
are two waist shaped ports on the valve plate and are separated from each other by the transition re-
gion. The width of this transition is equal to or slight longer than the waist shaped ports at the bottom
of the cylinder to prevent the connectioh of these two waist shaped ports ( the inlet and outlet ports)

As the cylinder rotates with the transmission shaft in a direction shown in the Figure, the pis-
tons in the upper semicircle are forced outward gradually under low pressure oil. The oil tight work-
ing volume in the cylinder bores is on the increase and a vacuum is formed, drawing the oil into port
a of the valve plate. While the pistons in the next semicircle are pushed inward by the swashplate
gradually, reducing the oil tight working volume and forcing the oil out through port b of the same
valve plate. Each piston moves reciprocatingly once with one suction and delivery action per revolu-
tion of the cylinder.

Note the diameter of the piston as d , the diameter of the cylinder bore distribution circle as D,
the piston number as z , the angle of the swashplate with respect to the piston axis as B, then the de-

livery of the swashplate axial piston pump is;
d2
V= ——-“4 Dztanf (3-2)

Obviouely, the delivery V can be changed by varying the angle of the swashplate. Several means
are available to achieve this from various manufacturers. Fig. 3-7 shows a manual variable-displace-
ment pisto}l pump. With the help of drive key, adjusting piston 7 moves up and down when screw 9
rotates synchronously with handwheel 10. Then the swashplate swings about its center through pin 6,
thus changing the swashplate angle with respect to the piston axis. With the largest swashplate angle
shown in Fig. 3-7, the pistons have the longest stroke within the cylinder barrel, i.e. , 8 =8,,,,

s$=s

Note the vertical distance between the pin (force applying point) and the swashplate gyration
centerline as L, then ' : .
tanf, .. = Spu/L
Because the displacement of the pin equals that of the adjusting piston, then tan8 =s/L, substi-
tuting it into formula (3-2), we have:
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Fig. 3-7 Swashplate axial piston pump (#IEAmHEER)
1-Swashplate (#}#&)  2-Piston (#:#)  3-Cylinder (f4k)
4-Transmission shaft ({£3h%l)  5-Valve plate (HZH#E) 6-Pin (Bh4H)
7-Adjusting piston (ZFEtEEZE)  8-Bolt ($RET)  9-Screw (£#F)  10-Hand wheel ( F8)
a-Inlet port (IEIHMBI )  b-Outlet port (JEMBE )

V = —4—Dz f (3-3)

From formula (3-3), we can see that the pump delivery is proportional to the pump s displace-
ment. To limit the hydraulic side forces on the pistons, the swashplate largest angle Bw should be
fess than 18°-20°.

2. Structure features

1) For piston pumps, the machining accuracy between the pistons and the cylinder bores is
easy to acquire; and they can reach high volumetric efficiency; high rated pressure (high up to
32MPa) .

2) To avoid pressure pulsation at the ends of pistons (tight volumes) where oil pressures are
changed from suction to delivery, damping grooves (or holes) are set in the front ends of the suction
and delivery ports of valve plate, or the valve plate is placed an angle along the cylinder rotating di-
rection.

3) Leakage past the clearance among the pistons, piston shoes and cylinder hlock face are car-
ried through the pump body and out a case drain connection to the reservoir, which carries away the
heat generated and prevents any heat buildup and overheating within the pump.

4) The instantaneous theoretical flow rate of the swashplate axial piston pumps, radial. piston
pumps described above and bent axis axial pumps which will be described later are changing periodi-
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cally with cylinder rotation, and the changing frequency is the function of pump rotation speed and
piston number. The flow pulsation in a pump with odd number pistons is lower than one with even

number by theory, thus piston pumps always have an odd number of pistons, usually 5, 7 or 9.

3.2.3 Bent-axis axial piston pumps

1. Operating principle

' Fig. 3-8 shows the operation of a bent-axis axial piston pump. As transmission shaft 5 rotates
with the electric motor, pistons 2 are driven back and forth in their cylinder bores by connecting rod
4. The side face of the connecting rod also brings the pistons and the cylinder together to revolve.
Suction and delivery actions in the inlet and outlet ports respectively are accomplished through sta-
tionary valve plate 1. Similar to swashplate axial piston pumps, the delivery of a bent-axis axial pis-
ton pump can be changed by the change of cylinder slanted angle ¥ and changing the slanted direc-
tion makes a double-action piston pump. The delivery formula of bent-axis axial piston pumps is the

same as that of swashplate axial piston pumps.
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Fig. 3-8 Bent-axis axial piston pump (8= MMEER)
1-Valve plate (B2Hi#) 2-Piston (1:38)  3-Cylinder (fir{k)
4-Piston rod (3%#%})  5-Transmission shaft ( {&3h%)
a-Inlet port (EMWMBE ) b-Outlet port (JEMMBINO)

2. Constant power variable displacement bent-axis axial piston pump

Here is a bent-axis axial piston pump with the function of constant power variable displace-
ment. Fig. 3-9 shows its operation.

1) Variable displacement process (composed by components 1-4) : the upper chamber of ad-
justing piston 13 connects with the pump’s outlet port. The oil enters into the oil chamber of control
piston 7 through stationary damping orifice 6. Variable springs 9 and 10 form a dual-spring with the
distance s, between the installation height of inner spring 10 and the spring plate. Spring 12 is located
at the down end of servo-valve 11. When the hydraulic pressure acting on the control piston 7 exceeds
the resultant set force of springs 9 and 12, control piston 7 will push servo-valve core 11 to move
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a) b)

Fig. 3-9 Constant power variable displacement bent-axis axial piston pump
(fEsh A ARl A ZER)
1-Cylinder (fL{&)  2-Swashplate (#}#%)  3-Piston (#EZE)  4-Valve plate (FC#i#L)
5-Pin (#iH4) 6-Damping orifice (FL/gfL) 7-Control piston ({5#ilfE%E)  8-Spring plate (M)

9. 10, 12-Spring (3E)  11-Servo valve (ffllit¥)  13-Variable displacement piston (ZftiEHE)
downwards. Then oil ports @ and b connect with each other and the pressurized oil enters into the
down chamber of the variable piston 13. The variable piston will move upwards due to its larger area of
the down chamber than that of the upper chamber, causing valve plate 4 and cylinder block 1 to swing
about the point “o” through pin 5, which in turn reduces the swing angle y of the cylinder.

2) Variable displacement with servo constant power process (composed by components 5-13) .
With the reduction of swing angle y, variable displacement piston 13 moves up and provides a feed-
back for compression spring 9 through pin 5. Then control piston 7 and servo-valve core 11 move up
to their home position, closing the oil ports @ and b. The hydraulic pressure acting on the control
piston and the spring pressure are balanced out. The pump puts out a certain amount of flow because
the adjusting piston and the cylinder are kept at a certain position. When the stroke of the adjusting
piston reaches s, inner spring 10 works, i. e. , the hydraulic pressure acting on the control piston
and the resultant force of the springs 5, 6 and 8 are balanced out.

3) Characteristic curves: The constant power variable characteristic curve is illustrated in Fig.
3-9b. The slope of line 1 is regulated by the stiffness of spring 9, while the slope of line 2 is deter-
mined by the resultant stiffness of springs of 9 and 10. The precompress value of spring 12 is used to
control the horizontal position of curves BCD. As can be seen from this curve, the hydraulic pressure
acting on the control piston becomes larger with the increase of the pump’s output pressure, while the
servo variable displacement process makes its output flow increase inversely with the output pres-
sure. The product of output pressure p and flow rate g is almost constant, pump with such way of de-
livery is also named constant power pump.

Compared with the swashplate piston pump, in a bent-axis axial piston pump, the radial force
on the pistons and the cylinder is smaller. A larger slanted angle and a larger scope of variable dis-
placement are available. But both the size and the inertia of the variable mechanism are larger, cau-
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sing a longer response time for the variable mechanism.

3. 3 Vane Pumps

Vane pumps may be either of the single-acting or double-acting type. The former is used for

variable displacement pumps, while the latter for fixed displacement pumps.

3.3.1 Double-acting vane pumps : } 5

The double-acting vane pump gets its name fron: the fact that there are two inlet segfnents and
two outlet segments during each revolution. '

1. Operating principle

The principal parts of the pump include a transmission shaft 9, a rotor 13, a stator 5, left and
right valve plates 2 and 6, front and rear pump housings 7 and 3, etc. (see Fig. 3-10) . The stator is
anchored securely in the housing of the pump, which does not move. The rotor is slotted and is driven
by a shaft. Each slot of the rotor serves the purpose of holding a flat, rectangular vane. The vanes are
free to move radially in the slot. As the rotor turns, centrifugal force ejects the vanes outward to con-
tact and follow the inner wall of the stator. By this action, the vanes divide the area enclosed by the
rotor, the inner ring of the stator, the left and right valve plates into four chambers (see Fig. 3-11a) .
The inner ring of the stator is oval and the radii are different for each arc. If the rotor turns in a clock-
wise direction, the two oil tight chambers enclosed by vanes 1 and 3, 5 and 7 decréase in volume;
while that enclosed by vanes 7 and 1, 3 and 5 are on the increase. As each chamber is decreased in
volume, the oil is pressurized and ejected from the pump through outlet port 9 and 11 on the valve
plate. And as each chamber is increased in volume, the oil is drawn into the pump under atmospheric
pressure through inlet ports 10 and 12 on the same valve plate.

The delivery V for double-acting vane pump is defined as oil volume per revolution of the shaft,
which is expressed by the formula; »

2zBS(R ~r)

V =2%B(R* - )
cos@

(3-4)

where R and r are the radii of the major arc and the minor arc of the inner ring of the stator respec-
tively; B is the rotor width; S is the vane thickness; z is the number of vanes; @ is the slanted an-
gle of the vane slot.

The second part in the right side of formula (3-4) is the effect of the vane thickness on deliver-
y, which will decrease the pump’s theoretical delivery. A v

2. Structure features

1) Simplicity: Because the two inlet segments and the two outlet segments are designed sym-
metrically on the valve plate, the pressure forces acting on the rotor and the cam ring are equal and
opposite, completely canceling each other out. Ag a result, a small radial force acts on the bearings.
Consequently, the life of this type of pump is exceptionally good.

2) Intravane feature: Many of the balanced vane pumps also have an intravane feature which

helps to keep the vane in continuous contact with the inner ring during the rises and falls while also
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Fig. 3-10 Double-acting vane pump ( SUEFRIM K RE5414)
1, 11-Bearing (B#&) 2, 6-Left and right valve plate (ZABLHLE)
3, 7-Front and rear housing (Fi/5254k) 4-Vane (B}F)  5-Stator (EF)
8-End cover (¥3%)  9-Transmission shaft (f£&%#i)  10-Dustproof ring (BiZR2H)
12-Screw (¥R%T)  13-Rotor (¥7T)

s

b)

Fig. 3-11 Operating principles (& T/EEFHE)

a) Operating principle of ouble-acting vane pump ( BUEF U A R TAEFREE)

b) Operating principle of spring vane configuration ( WM i XE TIEFME)

1,2,3,4,5,6,7, 8, 15-Vane (H)}) 9, 11-Outlet port ( FEJMBET)

10, 12-Inlet port (WEiMBI )  13-Rotor ($F) 14-Spring (%)  16-Stator (EF)
minimizing vane-tip contact forces. To reach this, the vane-tips of the vane grooves in double-acting
vane pumps are usually connect with outlet port.

3) Constant delivery: Pumping occurs while one vane is in contact with the major dwell and
one with the minor dwell of the cam ring. Each dwell is essentially a constant radius so the fluid de-
livered per degree of rotation is a constant value. As a result, the flow delivered by a balance vane

pump is very smooth compared to most other types of pumping mechanisms, and sound levels are in-
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herently low.

4) Besides suitable material choose and heat treatment, we would take some measures to save the
problem of pressure-unloaded in order to enhance the operation pressure for the double action vane
pump. Usually there are three kinds: double vanes, spring vane and mother-son vane configuration.

Fig. 3-11b shows the principle of spring vane configuration. The vane 15 is inserted in the groove of
the rotor 13. The hydraulic oil is induced from the top of the vane to its root, so the action forces on the
root and top achieve equilibrium. The spring 14 is installed in the root-of the vane in order to ensure vane
13 touched closely to the stator 16. The pressure of pump can reach to 14-18MPa.

3.3.2 Single-acting vane pumps

The single-acting vane pump gets its name from the fact that there are only one inlet segment

and a separate outlet segment during each revolution.
-1. Operating principle s

A typical construction of signal-acting vane pump is shown in Fig. 3-12. Similar to double-act-

ing vane pumps, the principal components are: a rotor 2, a stator 1, vane 3 and a valve plate (ig-
nored here) , etc. Unlike double-acting vane pumps, the inner, ring of the stator is circle. There ex-
ists an eccentricity e in the rotor with respect to-the stator and there is only one inlet segment and a
separate outlet segment on the valve plate. When the rotor rotates, the vane-tips are kept pressed on
the inner ring of the stator under centrifugal force, forming an,oil tight chamber between two adjacent
vanes. Obviously, when the rotor rotates in the direction shown in the figure, the down chamber
serves as an inlet port A and the up chamber as an outlet port B. Their volumes change for oil suc- -
tion and delivery. The oil tight regions are shown in this figure; each accomplishes suction and de-
livery once per revolution of the rotor. Signal-acting vane pumps have another name of non-unload

type vane pumps. The delivery V for single-acting vane pump is expressed by

V = 4BzResin(Z) - (3-5)
V4 . )
1
- -1~ ~~
- \\
v 3 O

Fig. 3-12  Operating prinaple of single-acting vane pump ( BfERIM F B TEEHE)
1-Stator (FFF) 2-Rotor ($F) 3-Vane (M)})  A-Inlet port (M)  B-Outlet port (FEMBIO)
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where B is the axial width of the rotor (or the width of the vanes) ; z is the number of the pistons; R
is the radius of the inner ring of the stator; e is the eccentricity of the stator with respect to the ro-
tor. _

As described above, the inlet and outlet ports can be changed by changing the direction of the
stator eccentricity with respect to the rotor. The delivery of the pump can be changed simply by chan-
ging its amplitude. If e =0, the oil tight chamber won’t change in volume and the pump fails to-
work. Similarly, the vane grooves are usually set backwards with a slanted angle of 20°-30° (unlike
the double-acting type) to ensure the smooth movement of the vanes and reduce their wear damage.

2. Pressure-limiting variable vane pumps

A typical construction of pressure-limiting variable vane pumps is shown in Fig. 3-13. The rotor
is stationary, while the stator can move in the horizontal direction. The stator is pushed in the right
by spring 2, producing an eccentricity e,of its center O, with respect to the rotor’s center 0,. This ec-
centricity can be adjusted by adjusting screw 6. The largest flow rate g, is certain after the adjusting
screw 6 is adjusted. The inlet and outlet ports are symmetrical about the center line of the pump. As
is shown in Fig. 3-14a, output oil flows through the inner pipeline of the pump and its pressure p
acts on the small piston area (A) . The force ( F =pA) acting on the piston is opposite to the spring
force. When pA =Kx, (K is the stiffness of the spring, and x,is the spring precompression at an ec-
centricity of ;) , the hydraulic pressure on the pistons is balanced out with the initial force of the
spring. The balancing pressure p is the highest pressure for this pump, noted as p,, then p,A =
Kx,. When p (the pressure of this system) <p,, then p4 <Kx,, at this state the stator keeps sta-
tionary, the largest eccentricity e, is constant, and the pump puts out a maximum flow rate of q_,,.
‘When P >py, then pA > Kx,, indicating that the oil pressure is larger than the force of spring 2. The
stator moves in the right, and the spring is furthet compressed. The output flow rate rediices with the
eccentricity e. Note the additional compression of the spring as %, then e =e, —x. The equation of e-
quilibrium for the stator is: pA =K (x, +x) . By substituting the formula p A = Kx,into the above

A (p-py)

equation, then e = ¢, ~ —T— (p >ps) , which indicates the relationship between the eccen-

tricity e and the working pressure p of the pump when the hydraulic system pressure p surpasses the
highest pressure p,. Obviously, the higher the working pressure p, the smaller the eccentricity e and
~ the smaller the output flow rate of the pump. ‘ '

The pressure-flow characteristics curve is shown in Fig. 3-14b. Point B is an inflexion, p, =
Kxy/A; and the pressure reaches the highest at point C, p, =K (x, +e,_,,) /A. At AB section, the
hydraulic pressure on the control piston is lower than the set spring force, the eccentricity of the sta-
tor e = e, and the delivery of the pump reaches the maximum (AB section is slightly titlted down-
wards due to the practical flow reduction with the increasing pressure and the pump’s leakage) .
Following point B, the output flow of the pump reduces with the increase of the output pressure, as
can be seen from BC section. The slope of BC section depends upon the stiffness of spring. The out-
put flow reduces to zero at point C. Adjusting the pressure set screw can change the precompress val-
ue z,of the spring, and thus the pressure at point B. Curve BC moves in the horizontal direction,
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while adjusting the maximum flow screw in the right of the stator will change the highest eccentricity
e...and thus the highest flow rate of the pump. Curve AB moves in the longitudinal direction. The
flow rate is equal to zero when the output pressure increases to p, at point C and won’t increase any .
more, so the highest pressure of the pump is p,.
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Fig. 3-13 YBX type external feedback pressure-limiting variable vane pump
(YBX B URBR FENAE B i FIHE5H)
1-Preload adjusting screw ( 1% 1 89 84T)
2-Pressure control spring (kM%)  3-Pump body (ZIK)  4-Spring plate (FHENWE)
5-Rator ($F)  6-Stator (FF)  7-Sliding block (§@3t)  8-Transmission shaft ({&3h%h)
9-Vanes (H}r)  10-Feedback piston ( Sft4E#)  11-Adjusting screw for maximum flow rate ( Fr A HBTFHIRED)
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Fig. 3-14 Pressure-limiting variable vane pump operation
(REAA R R FE)
a) Simplified pressure-limiting variable vane pump operation ( f&j{bEEE)
b) Pressure-flow characteristics curve (§¥Eiizk) .
1-Stator (F)  2-Pressure control spring ( FEM%E)  3-Preload adjusting screw ( & A TEED
4-Rotor (¥%F) 5-Piston (#¥%)  6-Eccentricity adjusting scréw ({0 7 18%T)
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Variable displacement of such type is controlled by the output pressurized oil which acts on the
pistons, so it is also called external feedback pressure-limiting variable displacement vane pump.

As described above, for pressure-limiting or constant power variable pumps and load-sensitive
variable pump systems, the delivery (flow rate) is controlled automatically based on the feedback of

the system pressure, so they are also called pressure-compensated variable pumps.

e

3.4 Gear Pumps

Gear pumps operate on the very simple principle that, as gears revolve, oil trapped in the
spaces between the gear teeth and the housing is carried from the suction or intake side to the dis-
charge side of the pump. According to meshing types, there are two types of gear pumps: external
gear and internal gear.

3.4.1 External mesh gear pumps

1. Operating principle

As shown in Fig. 3-15, the external mesh gear pump consists of two identical gears 4 and 8 en-
closed in a closely fitted housing, a transmission shaft 6, a pump body 3, front and rear covers 5
and 1. Fig 3-16 shows its working operation. There is a small clearance between the gear end face
and-the housing end cover. The clearance between the gear teeth top and the housing surface is also
quite small and the gear housing can be separated as left and right oil tight chambers. As the gears
rotate, a vacuum is formed as the teeth un-meshed, which causes liquid to be forced in through the
inlet port. Fluid is displaced as the gear teeth meshed at the outlet side and is forced out of the
pump into the hydraulic system. In this way, as the gears rotate continuously, the pump carries flu-
ids through the housing and forces them out by a meshing action, this process repeats itself each rev-
olution of the pump. There is no unique flow-deploying mechanism for the inlet and outlet ports sep-
arated from each other by the meshing gear teeth and the pump housing,

Note the instantaneous maximum flow as ¢, , the minimum as g, , and the average as 95
then the instantaneous flow fluctuating coefficient 8 is expressed by:

Qimax ~ Gmin

By = —— (3-6)
%y

8, increases inversely with the number of gears.

The delivery can be obtained from the formula that describes the area of tooth valley for a gear:

2
A=am";

V = 2mwzm’B (3-7)
where z and m represent the teeth number and the modulus of the gear respectively, B is the width
of the gear teeth. ;

From formula (3-7), we can see that the delivery V is proportional to the gear teeth number
(z) and the square of its modulus (m®) . So, when the diameter of gear pitch circle D; =mz is giv-
en, the delivery of the pump can be increased by increasing the modulus m or decreasing the gear

teeth number 2. It is for this reason that the number of gear teeth is usually fewer, and the gear
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Fig. 3-15 CB-B type external gear pump construction (#REHE)
" 1-Rear cover (J53%)  2-Needle roller bearing ( BI5l7&)
3-Pump body (%ifk) 4-Drive gear ( X5hH5%) 5-Front cover (H3%)
6-Transmission shaft (f&3h%l) 7-Key (%)  8-Driven gear ( \3hH#E)
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